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ABSTRACT

Peatlands have been accumulating carbon (C) in wet soils under shallow water table (WT) over
millennia. Increased frequency and intensity of droughts and artificial drainage for promoting agriculture
have recently been causing peatland WT depth (WTD) drawdown. This could alter peatland C balance
and shift peatlands from net sinks to sources of C. To conserve the resilience of these C stocks, improved
predictive capacity is required to forecast how these C stocks would be affected by potentially deeper WT
under future drier and warmer climates. Process-based peatland eco-hydrology modelling could provide
such capacity. However, such modelling is thus far limited due to lack of prognostic WTD dynamics and
poor representation of WTD feedbacks to peatland biogeochemistry. We aimed at using basic processes
for water and O, transport and their effects on ecosystem water, C and nutrient (nitrogen, phosphorus)
cycling to model the effects of seasonal and interannual variations of WTD on surface energy exchange,
water stress and net ecosystem CO, exchange across contrasting peatlands under variable weather
conditions. For this purpose we tested a process based ecosystem model ecosys under contrasting
precipitation in a tropical drained Indonesian bog from a drier El-Nifio year 2002 to a wetter year 2005
and in a boreal pristine Western Canadian fen from a wetter year 2004 to a drier year 2009.

WTD was modelled from hydraulically-driven water transfers controlled vertically by
precipitation (P) vs. evapotranspiration (E7), and laterally by discharge vs. recharge to or from an
external reference WTD (WTDy). These transfers caused WTD drawdown and soil drying to be modelled
during drier vs. wetter seasons and years in the tropical peatland, which reduced ET and caused plant
water stress. WTD drawdown initially increased net ecosystem productivity (NEP) in the tropical
peatland by increasing gross primary productivity (GPP) facilitated by improved plant nutrient
(phosphorus) availability and uptake due to rapid mineralization in better aerated peats. This better
aeration also enhanced microbial O availability and energy yields that increased ecosystem respiration

(R.). When WT fell below a threshold of ~1.0 m below the hollow surface, increased R. along with
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reduced GPP from plant water stress reduced NEP. Negative NEP modelled and measured in this drained
tropical peatland indicated that it was a large C source. Our undrained model projection showed that this
peatland would have been a much smaller source of C had it not been drained.

Gradually declining P to ET ratio in the boreal fen peatland caused WTD drawdown and peat
drying from 2004 to 2009. Reduction in lateral recharge and increase in lateral discharge from the wettest
to the driest year modelled from increasing WTDy also contributed to this WTD drawdown simulating
watershed-scale drying effects on fen hydrology. When WT fell below a threshold of ~0.35 m below the
hollow surface, intense drying of mosses caused reduction in late growing season ecosystem ET.
However, rapid mineralization in better acrated peat improved plant nutrient (nitrogen) availability and
uptake that increased vascular and hence ecosystem GPP. Improved microbial O, availability and energy
yields also increased R. in better aerated peats. Similar increases in GPP and R. with WTD drawdown,
therefore, caused no net WTD drawdown effects on NEP. Our drainage projection showed that this
peatland NEP would decline should WT fell below a threshold of ~0.45 m below the hollow surface due
to reduced GPP from both vascular plant water stress and moss drying along with continued increase in

Re.

This study showed that non-linear interactions between peatland hydrology and ecology across
contrasting peatlands can be modelled by adequately simulating dynamic WTD and its effects on peatland
biogeochemistry and physiological ecology. The insights gained from this study would aid peatland C
monitoring, assessing and restoration initiatives predicting how these C stocks would behave under future
drier and warmer climates. This modelling can also provide a platform for scaling up peatland C
modelling to regional, continental and/or global scale which is the major challenge current peatland C

modelling community is facing.
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PREFACE

Chapter 2 of this thesis has been submitted with revisions to Journal of Geophysical Research-
Biogeosciences as M. Mezbahuddin, R.F. Grant, and T. Hirano, “How hydrology determines seasonal and
interannual variations in water table depth, surface energy exchange and water stress in a tropical
peatland: modelling vs. measurements”.

Chapter 3 of this thesis has been published as M. Mezbahuddin, R.F. Grant, and T. Hirano,
“Modelling effects of seasonal variation in water table depth on net ecosystem CO2 exchange of a
tropical peatland”, Biogeosciences, vol. 11, issue 3, 577-599.

In both of the publications, I was responsible for the research concept formation; modelling
experiment layout, model input collections and model runs; and analyses and evaluation of modelled
outputs against measurements as well as the manuscript composition. R.F. Grant was the supervisory
author and was involved with research concept formation, model development, modelling supervision and
manuscript composition. T. Hirano was the principal investigator of the field project in which
measurements of eddy covariance fluxes, soil water contents and WTD used for model evaluation were

taken.
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Fig. 4-11. (a, d) Modelled and eddy covariance (EC)-gap filled (Syed et al. 2006, Flanagan and
Syed 2011) total late growing season (mid-July to mid-August) and whole growing
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Chapter 1 : Introduction
1-1. Modelling water table depth effects on peatland CO:2 exchange

Globally, peatlands store approximately 400-600 Pg of carbon (C) which is about 20-
33% of global soil C (Lappalainen 1996, Tarnocai 2006, Yu et al. 2010, Page et al. 2011, Rydin
and Jeglum 2013). Northern boreal peatlands comprise 75-80% of this C storage while tropical
peatlands comprise 10-15% (Andriesse 1988, Lappalainen 1996). Canada has one of the largest
boreal peat C storages with about 143 Pg (Tarnocai et al. 2006). On the other hand, 65% of total
tropical peat C is stored in Indonesia (Tarnocai et al. 2006, Page et al. 2011). Northern boreal
peatlands are broadly classified into bogs and fens based on hydrology whereas tropical
peatlands are mostly bog peat swamps (Tarnocai et al. 2006). Bogs are the peatlands that are
mainly precipitation-fed whereas fens can be affected by water from surrounding mineral soils.
Boreal peatlands are dominated or co-dominated by mosses, sedges, shrubs and trees as opposed

to their tropical counterparts that are dominated by trees and devoid of mosses (Page et al. 2006).

Northern boreal peatlands have been accumulating C at a rate of 19-24 g m? yr!
(Flanagan and Syed 2011) over more than 6,000 years (Zoltai and Vitt 1990). This accumulation
has been facilitated by slower decomposition under saturated soil conditions resulting from
above ground or shallow WT. However, these peatlands are projected to shift from sinks to
sources of atmospheric CO; as a result of water table depth (WTD) drawdown and consequent
improved peat aeration and more rapid decomposition due to increased frequency and intensity
of droughts during the upcoming millennium (Frolking et al. 2011). Although tropical peat C
storage is much smaller than the northern boreal storage, it is much older (>26,000 years) than
that in boreal peatlands (Page et al. 2004). Moreover, tropical peatlands have been accumulating

C at a faster rate of ~56 g C m™ yr! (Page et al. 2004) due to higher productivity enhanced by



warmer weather and year round growing season. However, WTD drawdowns due to higher
frequencies of climate extremes like EI-Nifio and large-scale artificial drainage to promote
agriculture have been causing shifts in C balance of these peatlands during recent decades. Drier
weather-driven WTD drawdowns have already switched these peatlands from C sink (e.g. ~56 g
C m? yr'!) to large C sources (~174 g C m yr'!) (Hirano et al. 2012). Artificial drainage in these
peatlands has added CO, emissions of ~250 g C m™? yr! per 0.1 m of WID drawdown
(Couwenberg et al. 2010). Projections of future drying and further WTD drawdown in these
peatlands by the end of this century (Li et al. 2007) make the situation even more alarming.
Consequently reducing CO> emissions from these peatlands and restoring their C sink potential
have been the key foci of international C monitoring and assessment initiatives like REDD+

(Reducing Emissions from Deforestation and forest Degradation).

However, conservation of peat C storage under future drier and warmer climates requires
improved understanding and predictive capacity of hydrological controls on peatland ecology
and hence C balance. Experience from short-term peatland restoration projects has also indicated
the need for long-term projection on how hydrology affects peat C processes before undertaking

long-term projects for restoring peatland C functioning (Page et al. 2009).

1-2. Present status and challenges of modelling WTD effects on peatland CO2 exchange
Despite the need for improved predictive capacity of WTD effects on peatland C balance,
peatland C processes are poorly represented in current global C models (Limpens et al. 2008).
The major reason behind this is the peatland-specific nature of hydrological feedbacks to
peatland C processes that makes it difficult to generalize these feedbacks across peatlands. Poor
understanding and consequent inadequate representation of these feedbacks in C models further

aggravates this poor representation (Waddington et al. 2015).



Hydrological effects on peatland net ecosystem productivity (NEP) are mediated by
WTD variation that affects peatland respiration (R.) and gross primary productivity (GPP)
through its effects on peat moisture content, aeration, and consequent root/rhizoid and microbial
oxidation-reduction reactions, energy yields, nutrient availability, water and nutrient uptake and
growth (Grant et al. 2012b). WTD effects on peatland R. and hence NEP, however, vary across
peatlands depending upon climate, peat moisture retention and peat type. A given WTD
drawdown can cause greater peat CO; emissions and hence greater R. in warmer tropical peats
than in cooler boreal peats (Page et al. 2009). Moreover, peats with low moisture retention
capacity facilitate more rapid aeration than those with high moisture retention capacity, thus
causing more increase in R for similar WTD drawdowns (Parmentier et al. 2009, Sulman et al.
2009, Cai et al. 2010, Sulman et al. 2010). Besides, peats formed by Sphagnum mosses degrade
at rates slower than those formed from remains of vascular plants (Moore and Basiliko 2006) and
hence would experience less increase in microbial decomposition (Updegraff et al. 1995) and

hence R. with WTD drawdown than would sedge, reed or woody peats.

WTD can also affect peatland NEP by affecting GPP. WTD effects on peatland GPP
again vary across peatlands depending upon interactions among peat and vegetation water and
nutrient cycles. WTD drawdown can cause increased root Oz and nutrient availability and hence
improved root growth and uptake that in turn raises vascular GPP (Macdonald and Lieffers 1990,
Choi et al. 2007, Murphy et al. 2009, Sulman et al. 2009, Flanagan and Syed 2011, Ballantyne et
al. 2014, Peichl et al. 2014). However, mosses can experience drying and hence reduced GPP
due to low water uptake by shallow rhizoids which mainly colonize near surface peat layers that
can drain and dry quickly due to WTD drawdown (Lafleur et al. 2005, Riutta et al. 2007,

Dimitrov et al. 2011).



These WTD effects on R. and GPP for a given peatland ecosystem can also be self-
compensating and non-linear. When WT falls to a threshold level, capillary rise from deeper WT
can no longer adequately recharge the near surface peat layers that cause desiccation of those
layers. During periods when WT is at this level, increase in heterotrophic respiration (Ry) in
newly aerated deeper peat layers can be partially or fully offset by reduction in Ry in near surface
desiccated peat layers (Dimitrov et al. 2010a, Hirano et al. 2014, Peichl et al. 2014). This near
surface peat desiccation due to WT falling below threshold can also suppress root water uptake
from these desiccated layers and hence can cause water stress in deep-rooted vascular plants.
This water stress can either partially or fully offset increases in vascular GPP due to improved
root growth and nutrient availability stimulated by enhanced aeration with WTD drawdown
(Sonnentag et al. 2010, Peichl et al. 2014). This threshold WTD, however, varies across
peatlands depending upon peat moisture retention and rooting depth of the peat-specific
vegetation. Peat with low moisture retention capacity and shallow rooted vegetation can have a
shallower WTD threshold than peat with high moisture retention capacity and deep rooted

vegetation (Lafleur et al. 2005, Sonnentag et al. 2010, Peichl et al. 2014).

Process-based ecosystem models can provide us with means of coupling and testing basic
mechanisms behind the WTD effects on net ecosystem CO» exchange across peatlands described
above. To accomplish this, a model should explicitly represent aerobic and anaerobic oxidation-
reduction reactions, coupled with aqueous and gaseous transfers of their reactants and products,
within robust and comprehensive schemes for water, C and nutrient cycling among soil-plant-
atmosphere systems. These schemes require modelling WTD dynamics, soil moisture retention
characteristics, gas transport through soil, differential substrate quality for microbial degradation

and hydrolysis (e.g. labile vs. recalcitrant), nutrient transformations driven by these reactions,



and microbial and plant nutrient uptake (Grant et al. 2012b). In line with these requirements,
significant efforts have been made so far to test process-based models such as DLEM (Tian et al.
2010), Wetland-DNDC (Zhang et al. 2002), ORCHIDEE (Krinner et al. 2005), MWM (St-
Hilaire et al. 2010), LPJ (Sitch et al. 2003, Gerten et al. 2004), PCARS (Frolking et al. 2002),
Biome-BGC (Bond-Lamberty et al. 2007), SIBCASA (Schaefer et al. 2008), BEPS (Sonnentag et
al. 2008), Forest-DNDC (Kurbatova et al. 2009), TECO (Weng and Luo 2008), PEATLAND
(Van Huissteden et al. 2006) and SiB (Baker et al. 2008) in simulating hydrological feedbacks to

peatland C processes across northern boreal peatlands.

However, most of these models (1) either do not have prognostic WTD dynamics that
prevent these models from simulating a continuous anaerobic zone below WT (Baker et al. 2008,
Schaefer et al. 2008, Tian et al. 2010), or (2) do not simulate peat saturation since any water in
excess of field capacity is drained in these models (Gerten et al. 2004, Krinner et al. 2005, Weng
and Luo 2008). Moreover, instead of explicitly simulating the above-described hydrological and
biological interactions between peat aeration and biogeochemistry, most of these models use
scalar functions of soil moisture contents to inhibit R. and GPP in low or high moisture
conditions (Frolking et al. 2002, Zhang et al. 2002, Bond-Lamberty et al. 2007, St-Hilaire et al.
2010, Sulman et al. 2012). Consequently, these peatland C models failed to simulate decreases in
GPP and R. due to shallow WTD periods while modelling WTD effects on peatland C processes
across Northern US and Canadian peatlands (Sulman et al. 2012). Furthermore, the approach of
using scalar functions to simulate moisture limitations to GPP and R. requires site-specific
parameterization of these functions thereby making this approach less suitable when scaling up
across different peatlands in different climates. In contrast, a general purpose terrestrial

ecosystem model ecosys included site-independent algorithms representing all the processes



representing hydrological feedbacks to peatland CO; exchange described above that enabled the
model to successfully simulate WTD effects on R. and GPP of a northern boreal Canadian bog

(Dimitrov et al. 2011) and a boreal US fen (Grant et al. 2012b).

To date, all of these models have been tested in northern boreal/temperate peatlands.
Process-based modelling to understand the fate of vulnerable tropical peatland C storage due to
WTD drawdown under drier climates is thus far limited if not non-existent. Since tropical
peatlands are very different than boreal peatlands in climate, peat forming materials, and
vegetation, the interactions between WTD and tropical peatland C processes would be very
different. So, testing a process-based peatland C models that is built upon our understandings of
northern boreal and temperate peatland eco-hydrology in tropical peatlands would provide us
with a robust test of adequacy of our understanding and modelling hydrological feedbacks to

peatland C processes.

1-3. Objective and rationale

Given the research need, we therefore deploy the process-based ecosystem model ecosys
to simulate the effects of WTD variations on seasonal and interannual variations in net
ecosystem CO; exchange of two contrasting forested peatlands — an Indonesian drained tropical
bog (Hirano et al. 2007) and a pristine Western Canadian boreal fen (Syed et al. 2006, Flanagan
and Syed 2011). These two peatlands are situated in two of the hotspots of tropical and boreal
peatlands and are very different in climate (mean annual temperature: 26.3 vs. 2.1°C; total
annual precipitation: 2600 vs. 504 mm), peat type (bog vs. fen), peat forming materials (woody
vs. moss peat), vegetation (tree dominated vs. tree, shrub and moss co-dominated) and
disturbance (drained vs. pristine) (Syed et al. 2006, Hirano et al. 2007). Testing the same model
ecosys against site measurements at these two contrasting peatlands would thus be an important

6



test of the versatility of its algorithms representing the basic processes affecting peatland eco-
hydrology. Such a test will allow us to determine whether our current understanding of peatland
water, nutrient and C interactions is sufficiently robust to capture complex WTD effects on
peatland R. and GPP over a wide range of climates and peat types. Since the same algorithms in
ecosys successfully simulated two other boreal peatlands (Dimitrov et al. 2011, Grant et al.
2012b) that are different than these peatlands in peat type, climate and vegetation, the present
study would thus also be a continuation of finer spatial and temporal scale testing of this model
across peatlands that would lead to a platform for larger spatial and temporal scale peatland C

modelling.

1-4. Overview of the studies

To fulfill the objective we deployed ecosys to simulate seasonal and interannual
variations in WTD, peat water contents, surface energy exchange and net CO> exchange over the
two contrasting peatlands under study. These simulations were based on peat specific inputs of
vertical and lateral model boundary conditions; peat physical, chemical, biological and
hydrological properties; and plant functional types from available measurements at the sites
and/or at similar sites. The modelled outputs for ecosystem net CO; and energy exchange, soil
water contents and WTD were then tested against measurements from eddy covariance (EC)
towers and automated surface chambers; water level logger and potentiometer; time domain
reflectometry (TDR); and other biometric techniques collected at flux and micrometeorological
stations of AsiaFlux and Fluxnet Canada Research Networks installed at the tropical (Hirano et
al. 2007) and the boreal peatland (Syed et al. 2006, Flanagan and Syed 2011) sites respectively.
After successful corroboration, the modelled outputs along with available measurements were

used to analyze possible mechanisms behind WTD effects on surface energy exchange and net



CO; exchange of these two peatlands. Any disagreements between modelled outputs and

measured parameters were also examined for plausible reasons.

Chapter 2 of this thesis aims at using basic processes for water and O transport and their
effects on ecosystem water, carbon and nitrogen cycling to model seasonal and interannual
variations of WTD and surface energy exchange. We tested these processes in the process-based
model ecosys in the drained tropical Indonesian peatland from an El-Nifio year 2002 to a wetter
year 2005. WTD was modelled from hydraulically-driven water transfers controlled vertically by
precipitation (P) vs. evapotranspiration (E7), and laterally by discharge vs. recharge to or from
an external reference WTD. These transfers caused WTD drawdown and soil drying to be
modelled during dry seasons, which reduced ET and increased Bowen ratio (f) by lowering
stomatal conductance. More pronounced dry seasons in drier years 2002-2004 vs. wetter year
2005 caused deeper WTD, more intense peat drying, and greater plant water stress. These
modelled trends of effects of seasonal and interannual variations in WTD on those of E7 and

were well corroborated by the site measurements.

Chapter 3 aims at modelling effects of seasonal variation in WTD on NEP of the tropical
peatland. Both the modelled and the EC-gap filled NEP suggested that the peatland was a C
source during rainy seasons with shallow WTD, C neutral or a small sink during early dry
seasons with intermediate WTD and a substantial C source during late dry seasons with deep
WTD from 2002 to 2005. There was also a gradual increase in modelled and EC-gap filled NEP
from the driest year of 2002 with deepest WTD to the wettest year of 2005 with shallowest
WTD. These effects of seasonal and interannual variations in WTD on those of NEP in this
tropical peatland were modelled by adequately simulating (1) poor aeration in wet soils during

shallow WTD which caused slow nutrient (predominantly phosphorus) mineralization and
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consequent slow plant nutrient uptake that supressed GPP and hence NEP (2) better soil aeration
during intermediate WTD which enhanced nutrient mineralization and hence plant nutrient
uptake, GPP and NEP and (3) deep WTD which supressed NEP through a combination of
reduced GPP due to plant water stress and increased ecosystem respiration (Re) from enhanced

deeper peat aeration.

Chapter 4 describes modelling peat water content, WTD and surface energy exchange in
boreal Western Canadian peatland. Our modelling showed that incorporating a van Genuchten
type (VGM) (Van Genuchten 1980) soil moisture retention equation into ecosys enabled a better
simulation of peat water retention in this boreal peatland than did the existing version of ecosys
which used a modified version of a Campbell model (MCM) (Campbell 1974) . With this
improved peat moisture simulation, ecosys simulated a gradual drawdown of growing season
(May-August) WTD that was measured over the site from 2004-2009. This simulation was
achieved by adequately modelling gradually lower P to ET ratio and gradually slower net lateral
water gain from a reference external WTD representing catchment hydrological effects
characteristic of a fen peatland. This gradual WTD increase from 2004-2009 caused ecosystem
drying thereby reducing E7T and increasing £ in late growing seasons (mid-July to mid-August)
of 2008 and 2009 which was modelled mainly through moss drying. However, reduction in ET
and increase in f over May-June period as evident in EC-gap filled site measurements could not

be modelled and explained by our eco-hydrology modelling.

Chapter 5 includes modelling WTD drawdown effects on NEP of the northern boreal
peatland. WTD drawdown from 2004 to 2009 increased modelled and EC-derived R. at seasonal
and annual time scales. This increase was modelled by adequately simulating improved peat

aeration which increased microbial O» availability and energy yields. Warmer weather and
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consequent warmer peat also caused increases in both modelled and EC-gap filled R.. However,
this warming effect on R. was more severe with deeper than shallower WTD further indicating
significance of WTD drawdown on increasing R. at this boreal fen. Beside R., WTD drawdown
also caused increases in modelled and EC-derived growing season and annual GPP from 2004-
2009. This increase was modelled by simulating increased nutrient (mainly nitrogen) availability
due to enhanced mineralization in better aerated peat, and consequently improved root nutrient
uptake, foliar nutrient status and hence CO: fixation. Although modelled non-vascular GPP
decreased with this WTD drawdown, increased in vascular GPP more than fully offset this
decrease. Confounding effects of WTD drawdown and temperature on R. and GPP as well as
similar increases in R. and GPP with WTD drawdown left no net effects of WTD drawdown on
modelled and EC-gap filled NEP at this boreal peatland. A modelled projection of drainage
effects on C exchange, however, indicated that further WTD drawdown would cause reduction in

NEP by increasing R. and limiting GPP.

Chapter 6 describes synthesis of the findings of the study. It also presents the test of
suitability of VGM model for simulating the tropical peatland water content. VGM similarly well
simulated peat water contents at the tropical peatland as the MCM indicating its ability to

simulate wide range of peat moisture retention.
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Chapter 2 : How Hydrology Determines Seasonal and Interannual Variations in Water
Table Depth, Surface Energy Exchange and Water Stress in a Tropical Peatland:
Modelling vs. Measurements
2-1. Introduction

Tropical peatlands in Southeast Asia have been accumulating and storing thick deposits
of soil carbon (C) as peat blankets (e.g. 9 m) over a large area (2.48 x 10° km?) for thousands of
years (e.g. > 26,000 years) (Page et al. 2004, 2011). However these large C stores have recently
been reported to be large sources of atmospheric CO». For instance pristine Indonesian peatlands,
which have been accumulating C at a rate of about 56 g m? yr'! over more than last 26,000
years, were reported to be a net C source of about 174 g C m™ yr! over a period of 5 years
(2004-05 to 2008-09) (Hirano et al. 2012). The dramatic shift of these tropical peatlands from
being net sinks to large sources of C was caused by rapid oxidative peat decomposition
stimulated by water table depth (WTD) drawdown as a result of recent increases in intensity and
frequency of weather extremes like El-Nifio (Dommain et al. 2011). WTD in Southeast Asian
peatlands has been further deepened by large-scale artificial drainage for facilitating agriculture
(Hirano et al. 2012) that emitted additional CO; at a rate of ~250 g C m™? yr! per 0.1 m of
drainage-induced WTD drawdown (Couwenberg et al. 2010). Apart from triggering peat
decomposition, deep water table (WT) towards the end of prolonged and intense dry seasons also
caused reductions in canopy stomatal conductance (g¢) of tropical peatland vegetation (Hirano et
al. 2015). Since these tropical peatlands are tree-dominated reductions in g. contributed to the
reductions in evapotranspiration (E7) and hence gross primary productivity (GPP) (Hirano et al.
2007, 2012, 2015). So, WTD drawdown resulting from dry weather conditions and artificial

drainage not only hastened peat decomposition but also hindered peat accumulation through
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reduced GPP and hence net primary productivity (NPP) in these tropical peatlands. Therefore, to
avoid further loss of these huge C stores and possibly to restore peat accumulation, it is
imperative to have an improved understanding and a consequent better predictive capacity of
seasonal and interannual variations in WTD and their effects on eco-hydrology and hence C

balance of tropical peatlands.

Tropical peatlands are ombrotrophic bogs and so the seasonal WTD variation in those
peatlands is predominantly determined by the balance between precipitation (P) and E7, and the
lateral discharge (Qw). During the rainy seasons P frequently exceeds ET that results in very
shallow or sometimes above-ground WT in most of the pristine tropical peatlands (Takahashi et
al. 1999). However, the surplus water generates a large Qw in the forms of surface run-off and
sub-surface discharge. Surface run-off in these peatlands is mainly governed by peat surface
gradient at a watershed scale and by hummock-hollow micro-topography at micro- and/or meso-
scale (Page et al. 2009). Sub-surface lateral discharge mainly occurs through near surface layers
with high drainable porosity (Page et al. 2009, Dommain et al. 2010). A shallower WTD in rainy
seasons can create a large hydraulic gradient between the peatland WT and that of an adjacent
landscape which can drive lateral discharge through both peat matrices and macropores. During
subsequent dry seasons, however, ET in access of P causes the WT to fall about 0.5 m below the
surface and ceases such surficial and lateral subsurface discharge in pristine tropical peatlands
(Page et al. 2009). The seasonality of WTD also shows interannual variation with relatively
deeper WTD during prolonged dry seasons compared to that during shorter dry seasons in
pristine Southeast Asian peatlands (Takahashi et al. 1999, Hirano et al. 2015). In addition,
artificial drainage causes consistently deeper WT throughout the year than that in pristine

tropical peatlands (Hirano et al. 2015). Therefore, prognostically simulating WTD variation in
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tropical peatlands requires adequate representation of i) seasonality of balance between P and
ET, 11) seasonality of lateral drainage as affected by both peat matrix and rapid macropore flow,

and 1ii) artificial drainage for drainage-affected tropical peatlands.

Seasonality in tropical peatland ET does not only affect but is also affected by the
seasonality in WTD. When WT in a tropical peatland falls below a certain threshold level during
late dry seasons low water retention capacity of macroporous near-surface peat layers causes
inadequate vertical recharge through capillary rise from the WT. This in turn causes near surface
peat desiccation and a consequent reduction in gc and E7, and hence a concurrent increase in
Bowen ratio (f = sensible heat (H)/latent heat (LE)) (Hirano et al. 2005, 2015). An increase in S
indicates stomatal limitation to transpiration and hence ecosystem drying due to vegetation water
stress. However, the intensity of this vegetation water stress demonstrates interannual variation
depending upon the intensity and duration of dry seasons. The reduction in g. and a concurrent
increase in f are generally more pronounced in drier dry seasons of El-Nifo years when the WT
falls well below a certain level at which tropical peatland trees start to experience water stress
(Hirano et al. 2015). This WTD threshold, however, varies with different rooting depth of
vegetation resulting from either adaptation to wet soils or a disturbance e.g. drainage. For
instance, shallow-rooted trees in pristine Indonesian peatlands experienced water stress when
WTD fell below 0.4 m from the hollow surface (Hirano et al. 2015). On the contrary, tree roots
could grow into newly aerated deeper layers in a surrounding drained Indonesian peatlands and
hence those trees did not experience water stress until WT fell below 0.9 m from the hollow

surface (Hirano et al. 2015).

Given the importance of interactions between E7 and WTD in controlling tropical

peatland productivity and hence C balance, a tropical peatland model requires a prognostic water
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transfer scheme that determines WTD coupled with algorithms for root growth and water uptake
as affected by WTD that determine transpiration and hence GPP. Root growth and water uptake
are governed by soil and root O and water status, so that these algorithms in the model should
be coupled with those representing O and water transport through soils and roots as affected by
WTD (Grant et al. 2012b). Such coupling of hydrological processes with ecological processes
enabled a general purpose process-based terrestrial ecosystem model ecosys to successfully
simulate seasonal and interannual variations in WTD and surface energy exchange of a boreal
fen peatland (Grant et al. 2012b), a boreal bog peatland (Dimitrov et al. 2010b), and a boreal
peat-mineral soil transitional ecotone (Dimitrov et al. 2014). Building upon the success of those
studies, the present study aims to test whether the same algorithms in ecosys could simulate
seasonal and interannual variations in WTD and surface energy exchange under very different
climatic, edaphic and ecological conditions in the Palangkaraya Drained Peat Swamp Forest

(PDPSF) of Central Kalimantan, Indonesia (Hirano et al. 2005, 2015).

2-1.1. Rationale of modelling seasonal and interannual variations in tropical peatland WTD
and surface energy exchange

Given the effects of WTD drawdown from dry weather and artificial drainage on C
storage, predictions of further drier weather by 3 global circulation models (GCMs) over tropical
Southeast Asian peatlands by the end of this century (Li et al. 2007) make it even more important
to have improved predictive capacity for how these peatlands will behave in the future. Despite
the immense importance, research into modelling the interaction between hydrological and
ecological processes in tropical peatlands is still very limited. Our modelling of seasonal and
interannual variation in WTD and its effects on surface energy exchange of tropical peatland is

intended to fill this research gap. Moreover, such modelling will provide us with an excellent

14



opportunity to rigorously examine whether our current understanding of peatland eco-
hydrological interaction, that are currently based solely on studies from northern
temperate/boreal peatlands, are adequate to explain the interaction among hydrology, WTD and
surface energy balance in tropical peatlands. Therefore, the understanding from our modelling
will improve our predictive capacity of hydrological controls on ecosystem productivity over a
wide range of peatlands (e.g. boreal to tropical). This in turn will largely improve the precision
of our projections of peatland eco-hydrology when done at a regional or global spatial scale and

a much longer temporal scale e.g. from century to millennium.

2-1.2. Hypotheses
Hypothesis 1: Hydrological controls on seasonal and interannual variations in tropical

peatland WTD

A gradual wetting trend from an El-Nifio year 2002 to a wetter year 2005 was evident in
gradually higher annual and dry season (May-October) P measurements from 2002-2005 by
Hirano et al. (2007) at PDPSF that caused gradually shallower dry season WTD and consequent
less soil drying from 2002-2005 (Hirano et al. 2007, 2012, 2015). We hypothesize that this
interannual variation in seasonality of WTD could be explained by changes in influxes vs.
effluxes of water in vertical and lateral directions through surface and subsurface boundaries
respectively that could be modelled from basic hydrological processes. These processes included
vertical water fluxes between modelled grid cells and the atmosphere from P inputs and ET
calculated by coupling atmospheric moisture demand driven by surface energy balances with
hydraulically-driven water uptake driven by water potential gradients (e.g. soil, root and canopy
water potentials) through a series of resistances (e.g. soil, root and stomatal resistances). These

processes were coupled with ones for lateral water fluxes between modelled grid cells in ecosys
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and the adjacent watershed governed by hydraulic gradients between modelled WTD and an

external reference WTD (WTDy) over a specified distance (L) in a Darcy’s equation.

Hypothesis 2: WTD effects on seasonal and interannual variations in surface energy

exchange and water stress

We also hypothesize that these coupled hydrological processes could explain greater
plant water stress with deeper WT and consequent greater peat drying during prolonged and
intense late dry seasons (August-October) in 2002-2004 than during a less pronounced late dry
season in 2005. Explanation of plant water stress requires that root water uptake modelled in
ecosys be fully coupled with a shoot-root C transfer scheme in which vertical and lateral root
growth is affected by root O, water and nutrient status through the soil profile. Soil O»
concentrations, modelled in ecosys from convective-dispersive transport, transition sharply
between aerobic and anaerobic values with changes in soil water content caused by changes in
WTD (Grant et al. 2012b). This transition controls root access to Oz and hence vertical root
distribution in ecosys (Grant et al. 2009b). WTD drawdown from rainy to dry seasons thus
causes modelled roots to follow the receding WT and grow into deeper aerobic layers with
improved O> status. This in turn increases root growth and hence root water uptake from deeper,
wetter peat layers. However, when WTD falls below certain threshold level towards the end of
prolonged and intense dry seasons, vertical recharge of near surface layers through capillary rise
from the deeper WT becomes inadequate. This causes near surface peat desiccation and
suppresses root water uptake from these desiccated layers. Since most roots are in those
desiccated near surface layers which remain unsaturated and consequently better oxygenated

during most of the year, suppression of root water uptake from these layers more than fully
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offsets the increase in deeper root uptake, thereby causing plant water stress reducing gc and ET
and raising S.
2-2. Methods
2-2.1. Model development
2-2.1.1. General

Ecosys is a general purpose terrestrial ecosystem model that successfully simulated 3D
soil-plant-microbes-atmosphere water, energy, carbon and nutrient (nitrogen, phosphorus)
schemes across peatlands (Dimitrov et al. 2010a, b, 2011, Grant et al. 2012b). Algorithms
governing seasonal and interannual variations in WTD and surface energy exchange that are
related to our hypotheses are described in the following sections. Necessary equations are listed
and described in appendices A to H at the end of the chapter and are cited in the text within

round brackets by a letter representing a particular appendix followed by the equation number.

2-2.1.2. Water table depth (WTD)

The WTD in the process-based ecosystem model ecosys is the position where lateral
water flux is in equilibrium with the difference between vertical influxes and effluxes. The
lateral sub-surface boundary condition governs the lateral flow in ecosys that is defined by a
specified external water table depth (WTDx) and a specified lateral distance (L:) over which
lateral sub-surface water flow occurs (Fig. 2-1). This WTDx represents average WTD of the
surrounding watershed with which modelled boundary grid cells exchange water. The rates of
the lateral water fluxes are governed by the hydraulic gradient between the WTD within the
modelled grid cell and WTDx over L: in a Darcy’s equation, and by macropore and matrix
hydraulic conductivity of the soil layer in which these water transfers occur (Fig. 2-1). Thus

when WTD within modelled grid cells is shallower than WTDy, discharge through the model
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lateral boundary occurs and when WTD falls below WTDx recharge into the modelled grid cells
occurs (Fig. 2-1). This modelled WTD in ecosys is calculated from the uppermost position in a
soil profile to the top of the saturated zone below which air-filled porosity is zero (Cl). A
negative WTD output from ecosys represents depth below the surface of a modelled soil profile.
The WTD within the modelled grid cells in ecosys is not therefore prescribed, but rather controls,
and is controlled by, vertical surface boundary fluxes, and by lateral surface and subsurface
boundary fluxes (A1-B12).
2-2.1.3. Vertical water fluxes

Vertical surface boundary influxes from P are provided as inputs to the model, as are
solar radiation, air temperature, humidity and wind speed used to drive energy balance
calculations. These calculations drive vertical surface boundary effluxes of ET from canopy
surfaces (E2-E3), and of evaporation (E) from residue (A6) and soil surfaces (A7). These
effluxes are coupled with subsurface water transfers through root (F1-F7) and soil (B1-10)
profiles within the modelled grid cells. Vertical and lateral subsurface water flows through soil
matrices within the modelled grid cells (B2) are calculated from the Richard’s equation using
total soil water potentials (ys) (matric + osmotic + gravimetric) of adjacent cells if both source
and destination cells are either saturated or unsaturated (B3), or from the Green-Ampt equation
using s beyond the wetting front of the unsaturated cell if either cell is saturated (B4-B5) (Grant
et al. 2004). Vertical and lateral subsurface water flows can also occur within the soil profiles
through macropores using Hagen-Poiseuille’s theory for laminar flow in tubes (B6-B9),

depending on inputs for macropore volume fraction (B10) (Dimitrov et al. 2010b).

18



2-2.1.4. Lateral water fluxes

Lateral surface runoff within the modelled grid cells and across lower surface boundaries
is modelled using Manning’s equation (A2) with surface water velocity (A3) calculated from
surface geometry (A4) and slope (AS5), and with surface water depth (A2) calculated from
surface water balance (A1) using kinematic wave theory. Lateral subsurface flows from saturated
boundary grid cells are calculated from their lateral hydraulic conductivities, hydraulic gradients
from elevation differences between these grid cells and the WTDy, and L; (B11-B12).
2-2.1.5. Surface energy exchange

Vertical surface boundary effluxes from transpiration (7) (E3) are governed by canopy
stomatal conductance (gc=1/rc, where r. = canopy stomatal resistance) determined by
equilibrating plant water uptake (Uy), calculated from gradients of s, y; (root water potential)
and . regulated by soil and root hydraulic resistances (£2s and €) in each rooted soil layer, with
T calculated from canopy energy exchange within a soil-plant-atmosphere continuum (F7). Root
growth used to calculate Qs and Q; in each plant population is calculated from its assimilation of
the non-structural C product of CO; fixation (oc) (GS8). Assimilation is driven by growth
respiration (Rg) (G7) remaining after subtracting maintenance respiration (Rm) (G6) from
autotrophic respiration (R.) (G1) driven by oxidation of oc (G2-G5). This oxidation in roots may
be limited by root O> reduction (G3), required to sustain C oxidation and nutrient uptake (GS5).
Reduction is driven by root O» demand, and constrained by root O uptake controlled by
concentrations of aqueous O; in the soil ([O2s]) and roots ([O2]) (G4). Values of [Oa] are
maintained by convective-dispersive transport of O> through soil gaseous and aqueous phases
(H3, H5) and by dissolution of O> from soil gaseous to aqueous phases (H1). Values of [Ox] are

maintained by convective-dispersive transport of O through the root gaseous phase (H4) and by
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dissolution of O> from root gaseous to aqueous phases (H2). This transport depends on species-

specific values used for root air-filled porosity (aerenchyma) (&) (HS).

Reduced O» transport in saturated soils below the WT results in low [O2s] (H5) and forces
[O2] to rely mostly on the gaseous O: transfer through aerenchyma (H6). If this transport is
inadequate, decline in [O2] slows root O uptake (G4), Ra (G3) and R, (G7) and hence root
growth (G8). Low root growth decreases root density (G9-G10) and hence increases Qs and
(F4-F6) in those saturated layers below the WT. Consequently Uy (F2) from the soil layers
below the WT is minimal in spite of high (e.g. near zero) ys (F7) and low € (F3) if the value for
aerenchyma is low. Thus modelled Uy is predominantly governed by the uptake from
unsaturated layers above the WT where adequate ([O2s]) favours root O> uptake (G4), R. (G3), R,

(G7), growth (G8) and hence higher root density (G9-G10) and consequently lower Q; (F4-F6).

WTD drawdown hastens soil O2 transport (HS), raising [O2s] and hence root respiration
(G3, G7), growth (G8) thereby increasing root density (G9-G10), decreasing £ (B9-B13) and
hence increasing Uy from newly aerated deeper soil layers. However, when WTD deepens past a
certain point, inadequate capillary rise causes near-surface peat desiccation (B2-B5), reducing yx
and increasing s (F3), and hence decreasing Uy (F1-F2) from those layers. If the increase in Uy
from newly aerated deeper layers cannot offset the decrease in Uy from desiccated near surface
layers, a decrease in net Uy, forces lower w4, yw. (F7) and hence y; (canopy turgor potential) (E7),

gc (E6) and ET (E3) to be calculated when equilibrating uptake with 7 (F7).
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2-2.2. Modelling experiment
2-2.2.1. Site conditions

The ecosys algorithms for simulating hydrological effects on seasonal and interannual
variations in WTD and surface energy exchange were tested against WTD, soil water contents
(0) and surface energy exchange measured by Hirano et al. (2005), Hirano et al. (2007) and
Hirano et al. (2012) from 2002 to 2005 at an eddy covariance (EC) flux station over PDPSF
(2°20'42" S and 114°2'11" E). The site is a tropical ombrotrophic bog peatland where the only
source of water and nutrient input is through precipitation. These tropical bogs are mainly
formed by tree roots, dominated by trees and generally devoid of bryophytes (Page et al. 2009).
These peatlands were drained by excavating drainage canals during 1996-97 as a part of land
development for agriculture in a former Mega Rice Project, Central Kalimantan, Indonesia [ Page
et al., 2009]. Peat depth around the flux station site was around 4 m. More detailed description of
the peat characteristics, vegetation and management history of the site can be found in Hirano et
al. (2007), Jauhiainen et al. (2008) and Page et al. (2009).
2-2.2.2. Field datasets

Hourly LE, H and CO:; fluxes were measured by Hirano et al. (2005) and Hirano et al.
(2007) from a combination of EC and storage fluxes using a micro-meteorological approach at
the flux tower established over PDPSF in November 2001. Flux data during rain and stable air
conditions at night (determined by a friction velocity (u*) of below 0.17 m s™!) were screened out
by Hirano et al. (2005) and Hirano et al. (2007) to maintain the data quality. The resultant gaps
in flux data were filled by using look up tables as described in Hirano et al. (2005) and Hirano et

al. (2007).
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Hourly weather variables (e.g. solar radiation, wind speed, relative humidity, air
temperature, precipitation etc.) were also measured at the flux station. Hourly net radiation (Rn)
was calculated from measured incoming and outgoing long wave and shortwave radiation
(Hirano et al. 2005). & was measured hourly at a depth from 0-0.2 m at 3 points in a hummock
(Hirano et al. 2007). Hourly WTD measurement at the site was started in April 2004 as reported
in Sundari et al. (2012) and Hirano et al. (2012). However, monthly WTD measurement at the
site was reported by Hirano et al. (2012) from June 2002. All WTD measurements were
performed at a water level logger installed at 10 m from the flux tower by setting the zero

position of the WT at the level of a hollow surface.

2-2.2.3. Model run

The micro-topography modelled in ecosys included one hummock and one hollow grid
cell of same dimension (1 mx1 m) between which gas, water, solute and heat were transferred..
The surface of the hollow grid cell was 0.15 m lower than that of the hummock grid cell to
represent the average site micro-topography described by Jauhiainen et al. (2008) (Fig. 2-1). To
best represent the vertical peat profile in the actual site as described by Jauhiainen et al. (2008),
the 0-0.25 m depth of the modelled hummock profile had dry bulk density for less decomposed
fibric layers measured by Takakai et al. (2006) at drained peat swamp forests surrounding our
study site (Fig. 2-1). Dry bulk densities for the modelled transitional hemic peat layer of 0.25-0.4
m and well decomposed sapric peat layers > 0.4 m depth were obtained from Jauhiainen et al.
(2012b) measured for drained peatlands surrounding our study site (Fig. 2-1).

A soil moisture retention curve was constructed by using site measured € and assuming

measurement depths above WTD as soil water matric potentials to derive @ at field capacity and

permanent wilting point (6.t and 6,wp used as inputs for the fibric layers of 0-0.25 m (Fig. 2-1).
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6.t and 6, wp values for the hemic (0.25-0.4 m) and sapric (> 0.4 m) layers were derived from
moisture retention measurements by Kurnain et al. (2001) at surrounding peatlands.

Due to the lack of pore-size distribution measurements over the tropical peatlands, we
could not use measured values for macropore volume fractions (6nac) as our model inputs.
Instead we applied the analogy used by Wosten et al. (2008) for a tropical Indonesian peatland
where they estimated a 0.50 macroporosity for the fibric peat layers since their measurements
showed some 50% drainage of total pore spaces with a drop of WTD by only 0.40 m below the
surface. We therefore assumed the fraction of total porosity drained at a water potential of -0.002
MPa as Gnac for a particular layer and used those values as model inputs (Fig. 2-1). Our inputs
for Gnac (Fig. 2-1) corresponded to those used by Wdsten et al. (2008) in their hydrological
modelling.

Macropore saturated hydraulic conductivities in the model were calculated from the Gmnac
inputs by using Hagen-Poiseuille’s equation (B6-B10) (Dimitrov et al. 2010b). However,
saturated hydraulic conductivities for the remaining soil matrices (Ksmat) were given as model
inputs (Fig. 2-1). Since the soil matrix in our modelling represented the fraction of bulk soil
excluding macropores, we used Ksmat values measured by Ong and Yogeswaran (1992) for well
decomposed peat layers in similar tropical peatlands. Lateral saturated hydraulic conductivity of
the macropore and the soil matrix fraction of each layer were assumed to be equal to its
macropore and soil matrix vertical saturated conductivity.

WTDx was set at 0.6 m below the hummock surface (0.45 m below the hollow surface)
representing long term (2002-2009) average WTD measured over our drained peatland site
(Hirano et al. 2012) (Fig. 2-1). L; was set to 400 m in all directions which was the nearest

distance to the drainage canal (Hirano et al. 2012) (Fig. 2-1). The lower boundary condition in

23



our model run was defined as such there was no exchange of water to represent the presence of
nearly impervious mineral sub-stratum underlying the peat deposition (Page et al. 2004) (Fig. 2-
1).

Both hummock and hollow grid cells were seeded with evergreen tropical over- and
under-storey vascular plants using the same plant functional types (PFTs) used in an earlier study
on Amazonian rainforest (Grant et al. 2009b). However, atmosphere to rhizosphere O transport
through adventitious roots and enlarged aerenchyma in the dominant tree species growing in our
wetland site (Pangala et al. 2013) was absent in PFTs modelled for Amazonian upland forests by
Grant et al. (2009b). To include this wetland adaptation, we selected a value of 0.2 as the model
input for root porosity (&) used in calculating root O; transport through aerenchyma (H6) for
PFTs modelled in this study. Due to the scarcity of root porosity measurements in tropical peat
swamp tree species, we adopted this value (6,=0.2) from Visser et al. (2000) measured for
wetland adapted sedges. This value for &, used as our model input also falls within the range of
root porosity (0.01-0.34) measured for various plants taken from northern temperate and boreal
bogs, fens and reed swamps (Cronk and Fennessy 2001). &, in wetland adapted species can also
vary with intensity of waterlogging (Cronk and Fennessy 2001). However, the current version of
ecosys used the set input for G, to simulate O, transport from the atmosphere to rhizosphere
through roots with &y that did not vary with intensity in waterlogging.

The model was run for 44 years (40 years of spin up run and 4 years of simulation run)
under repeating 4-year sequences of hourly weather data (solar radiation, air temperature, wind
speed, humidity and precipitation) recorded at the site from 2002 to 2005. The spin up period

allowed energy and CO; exchanges in the model to achieve stable values through successive
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weather sequences. Model results for the 4 years of simulation run were compared with

measurements at PDPSF from 2002-2005.

2-2.2.4. Model validation

Hourly R, LE and H fluxes modelled over hummocks and hollows were averaged to
represent a 50:50 hummock hollow ratio as mentioned by Jauhiainen et al. (2008) and then
regressed on hourly measured EC fluxes. Hourly near surface (0-0.2 m) & of the modelled
hummock was regressed against hourly measured & for the same depth in a field hummock.
Daily modelled WTDs were spatially averaged for hummock and hollow grid cells (50:50) and
regressed against observed daily WTDs. Since the site WTD measurements were with respect to
the average hollow surface (Hirano et al. 2007), modelled WTDs are also referenced with respect
to the hollow surface to facilitate comparisons of modelled vs. measured WTD. Model
performance was evaluated from regression intercepts (a—0), slopes (b—1), coefficients of
determination (R>—1) and root mean squares for errors (RMSE—0).
2-2.2.5. Sensitivity of modelled WTD to artificial drainage

Artificial drainage is a key disturbance reported to alter WTD of Southeast Asian
peatlands (Hirano et al. 2012, 2015). Changes in seasonality of WTD due to drainage can exert a
considerable control on seasonality of peatland water, carbon, energy and nutrient cycling. To
test the sensitivity of the modelled WTD to artificial drainage we performed a parallel simulation
with WTDx raised from 0.45 m below the hollow surface to 0.15 m above the hollow surface (i.e.
level with the hummock surface) with everything else unchanged to represent the undrained
condition. The difference between the two WTDxs was based on the maximum observed
difference between mean annual WTDs over our drained site and a similar undrained site nearby

as reported by Hirano et al. (2012).
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2-2.2.6. Analyses of model results

Seasonal variation in Bowen ratio (f) was used as an indicator for examining WTD
effects on seasonal variation in surface energy exchange. For this purpose, we examined hourly
measured and modelled f during two periods of 15 days each from the late rainy/early dry season
(May-July) and the late dry season (August-October) for each year of the study. To control for
effects of radiation on S, we first screened the mid-day (10:00-14:00 local time) g values that
were measured and modelled under incoming solar radiation > 700 W m™ representing cloudless
sky (Hirano et al. 2007). We then performed single factor analyses of variance (ANOVA) for the
sorted mid-day measured and modelled S values to test whether the means of hourly mid-day S
significantly differed between the two 15-day periods in each year of study. A significant
difference in mean mid-day S between those two periods in a particular year meant the inter-
seasonal variation in mean £ values in that year was larger than the short-term intra-seasonal
variation in £ values. This test would signify the consistency of seasonal variations in £ as a
result of WTD fluctuations.
2-3. Results
2-3.1. Modelled vs. measured § and WTD

A gradual wetting trend from 2002 to 2005 over PDPSF was apparent from annual
precipitation measurements with 2002 being the driest (El-Nifio) and 2005 being the wettest (La-
Nina) year (Table 2-1). Hydrological processes for vertical and lateral water fluxes enabled
ecosys to simulate hourly near surface (0-0.2 m depth of a hummock) & at PDPSF during this
wetting period with co-efficients of determination (R?) > 0.80 (P < 0.0001) and very little model

discrepancies (root mean squares for errors (RMSE) from regressions of measured on modelled &

<0.02 m®>m?) (Fig. 2-2b) (Table 2-1).
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These processes also enabled simulated daily WTDs to correlate well with measured
values (R?>> 0.80, P < 0.0001) (Fig. 2-2c) (Table 2-1). Low RMSEs ca. ~ 0.1 m (Table 2-1)
further indicated a minimal model discrepancy in simulating seasonal and interannual
fluctuations in WTDs at PDPSF. This test provided additional confidence in model explanations

of seasonal weather effects on tropical peatland hydrology.

2-3.2. Modelled vs. measured ecosystem energy fluxes

Ecosys reasonably well simulated diurnal and seasonal variations in ecosystem surface
energy exchange. Regressions of hourly modelled vs. measured R,, LE and H gave intercepts
within 20 W m of zero, and slopes within 0.1 of one, indicating minimal bias in modelled
values for all years of the study except 2003 when variation in LE was overestimated (Table 2-
2). Values for R?> were ~ 0.8 (P < 0.0001) for modelled vs. measured regressions of LE whereas
those for H were relatively lower (~ 0.7) (Table 2-2). These lower R? for H fluxes were caused
by smaller diurnal and seasonal variations in H vs. LE datasets. However, some of the
unexplained variance in EC LE and H could also be attributed to a random error of ca. 20% in
EC methodology (Wesely and Hart 1985). This attribution was corroborated by root mean
squares for random error (RMSRE) in EC measurements over forests calculated from Richardson
et al. (2006) that were similar to RMSE, indicating that further constraint in model testing could
not be achieved without further precision in EC measurements. Modelled vs. measured LE and H
flux divergence may also have been affected by incomplete energy balance closure of about 80%
in the EC measurements (Wilson et al. 2002) as opposed to complete energy balance closure in

the model.
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2-3.3. Seasonal and interannual variations WTD and @

During the rainy season in 2002 when P exceeded ET, the modelled WTD came close to
the hollow surface until lateral discharge through both the macropores and the soil matrix offset
excess P (Figs. 2-2a, ¢ and 2-3a). The modelled lateral discharge (Osim) was equal to the residual
between P and modelled ET (P-ETsim), which was corroborated by the difference between P and
EC gap-filled ET (P-ETkc gap-filed) (Fig. 2-3a). We did not have any WTD measurements in situ
to corroborate the modelled WTDs for the rainy season in 2002, although the high near surface &
measured and modelled during this period (Fig. 2-2b) corroborated the shallow modelled WTDs.

At the onset of the dry season in mid-April, P declined below ET so that the modelled
WTD increased (Fig. 2-2c¢). This increase in WTD slowed and eventually ceased lateral
discharge and caused modelled and measured near surface peat to dry (Figs. 2-2b and 2-3a). As
the dry season progressed, P < ET caused the WTD to fall further and eventually stabilize at a
deeper position where recharge offset P — ET (Figs. 2-2c¢ and 2-3a). This deepening was also
apparent in monthly WTD measurements by Hirano et al. (2012) and corroborated by very dry
near-surface soil both modelled and measured from June to October (Figs. 2-2b and 2-2c).

At the onset of the rainy season in November when P again exceeded ET, the modelled
WT rose until increasing discharge again offset excess P (Figs. 2-2¢ and 2-3a), rewetting the
near surface peat as was also apparent in the d measurements (Fig. 2-2b).

P in 2003 was greater than in 2002 (Table 2-1) so that both modelled and measured WT
remained closer to the hollow surface and @ remained high until mid-May, almost two months
later than in 2002 (Figs. 2-2b, ¢ and 2-3). This interannual trend between 2002 and 2003 was also
apparent in higher cumulative modelled discharge sustained for a longer period in 2003 than in

2002. This trend was consistent with that in the differences between P and modelled ET and
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between P and EC gap-filled ET (Fig. 2-3a). At the onset of the dry season in mid-May 2003, the
deepening of both modelled and measured WTDs and the drying of the near-surface peat was
more gradual than in 2002 (Figs. 2-2b, c). Sporadic precipitation events throughout the dry
season in 2003 caused simulated as well as observed WTD to deepen less than in 2002 (Fig. 2-
2¢).

P in 2004 was greater than in 2003 (Table 2-1), so that both observed and modelled WT
remained close to the hollow surface and kept near-surface peat wet until mid-June (Figs. 2-2b,
¢). Shallower WTD drove more rapid cumulative modelled lateral discharge in 2004 for a longer
period than in 2003 as corroborated by the differences between P and modelled E7 and between
P and EC gap-filled ET (Fig. 2-3). The late dry season in 2004 did, however, receive less
precipitation than in 2003 and hence modelled and measured WTDs were slightly deeper than in
the same period of 2003 (Fig. 2-2¢).

The year 2005 was the wettest in our study with no prolonged dry period, and hence
modelled and measured WTDs seldom dropped below 1.0 m from the hollow surface even in the
late dry season (Fig. 2-2c). Consequently the near surface soil dried less in 2005 than in the
previous three years of study because there was enough precipitation to rewet the near surface
peat layers even in the dry season (Fig. 2-2b). ET barely exceeded P even in the late dry season
of 2005, causing the shallowest WTD in that year (Fig. 2-3a).

Interannual variation in WTD due to differences in the intensity and duration of dry
seasons from 2002-2005 was also apparent in average modelled and observed dry season (May-
October) WTD. Gradually wetter dry seasons from 2002 to 2005 caused gradually shallower dry
season WTD in PDPSF (Figs. 2-3b, c). This trend of gradually shallower dry season WTD from

2002 to 2005 was reasonably well simulated by our model from basic processes for vertical and
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lateral water transfer described earlier (Fig. 2-3¢). However, the rate of decrease in dry season
WTD with an increase in dry season P from 2002 to 2003 was less rapid in the model than in the
measurements (Fig. 2-3¢). Gradually shallower WTD and higher P compared to ET from the
driest year of 2002 to the wettest year of 2005 also caused a gradual increase in cumulative
discharge from 2002 to 2005 (Fig. 2-3a).
2-3.4. Sensitivity of simulated WTD to artificial drainage

Both the modelled and the measured WTD in our study site (Fig. 2-2c¢) would be
unusually deep for a pristine tropical peatland. Since our study site was a drained peatland, this
deeper than normal WT might be artifacts of drainage. To examine the effect of artificial
drainage on WTD at PDPSF we performed drained vs. undrained simulations as described in
Sect. 2-2.2.5. During the rainy seasons (November-April) from 2002-2005, simulated undrained
WTD was always above the hollow surface as opposed to the simulated drained WTD where WT
never rose above the hollow surface (Fig. 2-4). Though the undrained WTD always remained
~0.5 m shallower than the drained WTD, presence of distinct dry seasons in 2002-2004 caused
the undrained WTD to reach ~1.0 m below the hollow surface (Fig. 2-4). The seasonal variation
in simulated undrained WTD followed that in a nearby undrained tropical peat swamp forest
measured by Hirano et al. (2009) during 2002-2003 and Sundari et al. (2012) during 2004-2005
(Fig. 2-4). This simulated change in WTD with drainage indicated that the basic hydrological
processes used to model vertical and lateral water fluxes are robust if they are used with
accurately determined changes in external boundary conditions.

2-3.5. WTD effects on seasonal and interannual variations in surface energy exchange

Seasonal variation in WTD, predominantly governed by seasonality in P, may have a

profound effect on seasonal changes in surface energy exchange. Daily EC gap-filled ET showed
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a decline from ~4 mm d! during late rainy/early dry season (May-July) with a shallower WTD to
~2 mm d! during the late dry season (August-October) with a deeper WTD in 2002 (Figs. 2-5a,
c¢). EC gap-filled ET showed the same trend of decrease with WTD drawdown during late dry
seasons in 2003 and 2004 (Fig. 2-5a). Unlike 2002-2004, the decrease in EC gap-filled ET was
less prominent in the wettest dry season of 2005 when WT was shallower than in 2002-2004
(Figs. 2-5a, c). Coupled processes for transpiration and root water uptake enabled ecosys to
reasonably well capture the decrease in E7 towards the ends of prolonged dry seasons in 2002-
2004 with deeper WTD as well as the lack of a prominent decline in ET during the less

pronounced late dry season in 2005 (Fig. 2-5a).

Seasonal variation in E7 might be driven by the available energy for E7 from R, and
atmospheric vapour demand from vapour pressure deficit (D). A large decline in dry season R,
due to smoke haze shading from a surrounding forest and peat fire in 2002 (Hirano et al. 2007)
contributed to the large decline in modelled and EC gap-filled ET during that period (Figs. 2-5a,
b). Absence of large declines in R, during late dry seasons in smoke-free years of 2003 and 2004
caused smaller decreases in modelled and EC gap-filled ET than in 2002 (Figs. 2-5a, b).
However, the late dry season decline in both modelled and EC gap-filled E7 was less prominent
in 2005 than in 2003 and 2004 despite having a nearly similar seasonal pattern in R, (Figs. 2-5a,
b). Observed vapour pressure deficit (D) in PDPSF showed a distinct seasonality with
consistently higher D in late dry seasons compared to the rainy/early dry seasons throughout the
study period (Fig. 2-5¢). This seasonality meant the drier weather caused higher potential ET
during late dry seasons of 2002-2005. Despite this, we found reduced modelled and EC gap-
filled actual ET during late dry seasons of 2002-2004 (Fig. 2-5a). This reduction suggested that

the late dry season decrease in E7 and the interannual variation in the intensity of this decrease
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were not solely controlled by weather variables (R, and D) that drive E7. Rather this seasonality
and interannual variation of E7 might have been driven by changes in plant water status and
consequent stomatal regulation as affected by peat moisture conditions. EC gap-filled mid-day S
rose from ~0.3 to ~0.6 from late rainy/early dry to late dry season of 2002 indicating an increase
in stomatal constraint to £7 and this trend was reasonably captured by ecosys (Fig. 2-5d). As in
2002, EC gap-filled g also rose with a WTD drawdown from late rainy/early dry seasons to late
dry seasons in 2003 and 2004 (Fig. 2-5d). This trend of rises in £ during the late dry seasons in
2003 and 2004 were also well captured in the model (Fig. 2-5d). Unlike the other three years
(2002-2004), both EC gap-filled and modelled mid-day £ during the wettest year of 2005 did not
rise from late rainy/early dry season to late dry season (Fig. 2-5d). This indicated the lack of
stomatal constraint to both EC gap-filled and modelled ET during the wettest dry season of 2005

when the WT seldom fell below 1 m.

Our results, therefore, indicated a consistent decline in £7 and a concurrent rise in mid-
day p caused by deeper WTD during late dry seasons of 2002-2004 EC gap-filled (Figs. 2-5a, d).
This trend is further supported by regressions of daily EC gap-filled £7 and £ vs. observed WTD
and of daily simulated ET and f vs. simulated WTD during 2004-2005 (Fig. 2-6). These
regressions showed an overall decrease in both EC gap-filled and modelled £7 and a concurrent
increase in f with deepening WT further illustrating stomatal constraint on tropical peatland
energy balance during late dry seasons (Fig. 2-6). However, there was also a tendency of a slight
decrease in both EC gap-filled and modelled E7 and a concurrent small increase in f as WT
came up to the hollow surface indicating a very weak flooding stress to E7 (Fig. 2-6).
Unfortunately we could not include data from 2002 and 2003 in these regressions due to the lack

of daily WTD measurements over that period.
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Closer comparisons of energy exchange between selected 15-day periods of late
rainy/early dry seasons and late dry seasons can provide us with better insights about how
variations in WTD affect seasonality in f in this tropical peatland. Both the EC gap-filled and
modelled S were significantly higher (P<0.01) during the late dry seasons with deeper WTD in
2002, 2003 and 2004 than during late rainy/early dry seasons with shallower WTD (Fig. 2-7).
This was caused mainly by late rainy/early dry to late dry season reduction of LE fluxes with
respect to H fluxes (Fig. 2-8). This reduction in LE and a concurrent increase in f were modelled
by a reduction in y. and a consequent decline in mid-day g during late dry seasons with deeper
WTD in 2002-2004 (Fig. 2-9). This clearly indicated that deeper WTD caused stomatal
limitations to tropical peatland LE and f. However, no increase in £ and no concurrent decrease
in LE was modelled and measured during the late dry season of 2005 (Figs. 2-7 and 2-8). This
indicated the absence of stomatal limitation during the ‘wet’ late dry season of 2005 when the
WT seldom fell below 1 m. This absence was also evident in fewer declines of y. and mid-day
gc modelled during the late dry season in 2005, in contrast to those in the other years of the study
(2002-2004) (Fig. 2-9).

2-4. Discussion
2-4.1. Hypothesis 1: Hydrological controls on seasonal and interannual variations in

tropical peatland WTD

Distinct seasonality in P to ET ratio controlled seasonal variation in WTD during 2002-
2005 at PDPSF with shallower WTD in the rainy seasons (November-April) when P exceeded
ET and deeper WTD in the dry seasons (May-October) when ET exceeded P (Figs. 2-2 and 2-3).
However, gradually less pronounced dry seasons (May-October) and hence less deficit between

ET and P caused progressively shallower dry season WT and hence less peat drying from the
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driest year 2002 to the wettest year 2005 at the PDPSF (Figs. 2-2 and 2-3). Modelled deficits
between dry season ET and P, however, were larger than deficits between dry season EC gap-
filled ET and P (Fig. 2-3a). These divergences were caused by larger modelled vs. EC gap-filled
ET due to complete energy balance closure in the model (D, E1) vs. ~80% closure in the EC data
(Wilson et al. 2002) (Figs. 2-3a and 2-5a) (Table 2-2) (Sect. 2-3.2). Increasingly wetter and
longer rainy seasons caused more surplus water from P in excess of £7 and generated gradually

larger simulated lateral discharge from 2002 to 2005 (Fig. 2-3a).

During the rainy seasons when modelled WTD rose above the referenced external WTD
(WTDx), the resultant hydraulic gradient drove lateral discharge through soil matrix and
macropores (Figs. 2-1, 2-2¢ and 2-3a) (B11-12). The modelled WTD in rainy seasons (C1) hence
were at positions very close to the hollow surface where lateral discharge equilibrated with the
surplus water from P in excess of ET (Figs. 2-2c and 2-3a). When modelled WTD fell below
WTDx during the dry seasons, lateral discharge ceased and the modelled WTD were stabilized at
deeper positions where lateral recharge equilibrated with the deficit between ET and P (Figs. 2-1,
2-2¢ and 2-3a) (B11-12, C1). However, we modelled very negligible rates of (~0.1 mm d)
lateral recharge during all dry seasons due to low lateral hydraulic conductivities in well
decomposed deeper peat layers in which the WT was located (Fig. 2-1) (B11). This indicates
simulation of an important hydrological characteristic of tropical bogs those are not fed by
recharge from surrounding WT (Rieley and Page 2005). We also simulated negligible (~0 mm h-
Y surface run-off (A1-A5) due to the lack of standing surface water resulting from rapid
infiltration through preferential flow which matched site observations in Hirano et al. (2009).
Lack of saturation of near surface peat layers (0-0.2 m of the hummock) even in the peak rainfall

periods i.e. P > 60 mm h' was also well modelled by simulating rapid vertical and lateral
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preferential flow through macropores (Figs. 2-1 and 2-2a, b) (B6-10, B12) as described in
Dimitrov et al. (2010b). These changes in WTD and € were modelled from basic hydrological
processes that required inputs for measureable peat hydrological characteristics and an external
WT (Fig. 2-1), but did not require adaptation through site-specific parameterization and should
therefore be generally applicable to diverse ecosystems including peatlands.

2-4.2. Hypothesis 2: WTD effects on seasonal and interannual variations in surface energy

exchange and water stress

Seasonal and interannual variations in WTD and resultant variations in peat & also
affected variations in surface energy exchange in PDPSF. WTD drawdown and resultant peat
drying caused vegetation water stress during late dry seasons as indicated by increases in both
modelled and EC-gap filled f caused by declines in LE with respect to H (Figs. 2-2, 2-5a, d, 2-7
and 2-8). This late dry season water stress was, however, more prominent in drier years of 2002-
2004 when WT was persistently deeper than a threshold level of ~1.0 m, and less prominent in
the wetter year of 2005 when WT seldom fell below this threshold (Figs. 2-2c, 2-5a, d, 2-7 and
2-8). These WTD effects on seasonal and interannual variations in surface energy exchange and
vegetation water stress in this tropical peatland was modelled in ecosys by adequately simulating
the coupling between root water uptake and transpiration in a soil-plant-atmosphere water
scheme as affected by vertical distributions of &, [Oz] and root density controlled by WTD
dynamics. These algorithms are robust since they were also applicable to a wide range of
peatlands [e.g. a boreal bog (Dimitrov et al. 2010b) and a boreal fen peatland (Grant et al.

2012b)] without any site-specific parameterization.
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Modelled root densities for the tropical peatland vegetation sharply declined with depth
(Fig. 2-10). Most of the modelled roots were within the near surface layers farther above the WT
(Fig. 2-10). Root densities in deeper layers closer to the WT remained lower than those in near
surface layers by 2-3 orders of magnitude (Fig. 2-10). This vertical rooting pattern was simulated
from better vs. poorer soil O» status ([O2s]) in near surface vs. deeper layers (Fig. 2-11). Near
surface peat layers remained unsaturated throughout the year (Fig. 2-2b) which facilitated
adequate [Oys] from rapid diffusive-dispersive transfers of O> from atmosphere (H3, HS) (Fig. 2-
11). [Og] values in these layers were well above the Michaelis-Menten constant (Ko> = 0.064
gm™) used to calculate root and mycorrhizal O uptake (Fig. 2-11) that enhanced root Ox uptake,
growth respiration (R,) (G7) and growth (G8) and hence higher root densities (G9) in these near
surface layers (Fig. 2-10). During dry seasons, when WTD receded, vertical extension of aerobic
zones and consequent improved [O2s] in the newly aerated deeper layers enabled modelled root
systems to grow into these layers (Figs. 2-10 and 2-11). However, since these deeper layers
remained saturated during most of the rainy (November-April) and early dry (May-August)
seasons with shallower WTD, consequent low [Ozs] in these layers slowed R (G3-GS, G7), root
growth (G8) and hence reduced modelled root densities from those in the near surface layers
which remained unsaturated and hence had improved [Oas] almost all the year round (G9) (Figs.
2-2b, 2-10 and 2-11). Due to the lack of [Oas], roots in these deeper layers depended heavily on
transfer of O, from atmosphere to root through aerenchyma ([O2:]) (G4, H2, H6) (Fig. 2-11). Our
input of root porosity (G = 0.2) to represent this wetland adaptation (H6) was not enough to
maintain adequate [O2;] to simulate large root densities in those deeper layers. This simulated
vertical root distribution is consistent with vertical root biomass profile measurements by

Sulistiyanto (2004) who found 83% of total live root biomass in a surrounding undrained
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peatlands were within the top 0.25 m and the remaining 17% within 0.25-0.5 m from the ground
surface. This shallow root distribution indicated much lower root growth in deeper, wetter peat
than in near surface, drier peat. Shimamura and Momose (2005) found significantly higher root
biomass in elevated mounds of a tropical peat swamp forest that remained above the WT
compared to low-lying non-mounds that remained closer to the WT indicating preference of
those tropical peatland species for shallow lateral rooting to avoid waterlogging in deeper layers.
While studying root growth pattern of the seedlings of the dominant tree species of tropical peat
swamp forests, Nishimura and Suzuki (2001) found the tendency of roots to grow predominantly
in the top 0.25 m that remained unsaturated most of the year. Rachmanadi et al. (2014) also
found similar shallow rooting preferences in seedlings of 15 dominant tropical peat swamp

species.

During the late rainy/early dry seasons shallower WTD resulted in higher near surface
peat 6 and consequently higher ys and lower (X (F3) (Figs. 2-2b, c). Higher root densities in
these layers also meant lower (2 (F4). Hence, higher ys, and lower (X and (2 facilitated greater
root water uptake (Uy) (F2) from these near surface peat layers that reduced stomatal limitation,
1.e. higher g¢ (Fig. 2-9b), higher y. (Fig. 2-9a) and thus higher transpiration and lower f during
late rainy/early dry seasons (Figs. 2-5a, d, 2-7 and 2-8).During the late dry seasons of drier years
2002-2004, WTD fell frequently well below the threshold of ~1.0 m (Fig. 2-2c). During this
period, the absence of adequate vertical recharge through frequent P meant € in near surface peat
layers had to entirely depend upon vertical recharge of those layers through capillary rise from
the WT. But low water holding capacity of the macropores and low hydraulic conductivity of the
remaining soil matrices originating from highly decomposed woody materials (Fig. 2-1) slowed

vertical recharge of near surface modelled peat layers through capillary rise from WT (B1-B5).
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Consequently, modelled near surface (0-0.2 m of a hummock) & approached the wilting point
during the late dry seasons of these years (Fig. 2-2b) as corroborated by site measurements
(Hirano et al. 2007). This desiccation caused sharp declines in s in near surface peat layers and
consequent rises in near surface £ (F2), contributing to slower root water uptake (Uy) (F1-F2)

from these layers.

Despite the desiccation of the near surface peat layers during the deeper WTD period
during late dry seasons of 2002-2004, the well decomposed peat layers in the model below 0.3 m
had soil moisture contents well above the field capacity (Fig. 2-1). This differential vertical soil
moisture profile distribution was analogous to the field observations by Hirano et al. (2009) over
PDPSF and Jaya et al. (2010) over a similar tropical peatland. Therefore, Uy in those deeper peat
layers was not constrained by reductions in ys and consequent increases in (%. Moreover,
improved aeration of deeper peat layers in deep WTD periods during the late dry seasons caused
improved [Oxs] (Fig. 2-11) that facilitated root growth and hence increased root densities in these
layers (Fig. 2-10) that resulted in lower (2 than in late rainy/early dry seasons with shallow
WTD. Higher ys and lower £ and (2 caused increased Uy (F2) from these deeper peat layers
during late dry seasons with deeper WTD. However, these increases in Uy from deeper wetter
layers could not offset the suppression in near surface Uy that comprised most of the root
volumes for uptake. So, the resultant net decrease in Uy during late dry seasons of 2002-2004
caused modelled y. to decrease (Fig. 2-9a) (E7, F2) and to cause a consequent decline in g¢ (Fig.
2-9b) (E5-E6). This explained declines in LE vs. H and rises in f apparent in the EC
measurements during these drier periods. Late dry season declines in g over PDPSF were also

shown by Hirano et al. (2015) in an EC measurement study.
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During the wettest dry season of 2005, however, modelled near surface & remained well
above wilting point (Fig. 2-2b) and hence enabled higher Uy to be sustained from the near
surface layers. Consequently the stomatal limitation to E7 was not simulated during that
hydroperiod. This was apparent in the absence of a prominent decrease in modelled . (Fig. 2-
9a) and g. (Fig. 2-9b), and explained the absent of declines in EC gap-filled ET (Fig. 2-5a) and of
concurrent rises in EC gap-filled £ (Fig. 2-5d) during the late dry season of 2005 in contrast to
the declines measured in other years (e.g. 2002-2004).

2-5. Conclusions

Seasonal and interannual variations in WTD of the tropical peatland at PDPSF were
governed by variations in P to ET ratio during a gradually wetting period from an El-Niflo year
2002 to a wetter year 2005. However, these variations in WTD again affected variations in peat
water contents, surface energy exchange and vegetation water stress. P less than ET during dry
seasons caused deeper WT and hence peat drying (Figs. 2-2 and 2-3). Gradually smaller deficits
between ET and P caused progressively shallower dry season WTD and less peat drying from the
driest year 2002 to the wettest year 2005 (Figs. 2-2 and 2-3). Increasingly higher P than ET
during rainy seasons generated gradually larger lateral discharge from 2002-2005 (Fig. 2-3a).
WTD frequently deeper than a threshold of ~1.0 m below the hollow surface caused near surface
peat desiccation that eventually triggered plant water stress during the late dry seasons of drier
years 2002-2004 (Figs. 2-5a, d and 2-6 to 2-8). This late dry season water stress, however, was
not prominent in the ‘wettest’ late dry seasons of 2005 (Figs. 2-5a, d and 2-6 to 2-8) thus
indicating interannual variation in seasonality of surface energy exchange in this tropical

peatland.
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Successful simulation of WTD variation in ecosys was achieved by calculating seasonal
variations in the balance between P, ET and lateral discharge governed by hydraulic gradients
between modelled and an external reference WTD (WTDx) over a distance (L) as described in
our first hypothesis. WTD effects on surface energy exchange and vegetation water stress was
modelled in ecosys by simulating suppression of near surface root water uptake due to
desiccation and suppression of deeper layer root water uptake due to low root densities and high
root hydraulic resistances as described in our second hypothesis. This simulation is of a great
importance since lack of these processes in models can result in a completely misleading
prediction of WTD effects on peatland E7 and hence productivity. For instance, Li et al. (2007)
predicted a drying trend over Southeast Asian peatlands by the end of this century by using 3
GCMs that shows a decrease in dry season precipitation and hence an increase in WTD together
with an increase in atmospheric dryness, R, and hence potential E7. However, if we tried to
simulate the effects of these drier weather projections on E7 and hence productivity using a
model where root depths are prescribed rather than arising from root-WTD interactions as in this
study, we could come up with two completely contrasting outcomes. A prescribed shallow root
depth would result in strong plant water stress and hence reduced productivity caused by this
future drier weather scenario regardless of interannual variations. Conversely, a prescribed deep
root depth, which might reasonably be assumed for those tall tropical peatland trees with a
canopy height of 26-35 m (Page et al. 1999, Hirano et al. 2007), would result in an increase in

ET and hence productivity with future drying.

The present study thus opens a new window in the use of process-based ecosystem
modelling to study WTD effects on eco-hydrological processes in tropical peatlands. Such

modelling of WTD effects on vegetation water stress is also essential in modelling seasonal and
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interannual variations in GPP in tropical peatlands as shown in Chapter 3. This type of modelling
can also be scaled up to simulate regional-level WTD effects on tropical peatland E7 and
productivity when provided with regional-level inputs for soil physical and hydrological
characteristics (Fig. 2-1), land use (forested vs. agriculture), PFTs, and disturbance (e.g.
drainage, fire, logging). Hence such up scaling of our modelling has a high potential in guiding
WTD management and peatland rehabilitation projects that are undergoing across tropical
peatlands that are severely affected by seasonality of precipitation together with human
interventions like drainage. This predictive capacity building would also contribute to the current

tropical peatland carbon monitoring and assessment initiatives.
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Table 2-1. Summary statistics of regressions between modelled and measured hourly soil water
contents (#) and daily water table depths (WTD) for a drainage affected tropical peat swamp
forest at Palangkaraya, Indonesia

Year 2002 2003 2004 2005
Precipitation 1852 2291 2560 2620
(mm)

Modelled vs. observed soil water content (&) from 0-20 cm depth below the hummock surface

n

8760 8760 8784 8760
RZ
0.85 0.83 0.80 0.78
3 -3
RMSE (m"m™) ) ) 0.02 0.02 0.01

Modelled vs. observed water table depth (WTD) from the hollow surface

" 263 228
2

R 0.92 0.81

RMSE (m) 0.13 0.1

R? and RMSE = coefficient of determination and root mean square for errors from simple linear
regressions of measured on simulated
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Table 2-2. Summary statistics of regressions between modelled and measured ecosystem surface
energy fluxes for a drainage affected tropical peat swamp forest at Palangkaraya, Indonesia

Year 2002 2003 2004 2005
Modelled vs. measured ecosystem net radiation (Rn)

n 8760 8760 8784 8760
a 11 14 17 15

b 0.98 0.97 0.97 0.97
R? 0.99 0.99 0.99 0.99
RMSE (Wm?) 8 8 8 8
Modelled vs. eddy covariance (EC) measured (#* > 0.17 m s') ecosystem latent heat fluxes (LE)
n 5375 3866 5065 4993
a -17 -18 -20 -26
b 1.04 1.19 1.09 1.03
R? 0.83 0.83 0.82 0.74
RMSE (W m?) 63 57 60 75
RMSRE (W m?) 56 53 55 57
Modelled vs. EC measured (u* > 0.17 m s™!) ecosystem sensible heat fluxes (H)

n 5659 4042 5153 5087
a -6 -11 -13 -19
b 1.03 0.97 1.05 0.9
R? 0.71 0.72 0.7 0.6
RMSE (W m?) 33 34 35 45
RMSRE (W m?) 25 27 27 28

(a, b) from simple linear regressions of modelled on measured; R’ = coefficient of determination

and RMSE = root mean square for errors from simple linear regressions of measured on
simulated; RMSRE= root mean square for random errors in eddy covariance (EC) measurements
calculated by inputting EC LE and H fluxes recorded at u* (friction velocity) > 0.17 m s™! into
algorithms for estimation of random errors in EC LE and H measurements developed for forests
by Richardson et al. (2006)
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Fig. 2-1. Experimental modelling layout in ecosys and key inputs for soil physical and
hydrological properties representative of a drainage affected tropical peat swamp forest at
Palangkaraya, Indonesia. Figure was not drawn to scale. Dhumm = depth to the bottom of a layer
from the hummock surface; Dnoit = depth to the bottom of a layer from the hollow surface; po,dary =
dry bulk density (Takakai et al. 2006, Jauhiainen et al. 2012b); 6y« = volumetric soil water
content at field capacity (-0.01 MPa) and 6y,wp = volumetric soil water content at wilting point (-
1.5 MPa) (Kurnain et al. 2001); Ksma: = saturated hydraulic conductivity of soil matrix (Ong and
Yogeswaran 1992); 6nac = volumetric macropore fractions; WTDx = external reference water
table depth representing average water table depth of the adjacent ecosystem; L; = distance from
modelled grid cells to the adjacent watershed over which lateral discharge/recharge occurs
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Fig. 2-2. (a) Hourly measured precipitation (P) (Hirano et al. 2007) (b) hourly measured (Hirano et al. 2007) and modelled soil water
contents (6) from 0-0.2 m of the hummock and (c) water table depths (WTD) measured monthly (Hirano et al. 2012) and daily
(Hirano et al. 2007, Sundari et al. 2012), and modelled during 2002-2005 over a drainage affected tropical peat swamp forest at
Palangkaraya, Indonesia. Negative values of WTD mean depths below the hollow surface
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Fig. 2-3. (a) Cumulative difference between observed precipitation (P) and eddy covariance (EC) gap-filled (Hirano et al. 2005, 2015)
evapotranspiration (ETEc gap-filled) (P-ETEC gap-filled), cumulative difference between observed P and simulated evapotranspiration (£7sim)
(P-ETsim), and modelled lateral discharge (Osim) (b) total dry season (May-October) observed P (Hirano et al. 2007), and (c) average
dry season (May-October) observed (Hirano et al. 2012) and modelled water table depths (WTD) from hollow surface during 2002-
2005 over a drainage affected tropical peat swamp forest at Palangkaraya, Indonesia. Negative values of WTD mean depths below the
hollow surface
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Fig. 2-4. Simulated daily drained vs. undrained water table depths (WTD) (Sect. 2-2.2.5) during 2002-2005 over a drainage affected
tropical peat swamp forest at Palangkaraya, Indonesia. Drained WTDs are the same as those in Fig. 2-2c. Negative values of WTD
mean depths below the hollow surface and positive values mean depths above the hollow surface
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Fig. 2-5. Five-day moving averages of (a) eddy covariance (EC)-gap filled (Hirano et al. 2005, 2015) and modelled evapotranspiration
(ET); (b) observed and modelled net radiation (Ry) (c) observed mid-day (10:00-14:00 local time) vapour pressure deficit (D) (Hirano
et al. 2005, 2015), and (d) EC gap-filled (Hirano et al. 2005, 2015) and modelled mid-day (10:00-14:00 local time) Bowen ratios (f)
under downward shortwave radiation > 700 Wm™ during 2002-2005 over a drainage affected tropical peat swamp forest at
Palangkaraya, Indonesia
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Fig. 2-6. (a) Regressions between modelled daily evapotranspiration (E7) and modelled daily
water table depth (WTD), and between eddy covariance (EC)-gap filled daily £7 and observed
daily WTD, and (b) regressions between average daily modelled mid-day (10:00-14:00 local
time) Bowen ratios () under downward shortwave radiation > 700 Wm™ and daily modelled
WTD, and average daily EC gap-filled mid-day f under similar radiation conditions and
observed daily WTD during 2004-2005 over a drainage affected tropical peat swamp forest at
Palangkaraya, Indonesia. Negative values of WTD mean depths below the hollow surface
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Fig. 2-7. Mean hourly (a) eddy covariance (EC) measured (u* (friction velocity) > 0.17 m s™!) and (b) modelled mid-day (10:00-14:00
local time) Bowen ratio (f) sorted by using criteria described in Sect. 2-2.2.6; (¢) mean daily observed and (d) modelled water table
depths (WTD) for 15-day periods in late rainy/early dry seasons (DOY 135-150, 145-160, 170-185 and 145-160 during 2002, 2003,
2004 and 2005 respectively) and 15-day periods in late dry seasons (DOY 240-255 during 2002 and DOY 245-260 during 2003, 2004
and 2005) over a drainage affected tropical peat swamp forest at Palangkaraya, Indonesia. Asterisks (**) on the top of a column
represent significant (P < 0.01) difference with the adjacent column(s). Bars represent standard errors of means. Negative values of
WTD mean depths below the hollow surface
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Fig. 2-8. Hourly binned eddy covariance (EC) measured (u* (friction velocity) > 0.17 m s') (symbols) and modelled (lines)
ecosystem net radiation (R,), latent heat (LE) and sensible heat (H) fluxes for 15-day periods in late rainy/early dry seasons (DOY
135-150, 145-160, 170-185 and 145-160 during 2002, 2003, 2004 and 2005 respectively) and 15-day periods in late dry seasons
(DOY 240-255 during 2002 and DOY 245-260 during 2003, 2004 and 2005) over a drainage affected tropical peat swamp forest at
Palangkaraya, Indonesia
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Fig. 2-9. Hourly binned simulated (a) canopy water potentials (yc) and (b) canopy stomatal
conductance (gc) during 15-day periods in late rainy/early dry seasons (DOY 135-150, 145-160,
170-185 and 145-160 during 2002, 2003, 2004 and 2005 respectively) and 15-day periods in late
dry seasons (DOY 240-255 during 2002 and DOY 245-260 during 2003, 2004 and 2005) over a
drainage affected tropical peat swamp forest at Palangkaraya, Indonesia
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Fig. 2-10. Vertical profile distributions of modelled root density at different depths and position of modelled water table depth (WTD)
in late rainy/early dry seasons (DOY 143, 153, 178 and 153 during 2002, 2003, 2004 and 2005 respectively), and late dry seasons
(DOY 248, 253, 253 and 253 during 2002, 2003, 2004 and 2005 respectively) over a drainage affected tropical peat swamp forest at
Palangkaraya, Indonesia. Negative numbers represented depths below the hummock surface
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Fig. 2-11. Vertical profile distributions of modelled aqueous O» concentrations ([O2s]) at different depths and position of modelled
water table depth (WTD) in late rainy/early dry seasons (DOY 143, 153, 178 and 153 during 2002, 2003, 2004 and 2005 respectively),
and late dry seasons (DOY 248, 253, 253 and 253 during 2002, 2003, 2004 and 2005 respectively) over a drainage affected tropical

peat swamp forest at Palangkaraya, Indonesia. K, = Michaelis-Menten constant (0.064 g m™) for root and mycorrhizal O, uptake
(G4) (Griftin 1972) in ecosys. Negative numbers represented depths below the hummock surface
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Appendices

Appendix A: Surface water flux

- E,,,r s kinematic wave theory of overland flow (A1)

res

A(d A)
—w 7 = s + ) ou + P - E
At Zi:Qw,m, - w,out ;

0, =v(d,-d,)L (A2)
0.67 0.5
y =t (A3)
Srdmw
k= s+l a4)

2abs((Z +d,, +d,,) —(Z+d,+d,,), ]

S = A5
' L +L, (A5)
eair — erev revT;'ev

E, = s W resTres) (A6)

ra res 7‘; res
- T

E‘mrf — eazr esmjf (l//smff surf ) ( A7)

‘ Yy T Ty

Where, subscripts i=dimensions (i=x, ), s=source cell, d=destination cell, in=flow into the grid
cells, and our=flow out of the grid cells; dw=depth of surface water (m); A=area of landscape
position (m?); =time (h); Qw=surface water flux (m* m? h''); P=precipitation flux (m> m? h');
Ees=evaporation flux from surface residue (m®> m? h''); Equ=evaporation flux from soil surface
(m*> m? h'); v=velocity of surface water flow (m h!); dsw= maximum depth of surface water
storage (m); L=length of grid cells (m); R=ratio of cross-sectional area to perimeter of surface
flow (m); S=slope (m m™'); zz=Manning's roughness coefficient (=0.01 m™" h); s,=slope of
channel sides during surface flow (m m'); Z=surface elevation (m); dsw= maximum depth of
surface water storage (m); dmw=depth of mobile surface water (m); esr=atmospheric vapour
density (g m>); ers=vapour density at surface residue (g m™) at current residue water potential

(¥res) and temperature (7res); 7, =boundary layer resistance to evaporation from surface residue
(hm™); 1, =surface resistance to evaporation from surface residue (h m™); esur=vapour density
at soil surface (g m>) at current soil surface water potential (surf) and temperature (7Tsurf); h

=boundary layer resistance to evaporation from soil surface (h m™); and 7, _=surface resistance

to evaporation from soil surface (h m™).

Appendix B: Sub-surface water flux
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A

0,
At = Z(mealvin i + mem',in i - meat,z)ut i - meac,on/ i
! ; 3D continuity equation for water
(0 +0, <O ~Ou . )=U, in (D
j Lmat in_ mac,in_ mat out b,mac.out
balance of each soil layer (BI)
0, =K, (y, —vy, );soil matrix water flow (B2)
2Kmat Kmat . . . .
K. = ~——~—— when both the source and destination grid cells are either saturated
l Kmat ALd- +Kmatd,st
or unsaturated (Richard’s equation) (B3)
2Kmat ¢ . . . .
= ﬁ ; when the source cell is saturated and the destination cell is unsaturated (Green-
! s, + d
Ampt equation) (B4)

mat

I ﬁ ; when the source cell is unsaturated and the destination cell is saturated (Green-
I s + d,;

!

Ampt equation) (B5)
o, = K. (W, —W, );soil macropore water flow (B6)
2Kmac Kmac
e = s (1)
[<macA Ld, + Kmachs,
mac = Nﬂul(JK:’laL‘ (Bg)
" 7R* C e . .
K, .= o ; Hagen-Poiseuille’s theory of laminar flow in tubes (B9)
n
N,y =6, 7R (B10)
K, . lv,—w, +0.01{d. —WTD,
0, = bumat, [ ’ ’ 7 ( : )] ; lateral discharge occurs when
d. <WID,andy, >y, +0.01 (dzb ~WID, ) and lateral recharge occurs when
d, >WID, (B11)
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K 001]d. =L (8, —0.5)-WTD, ]

w,mac

QW’ .
b,mac L
4 J

; lateral discharge occurs when d, <WTD,

and lateral recharge occurs when d, >WID, (B12)

Where, subscripts i=dimensions (i=x, y, z), j=dimensions (j=x, y), s=source cell, d=destination
cell, in=flow into the grid cells, and our=flow out of the grid cells; b=boundary grid cell;
mat=soil matrix/micropore; mac=soil macropore; Gy=soil water content (m*> m>); Qw=sub-
surface water flux (m®> m?2 h'); Uy=total root water uptake flux (m*> m? h'); K=hydraulic
conductance (m MPa™! h'); y=total soil water potential (MPa); K=hydraulic conductivity (m?
MPa! h'); L=length of the grid cells (m); wy=gravitational soil water potential (MPa);
Nmac=number of macropore channels (m™2); K *ma=individual macropore hydraulic conductivity
(m* MPa! h'! macropore channel™!); 7=dynamic viscosity of water (MPa h); Gmac=volumetric
macropore fraction (m® m~); R=radius of a macropore channel (m); y/=soil water potential at
saturation (MPa); d,=depth of the mid-point of a grid cell from the surface (m); L,=vertical
thickness of a grid cell (m); WTDx=depth of the water table depth at the adjacent watershed with
which modelled grid cells exchange water laterally (m); and L=lateral distance over which
lateral discharge/recharge occurs (m).

Appendix C: Water table depth

WID=-d.,, —L

o o
quat(l—g—i)]; negative sign represents depth below the surface of the a

g

particular grid cell (C1)

Where, WTD=water table depth (m); d.sa=depth to the bottom of the layer immediately above
the uppermost saturated layer (m); L,sa=Vvertical thickness of the layer immediately above the
uppermost saturated layer (m); G;=current air-filled porosity of the layer immediately above the
uppermost saturated layer (m*> m); and 6, =air-filled porosity at air-entry potential of the layer
immediately above the uppermost saturated layer (m* m™).

Appendix D: Surface energy balance

R +LE+ H+G =0; energy balance for each of the canopy, residue and soil surface (D1)

Where, R,=net radiation (Wm™); LE=latent heat flux (Wm™); H=sensible heat flux (Wm); and
G=ground heat flux (Wm™).

Appendix E: Canopy transpiration

R, +LE_+H, +G, =0;canopy energy balance (E1)

LE, = L[ea — e (TC[ Ve )} ; LE from canopy evaporation (E2)
a,
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L[ea —e, (Tc,- Ve, )]

LE, = —LE_ from (EZ) ; LE from canopy transpiration (E3)
; n o, ;
C (T -T
L= 2ll) (E4)
i 7;11_
0.64(C, - C)) , : o
Vomin, = V— ; redriven by rates of carboxylation vs. diffusion (ES)
_ (_ﬁy/t,-) . :
Vomin, = Tomin, + (rcmaxl_ =i, )e ; e constrained by water stress (E6)
v, =Y., V., (E7)

Where, subscript i=species or plant functional type (PFT); Ri.=net radiation at canopy surface
(Wm); LE=latent heat flux at canopy surface (Wm™); H=sensible heat flux at canopy surface
(Wm?); G=canopy storage heat flux (Wm™); L=latent heat of evaporation (=2460 Jg!); e.=
atmospheric vapour density (g m~) at ambient T, and relative humidity; e~ canopy vapour
density (g m™) at Tt and y; r==boundary layer resistance to evaporation and transpiration from
canopy (s m™); re=canopy stomatal resistance (s m™!) to transpiration (=1/g.; gc=canopy stomatal
conductance in m s!); pCp=volumetric heat capacity of air (=1250 ] m °C™!); T,=air temperature
(°C); Te=canopy temperature (°C); 7emin=minimum 7. at =0 MPa (s m"); C,=[CO,] in canopy
air (umol mol™); C/=[CO,] in canopy leaves at y,=0 MPa (umol mol™); V/=potential canopy
CO; fixation rate at y,=0 MPa (umol m™ s™); remax=canopy cuticular resistance to vapour flux
(=5.0x10° s m™") (Larcher 2003); f=stomatal resistance shape parameter (=-5 MPa™') (Grant and
Flanagan 2007); yi=canopy turgor potential (MPa); wc=canopy water potential (MPa); and
w==canopy osmotic potential (MPa).

Appendix F: Root and mycorrhizal water uptake

U, = ZIZU (F1)

v, —v,
. q : F2
Wit ZZ QS”/ +er.r1 +Zan,r/X ( )
(di,r,ll
r 0
Q  =ln o R "
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Q, =—* (F4)

Q2 z M,
Qa. Ix=1 Z#'F}/{Z; b l:zl,r,[ ir,l (FS)
|:ni,r,l,1( P )4} (=)
T

. . (F6)
|:ni,r,l,2 ( l/;‘,r:l,2 )4}
I/;,r
[ea —e, (Tl//)] W, =V, Ay,
7/;*, + r;l,- B ;Z Qsi.n[ + er,r.l + XQai,r,[,x ' ch At (F7)

Where, subscripts i=species or plant functional type (PFT), r=root/mycorrhizae, /=soil/canopy
layer, x=1, 2 (1=primary root/ mycorrhizae, 2=secondary root/ mycorrhizae); Uy=water uptake
by root and mycorrhizal surfaces (m®> m? h'); ye=canopy water potential (MPa); ywe=y. +
canopy gravitational potential (MPa); w%=soil water potential (s )+ soil gravitational potential
(MPa); Q = radial resistance to water transport from soil to surface of roots or mycorrhizae

(MPa h m™'); Q = radial resistance to water transport from surface to axis of roots or

mycorrhizae (MPa h m); Q = axial resistance to water transport along axes roots or
mycorrhizae (MPa h m™); d= half distance between adjacent roots (m); r=radius of roots or
mycorrhizae at ambient root/mycorrhizal water potential (y4); L=length of roots or mycorrhizae
(m); &,= hydraulic conductivity between soil and root surface (m> MPa! h''); é=total soil

porosity (m* m?); @,=soil water content (m> m™); Qr'Z radial resistivity to water transport from
surface to axes of roots or mycorrhizae (MPa h m?) (1.0x10%) (Doussan et al. 1998); Z~=depth of
soil layer / from soil surface (m); n= number of root/mycorrhizal axes; r'= radius roots or
mycorrhizae at y/=0 MPa; Q)= axial resistivity to water transport along root or mycorrhizal
axes (MPa h m™) (4.0x10° for deciduous) (Larcher 2003); Z»= length of bole from soil surface to
top of canopy (m); rv=radius of bole at ambient y; 7, =radius of bole at y=0 MPa; M= mass of
roots or mycorrhizae (g m?); e,= atmospheric vapour density (g m™) at ambient 7, and relative
humidity; ec= canopy vapour density (g m>) at T. and w; r.=boundary layer resistance to
evaporation and transpiration from canopy (s m™); re=canopy stomatal resistance (s m') to
transpiration; T,=air temperature (°C); Tc=canopy temperature (°C); w=canopy water potential
(MPa); X.= canopy capacitance (m> m? MPa™) ; and r=time (h).

Appendix G: Root and mycorrhizal respiration and growth
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i

R, = ZZ(RC” +R, ) + YYD (R, AR, )HEy Uy, Uy +Up, ) (G1)
i 1l oz

Rcv = Rclo-C fTa- (GZ)
Uy, _
R, =Rlo. [ L+ (), constraint on root respiration from active uptake (G3)
Y Y | 0, il
4 |:Ozri.r.l :|
UOZ i = U02 = Uwi’,u, ':025, ] + 27[Li,r,le 0 (':023', ] B |:O2r”_, :|)

" [Ozrw } + Ko2

z,{rs, ., ] st 0, ([0 ][00, )i { }

; active O uptake

by roots coupled with diffusion of O through root aerenchyma (G4)
U, =267TR, (G5)
le-)j = ZNi,j,sz'mei (G6)
R, = ( R, -R, )(‘//t,. - V/t,); growth when R, < Rand y, > w, (G7)
AM 1-Y, :
Atw =R, = |—R,  —l. ;rootgrowth driven by R, (G8)
i
AMR; A
ALi A Al‘ |4 . . . .
L = - ; extension of primary root axis driven by root mass
At Vi p’ﬂ'}’f‘ .l (1 N gpr, - )
growth (G9)
AL, AM
b2 Rirsa 5 4 ; extension of secondary root axis driven by root mass
At At prrs (1-0, )
growth (G10)

Where, subscripts i=species or plant functional type (PFT), j=branch/tiller, /=soil or canopy
layer, z=organ (root (r), canopy, stem, mycorrhizae); R,= total autotrophic respiration (g C m? h°
1; Re= autotrophic respiration of oc (g C m? h'), /=primary root axis, 2=secondary root axis;
Rs=respiration from remobilization of leaf carbon (g C m? h''); Exp=energy cost of nutrient
uptake (=2.15 g C g N or P') (Veen 1981); U,,, =NHs" uptake by roots or mycorrhizae (g N

m? h); Uy, = NO3™ uptake by roots or mycorrhizae (g N m™ h''); U, = HoPO4™ uptake by
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roots or mycorrhizae (g P m™ h''); R’ =specific autotrophic respiration of oc at 25°C (=0.015 g C
g C''h!); oc= non-structural C product of CO; fixation (g C g C); fra=temperature effect on Ry;
U,, = Ox uptake by roots and mycorrhizae under ambient Oz (g O m™ h''); U, = O> uptake by
roots and mycorrhizae under non-limiting O (g O m™ h™'); [Ox]= aqueous O» concentration at
root or mycorrhizal surfaces (g m™); K,, = Michaelis-Menten constant for root or mycorrhizal
O uptake (=0.064 g m™) (Griffin 1972); Uy=root or mycorrhizal water uptake flux (m> m2 h™');
[Oas]= aqueous O, concentration is soil (g m™); L=root length (m m™); D, =aqueous diffusivity

of O, from soil to root or mycorrhizal surfaces (m? h!); 7= thickness of soil water films (m); 7=
root or mycorrhizal radius (=1.0 x 10% m); DSO2 =aqueous diffusivity of O from root

aerenchyma to root or mycorrhizal surfaces (m? h'!); [Oxq]=aqueous O concentration in root or
mycorrhizal aerenchyma (g m™); rq= radius of root aerenchyma (m); Ra' = Ra under non-limiting
02 (g C m? h''); Rm= above-ground maintenance respiration (g C m™ h''); N=number of species,
or branch/tiller or organs; Rm' = specific maintenance respiration of ac at 25°C (=0.0115 g C g N
U'h!) (Barnes et al. 1997); frm= temperature effect on Rm (Q10=2.25); Re=growth respiration (g C
m>2 h''); w= canopy turgor potential (MPa); y/t'zcanopy turgor potential (MPa) at y=0 MPa;
Mg=; t=time (h); Y,= fraction of oc used for growth expended as R, by organ z (g C g C') [0.28
(z = leaf), 0.24 (z = root and other non-foliar), 0.20 (z = wood)] (Waring and Running 1998);
Ic=carbon litter fall from leaf or root (g C m™ h'') ; y=plant population (m); v specific volume
of root biomass (m® g!); and @,= root or mycorrhizal porosity representing aerenchyma fraction
(m® m?).

Appendix H: Gas flux

Oy, =04 D, (S; Ir, . I:j/gs l —[;/SS ]S); volatilization-dissolution between aqueous and gaseous

phases in soil (H1)
0, =a, (S f?; [7,;] ysr ) volatilization-dissolution between aqueous and gaseous
phases in roots (H2)
2D Sy ; 7/ &) - 7/ S
0., =-0, [J’g.y] + 2 (E £ ]SL [ £ l’); 3D convective-conductive gas flux between two
l ‘ : s, + d;
adjacent grid cells (H3)
o 7], [7.]) | |
O, = Z L ; convective-conductive gas flux between roots and the
li=z d;_.
atmosphere (H4)
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Dyt [05(6, +6,, )T

g5y ; 90.67
P s

; 3D gaseous diffusivity between two adjacent grid cells as

functions of air-filled porosities in those cells (H5)

' 1.33
D _ Dgyng gpm Ar
8rYi—: A,
.y

~; gaseous diffusivity as a function of air-filled porosity in the roots
(H6)

Where, subscripts i=dimensions (i=x, y, z), s=source cell, d=destination cell; Qas=volatilization
— dissolution of gas y between aqueous and gaseous phases in soil (g m? h'); ae—air-water
interfacial area in soil (m? m); Dg~= volatilization - dissolution transfer coefficient for gas y (m?
hh); S; =Ostwald solubility coefficient of gas y at 30°C (0.0293 for y = O2) (Wilhelm et al.

1977); me =temperature dependence of S (Wilhelm et al. 1977); [ ys]=gaseous concentration of

gas yin soil (g m™); [%s]= aqueous concentration of gas y in soil (g m™); Qar= volatilization —
dissolution of gas y between aqueous and gaseous phases in root (g m? h'!); ag= air-water
interfacial area in roots (m? m) (Skopp 1985); []= gaseous concentration of gas yin root (g m"
3); [%%r]= aqueous concentration of gas yin root (g m>); Oes= gaseous flux of gas yin soil (g m?
h'); Ow=sub-surface water flux (m*> m? h''); Dg,=gaseous diffusivity of gas yin soil (m? h')
(Millington and Quirk 1960); L=length of grid cells (m); Qsy=gaseous flux of gas y between
roots and the atmosphere (m? h''); Dg=gaseous diffusivity of gas yin root (m? h'!) (Luxmoore et
al. 1970a, b); [7a]=atmospheric concentration of gas ¥ (g m™); D, =diffusivity of gas yin air at

0°C (m? h') (6.43x102 m? h™! for =0,) (Campbell 1985); f, =temperature dependence of D;y

(Campbell 1985); G,=air-filled porosity (m> m™); G=total porosity of soil (m*> m=); Gy=root or
mycorrhizal porosity representing aerenchyma fraction (m® m); 4~=root cross-sectional area
(m?); and A=area of landscape position (m?).
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Chapter 3 : Modelling Effects of Seasonal Variation in Water Table Depth on Net
Ecosystem CO2 Exchange of a Tropical Peatland
3-1. Introduction

Seasonal and interannual fluctuations in water table depth (WTD) can affect peatland net
CO; exchange through complex effects on soil oxidation-reduction reactions and hence on
nutrient transformations. Shallow WTD during rainy seasons slows convective-dispersive
transport of O through wet soils. Consequent reduction in soil Oz concentrations slows O:
uptake used to drive aerobic oxidation-reduction reactions by soil microbes and roots and hence
reduces heterotrophic and root respiration. Microbial energy yield from oxidation of reduced C
coupled to reduction of O, under aerobic conditions exceeds that from oxidation coupled to
reduction of alternative electron acceptors (Thomas et al. 1991) under anaerobic conditions.
Lower anaerobic energy yields slow microbial growth and therefore reduce heterotrophic
respiration. Root oxidation-reduction reactions driving root growth and nutrient uptake also
require Oz which is scarce when WTD is shallow. Reduced heterotrophic and root respiration
thus result in reduced ecosystem respiration (R.) with shallow WTD during rainy seasons, as
reported in many field studies (Limpens et al. 2008, Couwenberg et al. 2010, Sulman et al. 2010,
Flanagan and Syed 2011). Slower microbial growth also reduces decomposition and nutrient
mineralization, as well as root growth and nutrient uptake and hence gross primary productivity
(GPP) (Cai et al. 2010, Murphy and Moore 2010, Flanagan and Syed 2011, Sulman et al. 2012).

More rapid O transport with WTD drawdown during early dry seasons may increase root
and heterotrophic respiration and hence R. (Cai et al. 2010, Sulman et al. 2010). Consequent
increases in mineralization and root growth, and thereby nutrient availability and uptake can also

raise GPP during this hydroperiod (Cai et al. 2010, Sulman et al. 2010, Flanagan and Syed 2011,
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Jauhiainen et al. 2012b, Sulman et al. 2012). Increased GPP in this hydroperiod may further
hasten R. through increased production of fresh labile C in the forms of litter fall and root
exudates (Limpens et al. 2008).

These increases, however, may not sustain with further WTD drawdown in the later part
of a prolonged dry season when WTD falls below a critical depth. This critical WTD is highly
site-specific depending upon peat forming vegetation and artificial drainage. For instance, this
critical WTD may vary from as shallow as 0.4 m (Sonnentag et al. 2010) for pristine peatlands
dominated by moss with shallow rhizoids to as deep as 0.9 m (Schwirzel et al. 2006) for drained
peatlands dominated by vascular plants with deep root system. When WTD falls below the
critical depth for a particular peatland, near surface peat desiccation occurs. This desiccation can
reduce near surface peat decomposition by reducing microbial access to substrate e.g. dissolved
organic C (DOC) in desiccated near-surface soil (Dimitrov et al. 2010a), thereby slowing
oxidation-reduction reactions and hence microbial growth. The reduction in decomposition of
desiccated near surface peat can be partially or fully offset by increases in decomposition of
better aerated deeper peat, thereby causing no net changes in R. during this hydroperiod (Lafleur
et al. 2005, Strack and Waddington 2007, Dimitrov et al. 2010a). However, plant water stress
from near surface peat desiccation might also cause a decline in GPP during deep WTD
hydroperiods (Sulman et al. 2010, Dimitrov et al. 2011), thereby lowering net ecosystem
productivity (NEP). Therefore, responses of peatland ecosystem net CO» exchange to WTD
fluctuations are governed by basic soil hydrological and biological processes and their
interactions with plant physiology.

Process-based ecosystem models can provide us with means of understanding basic

mechanisms behind WTD effects on peatland net ecosystem CO> exchange. To accomplish this,
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a model should explicitly represent oxidation-reduction reactions, coupled with aqueous and
gaseous transfers of their reactants and products. These processes require modelling WTD
dynamics, soil moisture retention characteristics, gas transport through soil, differential substrate
quality for microbial degradation and hydrolysis (e.g. labile vs. recalcitrant), nutrient
transformations driven by these reactions, and microbial and plant nutrient uptake. However, in a
review of 7 widely used ecosystem models, Sulman et al. (2012) found only ecosys (Grant 2001)
included processes to limit both CO; fixation and respiration under shallow WTD. The predictive
capacity of the other models were limited by (1) not explicitly simulating WTD dynamics and
consequently not modelling aerobic vs. anaerobic zones from water influxes (e.g. precipitation,
lateral recharge) vs. effluxes (e.g. evapotranspiration, lateral discharge) (Van Huissteden et al.
2006, St-Hilaire et al. 2008, Kurbatova et al. 2009), (2) parameterizing models with empirical
rate constants and/or scalar functions for aerobic vs. anaerobic decomposition (Frolking et al.
2002, Bond-Lamberty et al. 2007, St-Hilaire et al. 2008) instead of simulating biogeochemical
oxidation-reduction reactions affected by soil aerobicity, and (3) using scalar functions that
reduce productivity in wet soils through a driver variable such as stomatal conductance (gs)
(Frolking et al. 2002, Bond-Lamberty et al. 2007) instead of simulating nutrient limitations to
CO> fixation imposed by reduced nutrient availability and root nutrient uptake caused by slower
oxidation-reduction reactions resultant of slower O, transport processes through soils and roots.
The general purpose terrestrial ecosystem model ecosys includes site-independent algorithms
representing all the processes affected by aerobicity mentioned above, thereby excluding the
need for arbitrary model parameterization. The model could therefore successfully simulate
WTD effects on R. and GPP of different peatlands without site-specific parameterization

(Dimitrov et al. 2010a, 2011, Grant et al. 2012b).

65



All of the previous peatland modelling studies mentioned above have been tested only
against measurements from northern temperate and boreal peatlands. Modelling the fate of
vulnerable C storage in tropical peatlands under WTD fluctuations is still largely under-
investigated. For instance, modelling WTD effects on tropical peat soil respiration has to date
predominantly included regressions of soil CO: fluxes against WTD (Melling et al. 2005,
Jauhiainen et al. 2008, Hirano et al. 2009, Couwenberg et al. 2010, Hooijer et al. 2010,
Jauhiainen et al. 2012a) without taking other confounding factors like land use, nutrient
availability, nature of the peat, ecosystem productivity etc. into consideration (Murdiyarso et al.
2010). Modelling eco-physiological response to hydrology in tropical peatlands is particularly
important since climates in tropical peatlands are very different from those in northern temperate
and boreal peatlands. Tropical peatlands are formed under high temperature and precipitation, an
important consequence of which is that a small WTD drawdown might cause a large increase in
peat decomposition (Page et al. 2009). Distinct dry seasons almost every year together with
human intervention such as drainage have been reported to deepen WTD, thereby causing rapid
decomposition of very old and thick (up to > 26,000 years old and 9 m thick (Page et al. 2004))
tropical peat deposits (Jauhiainen et al. 2008, Hirano et al. 2009, Couwenberg et al. 2010, Hirano
et al. 2012). Moreover, tropical peatlands are generally formed by roots and remains of trees and
devoid of bryophytes (e.g. mosses) as opposed to the northern peatlands that are mainly formed
by mosses or co-dominated by mosses and vascular plants. Trees have well developed root
systems and stomatal regulations that are lacking in bryophytes. These differences can alter plant
water and nutrient uptake processes in tree dominated peatlands from those in bryophyte
dominated peatlands. Consequently WTD effects on productivity of tropical peatlands may be

very different than of those in northern boreal and temperate peatlands. Besides, tropical peat
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deposits formed by tree remains can have very different substrate quality for microbial
decomposition than boreal and temperate moss peatlands and hence may have a different WTD —
peat respiration interaction. This difference in peat forming materials can also cause different
hydrological characteristics thereby producing very different water retention and transport
phenomena between tropical and temperate / boreal peatlands. Variations in climate and peat
forming vegetation thus necessitate rigorous testing of process models against measurements
across peatlands developed under very different climate (e.g. boreal vs. tropical) and vegetation
(e.g. moss vs. tree) to improve predictive capacity for eco-hydrological controls on peatland C
balance.

The process-based hourly time step ecosystem model ecosys previously simulated the
effects of WTD fluctuations on net CO> exchange of northern boreal peatlands (Dimitrov et al.
2011, Grant et al. 2012b). Testing the same model against site measurements of a tropical
peatland would thus be an important test of the versatility of its algorithms representing the
processes described above. Such a test will allow us to determine whether our current
understanding of peatland water, nutrient and C interactions is sufficiently robust to capture
complex WTD effects on peatland R. and GPP over a wide range of climates (boreal to tropical).
Our study hereby uses ecosys to simulate WTD effects on net CO, exchange of a tropical peat
swamp forest at Palangkaraya, Central Kalimantan, Indonesia (Hirano et al. 2007). These effects
are summarized in modelling hypotheses during three seasonal hydroperiods as follows:

(1) Shallow WTD in the rainy season (November-April) causes lower net ecosystem
productivity (NEP) mainly through slower CO> fixation due to reduced nutrient availability
and uptake caused by slower nutrient transformation and root growth and uptake resulting

from slower O diffusion through wet soils.
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When WTD increases during the early dry season (May-July), more rapid O: transport into
larger unsaturated soil zones enables faster root growth and microbial nutrient
transformations that in turns results in more rapid root nutrient uptake and CO; fixation
which contributes to a higher NEP. Increased O availability in this hydroperiod may,
however, result in more rapid aerobic decomposition in deeper peat layers. Drying of surface
residues and near surface peat layers at the same time can reduce surface and near surface
soil respiration thereby offsetting the increase in deeper peat respiration, resulting in no net
increase of Re.

Deeper WTD during the late dry season (August-October), causes greater desiccation of
near surface peat which forces declines in root and canopy water potentials, and
consequently in canopy conductance and CO fixation, thereby reducing NEP. Further
deepening of the aerobic peat zone during this hydroperiod may lead to an increase in deeper
peat respiration which exceeds reduction in near surface peat respiration through

desiccation, raising Re and further lowering NEP.

3-2. Methods

3-2.1. Model development

3-2.1.1. General

Ecosys is a general purpose terrestrial ecosystem model that simulates 3D soil-microbes -

plant -atmosphere water, energy, C and nutrient (nitrogen, phosphorus) transfer schemes (Grant

2001). Algorithms governing WTD effects on net ecosystem CO: exchange that are related to

our modelling hypotheses are described in the following sections. Related equations are

described in Appendices A to E in the Supplementary Material at the end of the thesis. Necessary
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equations are cited within the text within round brackets with the letter representing a particular

appendix in the supplementary materials.

3-2.1.2. Heterotrophic respiration

Organic transformations in ecosys occur in five organic matter-microbe complexes
(coarse woody litter, fine non-woody litter, animal manure, particulate organic C (POC), and
humus), each of which consists of five organic states (three decomposition substrates: solid
organic C, sorbed organic C and microbial residue C, as well as the decomposition product:
DOC, and the decomposition agent: microbial biomass) in a surface residue layer and in each
soil layer. The decomposition rates of each of the three substrates and resulting production of
DOC in each complex is a first-order function of the active biomasses (M) of diverse
heterotrophic microbial functional types, including obligate aerobes (bacteria and fungi),
facultative anaerobes (denitrifiers), obligate anaerobes (fermenters), heterotrophic (acetotrophic)
and autotrophic (hydrogenotrophic) methanogens, and aerobic and anaerobic heterotrophic
diazotrophs (non-symbiotic N> fixers) (Al, A2). Decomposition rates are calculated from the
fraction of substrate mass colonized by M (A4). Growth of M by each microbial functional type
(A25) is calculated from its uptake of DOC (A21), driven by energy yields from growth
respiration (Rg) (A20) remaining after subtracting maintenance respiration (Rm) (A18) from
heterotrophic respiration (Ryn) (All) driven by DOC oxidation (A13). This oxidation may be
limited by microbial O> reduction (A14) driven from microbial O, demand (A16) and
constrained by O» diffusion calculated from aqueous O> concentrations in soil ([Ozs]) (A17).
Values of [O2s] are maintained by convective-dispersive transport of O2 from the atmosphere to

gaseous and aqueous phases of the soil surface layer (D15), by convective-dispersive transport of
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O: through gaseous and aqueous phases in adjacent soil layers (D16, D19), and by dissolution of
O from gaseous to aqueous phases within each soil layer (D14a).

With shallower WTD during the rainy season, air-filled porosity (&;) above the water
table may decline to values at which low O diffusivity in the gaseous phase (Dg) (D17) may
reduce gaseous O transport (D16), while &; below the water table is zero and so prevents
gaseous O transport. During this hydroperiod, [O2s] relies more on O; transport through the
slower aqueous phase (D19). A consequent decline in [O2s] slows O uptake (A17) and hence Rn
(A14), R; (A20) and growth of M (A25). Lower M in turn slows decomposition of organic C
(A1, A2) and production of DOC which further slows Ry (A13), Ry and growth of M. Although
some microbial functional types can sustain DOC oxidation by reducing alternative electron
acceptors (e.g. methanogens reducing acetate or CO2 to CHs, and denitrifiers reducing NOx to
N2O or Ny), lower energy yields from these reactions reduce Rg (A21), and hence M growth,
organic C decomposition and subsequent DOC production. Slower decomposition of organic C
under low [Oas] also causes slower decomposition of organic nitrogen and phosphorus (A7) and
production of dissolved organic nitrogen (DON) and phosphorus (DOP), which causes slower
uptake of microbial nitrogen and phosphorus (A22) and hence growth of M (A29). This slower
growth causes slower mineralization of N and P and hence greater aqueous concentrations of
NH4*, NO3~ and HoPO4™ (A26).

Increase in 6; with WTD drawdown during the dry season results in greater Dg (D17) and
hence more rapid gaseous O> transport. A consequent rise in [Oxs] increases O» uptake (A17) and
hence Ry (Al4), R; (A20) and growth of M (A25). Larger M in turn hastens decomposition of
organic C (A1, A2) and production of DOC which further hastens R, (A13), R; and growth of M.

More rapid decomposition of organic C under adequate [Ozs] in this hydroperiod also causes
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more rapid decomposition of organic nitrogen and phosphorus (A7) and production of DON and
DOP, which increases uptake of microbial nitrogen and phosphorus (A22) and hence growth of
M (A29). This rapid growth causes rapid mineralization of N and P and hence greater aqueous
concentrations of NHs", NOs~ and HoPO4~ (A26).

However, desiccation of surface litter and near surface soil resulting from deepening
WTD decreases litter and soil water contents and potentials (ys) which cause an increase in
aqueous microbial concentrations [M] (A15). This reduces microbial access to the substrate for
decomposition through an algorithm for competitive inhibition of microbial exo-enzymes (A4)
from Lizama and Suzuki (1991), thereby reducing R, (A13).
3-2.1.3. Autotrophic respiration and growth

Growth of root and shoot phytomass in each plant population is calculated from its
assimilation of the non-structural C product of CO: fixation (oc) (C20). Assimilation is driven
by R (C17) remaining after subtracting Ry (C16) from autotrophic respiration (Ra.) (C13) driven
by oxidation of oc (C14). This oxidation in roots may be limited by root O reduction (C14b)
which is driven by root O, demand to sustain C oxidation and nutrient uptake (Cl4e), and
constrained by O; uptake controlled by concentrations of aqueous O in the soil ([O2s]) and roots
([O2]) (C14d). Values of [O2s] are maintained by convective-dispersive transport of O> through
soil gaseous and aqueous phases and by dissolution of O> from soil gaseous to aqueous phases.
Values of [O2] are maintained by convective-dispersive transport of O through the root gaseous
phase (D16d) and by dissolution of O from root gaseous to aqueous phases (D14b) through
processes analogous to those described under Sect. 3-2.1.2. This transport depends on species-

specific values used for root air-filled porosity (&) (D17b).
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Low 6, with shallow WTD during the rainy season reduces soil O2 transport, forces root
O2 uptake to rely more on [O2] and hence on root O transport determined by 6&,. If this
transport is inadequate, decline in [O2] slows root O2 uptake (Cl4c, d) and hence R, (C14b), R,
(C17) and root growth (C20b). Increased &, with WTD drawdown during the dry season,
however, facilitates rapid Dg which allows root O> demand to be almost entirely met from [O2s]
(Cl4c, d).
3-2.1.4. Gross Primary Productivity

By reducing root O2 uptake, shallow WTD slows root growth (C20b) and root nitrogen
and phosphorus uptake (C23b, d, f). Root nitrogen and phosphorus uptake in this hydroperiod is
further slowed by reductions in aqueous concentrations of NH4", NOs~ and HoPO4~ (C23a, c, €)
from slower mineralization of organic nitrogen and phosphorus as described in Sect. 3-2.1.2.
Slower root nitrogen and phosphorus uptake in turn reduces concentrations of non-structural
nitrogen and phosphorus products of root uptake (on and op) with respect to that of oc in leaves
(C11), thereby slowing CO- fixation (C6) and hence GPP.

Increased availability of [O2s] with WTD drawdown during the dry season hastens root
O: uptake and so enables more rapid root growth and nitrogen and phosphorus uptake as
discussed in Sect. 3-2.1.3. Increased root growth and nitrogen and phosphorus uptake is further
stimulated by increased aqueous concentrations of NH4", NO3;~ and H,PO4~ (C23a, ¢, €) from
more rapid mineralization of organic nitrogen and phosphorus during this hydroperiod as
described in Sect. 3-2.1.2. Greater root nitrogen and phosphorus uptake in turn increases
concentrations of on and op with respect to oc in leaves (C11), thereby facilitating rapid CO>

fixation (C6) and hence GPP.
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With deeper WTD during the late dry season, GPP is less limited by root and microbial
growth and nutrient uptake as discussed above. However, GPP in this hydroperiod can be
adversely affected by water stress. When WTD deepens past a critical depth (Sect. 3-1),
inadequate capillary rise (D9a) causes near-surface peat desiccation, reducing soil water potential
(ws) and increasing soil hydraulic resistance (£s) (B9), forcing lower root, canopy and turgor
potentials (s, w. and y) (B4) and hence lower canopy stomatal conductance (g¢) (B2b) to be
calculated when equilibrating plant water uptake with transpiration (7)) (B14). Lower g¢ in turn
reduces CO> diffusion into the leaves thereby reducing CO»> fixation (C6) and hence GPP during
this hydroperiod.

Thus WTD effects on Rpn, R. and GPP in ecosys are not parameterized from ecosystem
level observations, but instead are governed by basic processes of O» transport and uptake; root
and microbial energy yields, growth and nutrient uptake; and stomatal regulation controlled by
root water uptake parameterized from independent research.

3-2.2. Modelling experiment
3-2.2.1. Site conditions

The ecosys algorithms for simulating WTD effects on net ecosystem CO, exchange were
tested against the measurements over Palangkaraya Peat Swamp Forest (PPSF), Central
Kalimantan, Indonesia (2°20'42" S and 114°2'11" E). The site is a tropical bog peatland formed
mainly by roots and remains of trees where the major source of water and nutrient inputs is
through precipitation. Vegetation of these peatlands includes evergreen over-storey trees and
dense under-storey of dominant tree seedlings with no mosses. These peatlands were drained by
excavating drainage canals approximately 4 years before the measurements started in 2001 at a

flux station established in PPSF. Peat depth around the flux tower site was about 4 m. Detailed
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description of edaphic and vegetation characteristics as well as management history of the site
can be found in Hirano et al. (2007), Hirano et al. (2009), Jauhiainen et al. (2005) and Jauhiainen

et al. (2008).

3-2.2.2. Field datasets

CO> fluxes used for model validation in our study were measured by Hirano et al. (2007)
at a flux station established in PPSF during November 2001. Hourly NEP (a negative sign
represents an upward flux or a flux out of the ecosystem and a positive sign represents a
downward flux or a flux into the ecosystem) over PPSF was estimated by a combination of eddy
and storage CO; flux measured using a micro-meteorological approach Hirano et al. (2007). NEP
along with latent heat and sensible heat fluxes were measured by using an open path CO2/H>O
analyzer mounted at 41.3 m height, about 15 m above the forest canopy (Hirano et al. 2005,
2007). A COz profile was also measured by using a closed path analyzer at six heights between
2.0 and 41.3 m. Hourly weather variables (e.g. incoming longwave and shortwave radiation,
wind speed, relative humidity, air temperature, precipitation etc.) were also measured at the flux
station. Soil moisture content (&) at a depth from 0-0.2 m and soil temperature (7s) at 0.05 m
depth were measured in hummocks. Hourly WTD measurements at the site were started from
April 2004. Ground reference point for WTD measurements was a hollow surface.

A u* (friction velocity) threshold of 0.17 m s was used to screen out the NEP in a calm
night hour. However, no u* threshold screening was performed for daytime NEP. NEP measured
in the rain was also excluded (Hirano et al. 2012). Nighttime NEP that passed the quality control
procedure was used as a measure of nighttime R.. Daytime R. was extrapolated by using
nighttime R.. GPP was then calculated by adding daytime R. to daytime NEP that survived the

quality screening.
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Flux gaps due to quality control were filled by Hirano et al. (2007) through look up tables
(LUT) created for four periods of 3 months each (November-January, February-April, May-July
and August-October). Hourly measured €, WTD and 7§ were used to incorporate environmental
controls in LUTs for filling nighttime NEP (=R.) gaps. No hourly WTD measurement was
available at the site before April 2004. Therefore, only € was used as hydrological control in
LUTs from January 2002-March 2004. To balance the number of original data in each cell, &
was grouped into six classes from below 0.23 m® m™ to above 0.35 m® m™ with an interval of
0.03 m® m3. T, was also grouped into five classes from 25 to 30°C with an interval of 1°C. In
filling GPP gaps, photosynthetic photon flux density (PPFD) and vapor pressure deficit (D) were
used as environmental factors to create LUTs similar to those used for R.. PPFD and D were
grouped into eight classes from 5-250 to above 1750 umol m™? s™! at intervals of 250 umol m™? s°!
and three classes of below 1.2, 1.2-1.8 and above 1.8 kPa, respectively. Finally, NEP gaps during
daytime hours were calculated by the differences between gap-filled GPP and estimated daytime
Re.

Hirano et al. (2012) estimated uncertainties in annual EC-gap filled NEP estimates due to
random errors in measurements and due to gap-filling throughout 2002-03 to 2008-09 over
PPSF. However, systematic uncertainties in the nighttime NEP measurements due to u*
threshold and land breezes as well as in the gap-filling due to continuous data gaps (November
11-22, 2002, January 3-31, 2003, March 29-May 22, 2003, June 24-July 26, 2003 and September
14 to October 9, 2004) from instrumental failures were not quantified. A more detailed
description of EC methodology; measurement techniques, quality control, partitioning and gap-
filling of fluxes; and uncertainty estimation can be found in Hirano et al. (2007) and Hirano et al.

(2012).
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3-2.2.3. Model run

For our modelling experiment, the PPSF landscape was represented by one hummock and
one hollow grid cell each of which had a dimension of 1 m x 1 m. Both of the grid cells had
identical soil properties except that the hollow grid cell had a fibric layer thinner by 0.15 m than
the hummock cell to represent the average site micro-topography described by Jauhiainen et al.
(2008) (Table 3-1). Physical and hydrological characteristics of the PPSF peatland and their
representation in our modelling study were described in Chapter 2. Very high carbon and
nitrogen to phosphorus ratios with low pH are typical characteristics of tropical peatlands which
were represented in our modelling experiment by inputs measured either at the same site or at
similar surrounding sites (Table 3-1). Both hummock and hollow grid cells were seeded with
evergreen tropical rainforest over- and under-storey vascular vegetation using the same plant
functional types used in an earlier study on an Amazonian rainforest (Grant et al. 2009b), but
selecting 0.2 for root porosity (&) used in root O> transport [D17d] to represent wetland plant
adaptation (Visser et al. 2000). These peatlands under study are generally devoid of mosses and
hence we did not simulate any moss species. The model was then run for 44 years (40 years of
spin up and 4 years of simulation run) under repeating 4-year sequences of hourly weather data
(solar radiation, air temperature, wind speed, humidity and precipitation) recorded at the site
from 2002 to 2005. The spin up period allowed CO: exchange in the model to achieve stable
values through successive weather sequences. Model results for the 4 years of simulation run
were compared with measurements at PPSF from 2002-2005.
3-2.2.4. Model validation

Hourly CO> fluxes modelled over the hummock and the hollow were spatially averaged

to represent 50:50 hummock-hollow ratios as described by Jauhiainen et al. (2008), and then
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regressed on hourly measured EC COz fluxes for each year from 2002-2005. Model performance
was evaluated from regression intercepts (a—0), slopes (b—1) and coefficients of determination
(R2>1) for each study year to test whether there was any systematic divergence between the
modelled and EC measured as well as between modelled and gap-filled CO; fluxes. This test is
very important since any small divergence between hourly modelled and EC measured as well as
between hourly modelled and gap-filled CO; fluxes can result in a large divergence between
modelled and EC-gap filled annual estimates.
3-2.2.5. Analyses of model results

To examine WTD effects on seasonal variations in NEP as proposed in hypotheses 1, 2
and 3 of our study, we chose daily modelled and EC-gap filled NEP for 30 days each from the
three WTD hydroperiods, i.e. shallow, intermediate and deep, for 2002-2005. These 30 day
periods were chosen based on the greatest availability of EC measured CO» fluxes that passed
the quality control procedure described in Sect. 3-2.2.2. We then performed single factor
analyses of variance (ANOVA) for the modelled and EC-gap filled NEP to test whether the
means of daily NEP significantly differed among different hydroperiods. A significant difference
in mean NEP between two particular hydroperiods meant the variation in mean NEP between
those hydroperiods was larger than the day to day variation in NEP within each of those
hydroperiods. This test would signify the consistency of seasonal variations in NEP as a result of
WTD fluctuations.
3-2.2.6. Model sensitivity to drained vs. undrained WTD

WTD in the modelled grid cells in ecosys arises from water exchanges with the
atmosphere in the forms of vertical water influxes (e.g. precipitation) and effluxes (e.g.

evapotranspiration) through a surface boundary and in the forms of recharge and discharge with
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an adjacent ecosystem through lateral boundaries. The distance (L:) and hydraulic gradient
between modelled WTD and a set external water table depth (WTDx, representing mean WTD of
the adjacent watershed) generally governs the rate of lateral recharge and discharge (D10, D10a).
All modelled WTDs were spatially averaged for the hummock and the hollow grid cell with
reference to the hollow surface. The WTDx for the simulation in this study was set at 0.45 m
below the hollow surface (i.e. 0.60 m below the hummock surface) so as to represent the average
watershed WTD for our drained site (Rieley and Page 2005, Hirano et al. 2009). L; was set to
400 m in all directions which was the nearest distance from the study site to the drainage canal
(Hirano et al. 2012). Since drainage is a key disturbance reported to alter WTD and hence C
balance of Southeast Asian peatlands (Couwenberg et al. 2010, Hooijer et al. 2010), we
performed a parallel simulation with WTDx raised from 0.45 m below the hollow surface to 0.15
m above the hollow surface (i.e. level with the hummock surface) with everything else
unchanged to represent the undrained condition. The difference between the two WTDxs was
based on the maximum observed difference between mean annual WTDs over our drained site
and a nearby similar undrained site as reported by Hirano et al. (2012). The purpose of this
undrained simulation was to test the sensitivity of the modelled NEP to the difference in drained
vs. undrained WTD. A more detailed description of how subsurface hydrology, water balance
and surface energy exchange over PPSF was simulated can be found in Chapter 2.
3-3. Results
3-3.1. Modelled vs. measured ecosystem net CO: fluxes

Regressions of hourly modelled vs. measured net ecosystem CO» fluxes gave intercepts
within 1.0 pmol m™ s of zero, and slopes within 0.1 of one, indicating minimal bias in modelled

values for all years of the study except 2005 when modelled fluxes gave a positive bias slightly
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greater than 1.0 pmol m™ s!' (Table 3-2). Values for coefficients of determination (R?) and root
mean square for errors (RMSE) were ~ 0.8 (P < 0.0001) and ~ 5.0 umol m? s (Table 3-2).
Much of the unexplained variance in EC-measured CO: fluxes could be attributed to a random
error of ca. 20% in EC methodology (Wesely and Hart 1985). This attribution was corroborated
by root mean squares for random errors (RMSRE) in EC measurements, calculated for forests
with similar CO; fluxes from Richardson et al. (2006) that were similar to RMSE. These similar
values indicated that further constraint in model testing could not be achieved without further
precision in EC measurements. Regressions of modelled vs. gap-filled CO; fluxes gave larger
slopes than those of modelled vs. EC-measured CO, fluxes despite higher R? and lower RMSEs,
indicating the diurnal variation of the modelled CO> fluxes was systematically larger than that of
the gap-filled CO» fluxes (Table 3-2). Further investigation into hourly simulated vs. gap-filled
and simulated vs. EC measured net ecosystem CO; fluxes suggested that modelled nighttime
fluxes were systematically larger than the gap-filled nighttime fluxes particularly in the rainy
season when valid EC measured data were scarce (Fig. 3-1). However, modelled nighttime
fluxes showed good agreement with more available valid EC measured nighttime fluxes during
the dry season (Fig. 3-1).
3-3.2. Seasonal variation in WTD and daily net ecosystem CO2 exchange

WTD in PDPSF showed distinct seasonality in each year from 2002 to 2005 (Figs. 2-2
and 2-3). Observed WTDs were typically within 0.3 m of the hollow surface during the rainy
season (November—April) increasing to 0.5-0.8 m below the hollow surface at the onset of the
dry season (May—July) (Figs. 3-2 to 3-5). During late dry seasons (August—October) observed

WTD fell below 1.0 m from the hollow surface (Figs. 3-2 to 3-5). Increasing amounts and
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declining seasonality of precipitation caused the wet to dry season drawdown of WTD to be
more and more gradual from the driest year 2002 to the wettest year 2005 (Figs. 3-2 to 3-5).

NEP (a negative sign represents C source and a positive sign represents C sink) modelled
and measured over PDPSF showed a distinct seasonality, with negative values over shallow
WTD (within 0.3 m below the hollow surface) during the rainy season, near zero or slightly
positive values over intermediate WTD (0.5-0.8 m below the hollow surface) during the early
dry season, and returning to negative values over deep WTD (> 1.0 m below the hollow surface)
in the late dry season during each year from 2002 to 2005 (Figs. 3-2 to 3-5). These values
indicated that the ecosystem was a C source when the WTD was shallow, became C neutral or a
small sink when WTD receded to an intermediate position, and again became a large source of C
when WTD further deepened (Figs. 3-2 to 3-5). Modelled and EC-gap filled NEP during
intermediate WTD hydroperiods were significantly (P < 0.01) higher than those during shallow
WTD hydroperiods during 2002-2003 (Fig. 3-6). Both the modelled and EC-gap filled NEP
showed similar trend of increasing NEP from shallow to intermediate WTD hydroperiods during
2004-2005. However, only the increases in modelled NEP from shallow to intermediate WTD
hydroperiods in those years were statistically significant (P < 0.01) (Fig. 3-6). Both modelled (in
2002-2004) and EC-gap filled (in 2002-2005) NEP during deep WTD hydroperiods was
significantly (P < 0.01) lower than that during intermediate WTD hydroperiods (Fig. 3-6). This
seasonal trend in NEP also varied interannually depending upon the duration and intensity of dry
seasons. For instance, NEP during the deep WTD hydroperiod was more negative in a drier dry
season (20022004, Figs. 3-2 to 3-4 and 3-6) than that in a wetter dry season (2005, Figs. 3-5

and 3-6).
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In addition to the successful simulations of interannual variation in seasonal cycles of
NEP, ecosys was adequately sensitive to the short-term variations in NEP caused by changes in
weather. There were several short-term dips in EC-gap filled NEP, e.g. DOY 160-170 in 2002
(Fig. 3-2), DOY 258-262 in 2003 (Fig. 3-3), DOY 143-146 in 2004 (Fig. 3-4), DOY 259-262 in
2005 (Fig. 3-5) etc. caused by smaller CO; influxes and larger CO; effluxes on cloudy and rainy
days. These dips were modelled from less CO; fixation under lower R, and/or from flushes of
soil CO: effluxes due to rewetting surface residues from a rainfall following a dry period (Grant
et al. 2012a).

3-3.3. Seasonal variation in WTD and diurnal CO2 exchange

To examine WTD effects on ecosystem diurnal net CO> exchange, we compared hourly
modelled net CO> fluxes against EC-gap filled CO> fluxes binned for the three WTD
hydroperiods, i.e. shallow, intermediate and deep from 2002-2005 (Fig. 3-7). During 2002—
2003, modelled downward CO: fluxes were suppressed over shallow WTD during the rainy
seasons, became larger over intermediate WTD during the early dry seasons, and again
suppressed over deeper WTD during the late dry seasons, as were also apparent in EC-gap filled
CO» fluxes (Fig. 3-7). During 2004, modelled downward fluxes followed the same seasonal
pattern as in 2002-2003 but EC-gap filled fluxes showed clear suppression in only the deep
WTD hydroperiod (Fig. 3-7). Both modelled and EC-gap filled downward CO- fluxes during
2005, however, increased with deepening WTD with no suppression during late dry season (Fig.
3-7). Suppressions of downward CO; fluxes during deep WTD periods varied interannually
depending upon the duration and intensity of the hydroperiods. For instance, suppression of

modelled and EC-gap filled downward CO; fluxes during the deep WTD hydroperiods was
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stronger during the drier late dry seasons of 2002 and 2004, less strong in wetter late dry season
0f 2003 and absent in the wettest late dry season of 2005 (Fig. 3-7).

Limited precision and frequency of EC-measured nighttime CO: fluxes caused by
insufficient nighttime turbulence made the comparison of modelled vs. EC-gap filled upward
CO; fluxes more difficult than that for downward CO> fluxes. EC-gap filled upward CO» fluxes
(= R.) showed no significant change except a small decrease during 2003 with WTD drawdown
from rainy to early dry seasons and marked increases with further deepening of WTD in late dry
seasons during 2002-2005 (Fig. 3-7). These effects of seasonal WTD variation on upward CO>
fluxes (= R.) were reasonably well simulated except that the modelled decrease in upward CO»
fluxes from shallow to intermediate WTD hydroperiod in 2003 was smaller than that in EC-gap
filled fluxes (Fig. 3-7). Moreover, modelled upward CO; fluxes (= R¢) had a small decrease from
rainy to dry season in 2005 which was not apparent in EC-gap filled fluxes (Fig. 3-7). Increase in
EC-gap filled upward CO; fluxes (= R¢) from intermediate to deep WTD hydroperiod was not

prominent in modelled upward fluxes during 2002 (Fig. 3-7).

Both modelled and EC-gap filled downward CO; fluxes increased from shallow to
intermediate WTD hydroperiods during 2002, 2003 and 2005 while upward CO: fluxes (= Re)
decreased little or not at all, suggesting that GPP was raised by gradual drawdown of WTD from
the rainy to early dry season (Fig. 3-7). An increase in R, from the rainy to early dry season may
have contributed to the increase in downward CO: fluxes during 2002 (Figs. 3-2b and 3-7).
However, a similar increase in R, from the rainy to early dry seasons during 2003 and 2004 did
not coincide with a similar increase in downward flux, whereas no change in R, between those
hydroperiods during 2005 coincided with an increase in downward CO> fluxes (Figs. 3-3 to 3-5

and 3-7). Moreover, an increase in D from rainy to early dry season (Fig. 3-6f) did not cause a
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decline in downward CO> fluxes during 2002— 2005 (Fig. 3-7). These confounding effects of Ry
and D on modelled and EC-gap filled downward CO; fluxes further indicated that there was a
consistent increase in GPP from shallow to intermediate WTD hydroperiods which was driven
by eco-hydrology rather than micrometeorology. Larger declines in downward modelled and EC-
gap filled CO> fluxes than the increases in upward CO> fluxes (= Re) from intermediate to deep
WTD hydroperiods during 2002-2004 indicated GPP suppression by deep WTD (Fig. 3-7).
Higher D (e.g. during 2002-2004 in Fig. 3-6f) and lower R, (e.g. due to smoke haze shading
from surrounding forest and peat fires during 2002 in Fig. 3-2b as mentioned by Hirano et al.,
2007) may have further contributed to GPP suppression during deep WTD hydroperiods (Fig. 3-
7). However, interannual variation in the intensity of GPP suppression (Fig. 3-7) coincided with
that in the duration and intensity of dry seasons irrespective of changes in D and R, (Figs. 3-2 to
3-6), as described earlier, further suggested the significance of hydrological control over

micrometeorological control in suppressing GPP during deep WTD hydroperiods.

Therefore, a gradual drawdown of WTD from rainy to early dry season resulted in higher
NEP mainly by raising GPP with no change or little decrease in R. (Figs. 3-2 to 3-7). Further
drawdown of WTD during late dry season forced NEP to decline by a combination of reduced
GPP and increased R. (Figs. 3-2 to 3-7). This seasonal effect of WTD on NEP through its effects
on GPP and R. can also be corroborated by the quadratic curve fittings between monthly
modelled and EC-derived NEP, GPP and R. vs. monthly modelled and observed WTD. Such
curve fittings between NEP and WTD yielded goodness of fits (R? ) of 0.61 (modelled NEP vs.
modelled WTD) and 0.53 (EC-derived NEP vs. observed WTD) indicating a small increase in
NEP from shallow to intermediate WTD hydroperiods and a remarkable decline in NEP from

intermediate to deep WTD hydroperiods during 2002-2004 (Fig. 3-8). The quadratic
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relationships between GPP and WTD (R? = 0.14 for modelled GPP vs. modelled WTD and R =
0.10 for EC-derived GPP vs. observed WTD) indicated that increases in GPP from shallow to
intermediate WTD hydroperiods contributed to increases in NEP and declines in GPP from
intermediate to deep WTD hydroperiods contributed to declines in NEP (Fig. 3-8). R. and WTD
relationships (R* = 0.53 for modelled R. vs. modelled WTD and R? = 0.60 for EC-derived Re vs.
observed WTD) indicated that no change or small decreases in R. from shallow to intermediate
WTD hydroperiods contributed little to increases in NEP, and large increases in R. from
intermediate to deep WTD hydroperiods contributed substantially to declines in NEP (Fig. 3-8).
Though monthly modelled NEP values were similar to EC-gap filled NEP values, both monthly

modelled GPP and R. were systematically larger than EC-derived GPP and R. (Fig. 3-8).

3-3.4. Interannual variation in WTD and NEP

Interannual variation in WTD over PDPSF from 2002 to 2005 was mainly caused by
differences in annual precipitation. Increasing amount of annual precipitation from the driest
year 2002 to the wettest year 2005 drove a gradually shallower average annual modelled and
measured WTD from 2002 to 2005 (Table 3-3). Variation in annual estimates of neither
modelled nor EC-gap filled evapotranspiration (E7) from 2002 to 2005 did correlate with that in
average annual modelled or observed WTD (Table 3-3). However, modelled lateral discharge
increased from 2002 to 2005 with decreasing WTD (Table 3-3). This interannual variation in
WTD caused interannual variation in NEP over PDPSF from 2002 to 2005. A gradual rise in
both modelled and EC-gap filled annual NEP was found from 2002 to 2004 with progressively
shallower WTD (Table 3-3). However, modelled NEP was considerably lower than the EC-gap
filled estimates of NEP in 2003 and 2004 (Table 3-3). The decreasing WTD from 2002 to 2005

reduced modelled annual GPP, R, and Ry and hence R. (Table 3-3), although this reduction could
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not be corroborated from EC-derived estimates. In contrast, EC-derived annual GPP increased
with decreasing WTD from 2002-2004 but EC-derived R. showed no response (Table 3-3).
Moreover, modelled annual GPP and R. were consistently larger than the EC-derived estimates
during 2002-2004 (Table 3-3). Similar declines in modelled GPP and R. with shallower WTD
left modelled NPP almost unchanged throughout the study period (Table 3-3). However, greater
suppression of annual R, by shallow WTD caused annual NEP to become gradually less negative
from 2002 to 2005 (Table 3-3).
3-3.5. Seasonal and annual variations in simulated drained vs. undrained WTD and NEP
Large negative simulated and EC-gap filled annual NEP during 2002—-2005 (Table 3-3)
may reflect disturbance effects of drainage in 1996—1997 which increased WTD. To examine the
drainage effects on modelled NEP, we performed a drained vs. undrained model sensitivity test
as described in Sect. 3-2.2.6. During the rainy seasons (November—April) from 2002-2005,
simulated undrained WTD was always above the hollow surface as opposed to the simulated
drained WTD where water table never rose above the hollow surface (Fig. 3-9). The undrained
WTD remained ~ 0.5 m shallower than the drained WTD, and so altered the timing and intensity
of the different hydroperiods (Fig. 3-9). The seasonal variation in simulated undrained WTD

followed that in a nearby similar undrained tropical peat swamp forest (Fig. 3-9).

NEP modelled in the undrained condition was higher (less negative) than that in the
drained condition during the rainy seasons (November—April) but similar during the late dry
seasons (August—October) (Fig. 3-10). However in 2004 and 2005, NEP modelled in the
undrained simulation was higher than in the drained simulation during late dry season (Fig. 3-
10). Large spikes of negative NEP were simulated in the undrained simulation at the end of the

rainy seasons when WTD first declined below the hollow surface (Fig. 3-10). This decline
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suddenly increased contact between atmosphere and aqueous CO: in the previously saturated
soil, causing rapid degassing. Such spikes were not found in the drained simulation where WTD

remained below the hollow surface.

On an annual basis, the undrained simulation produced a shallower average WTD by ~
0.5 m than the drained simulation over four years i.e. 2002—2005. This reduction in WTD in
undrained vs. drained simulation decreased GPP and R. slightly, but decreased R, much more,

thereby increasing mean annual NEP throughout the study period (Table 3-4).

3-4. Discussion
3-4.1. Modelling hypotheses of WTD effects on seasonal variation in tropical peatland NEP
Reduction of NEP during both shallow and deep WTD hydroperiods with respect to that
in the intermediate WTD hydroperiods was established during 2002—2005 in Sects. 3-3.2 and 3-
3.3. Reduction of NEP during the shallow WTD hydroperiods was mainly attributed to reduction
in GPP that was independent of changes in Ry and D (Sect. 3-3.3). Reduction of NEP during the
deep WTD hydroperiods, however, was attributed to reduction in GPP irrespective of changes in
Ry and D, and to increase in R. irrespective of changes in temperature (variations in mean daily
air temperature and mean daily soil temperature measured at 0.05 m depth of the hummocks
were less than 3°C among the hydroperiods) (Sect. 3-3.3). The absence of a decline in GPP
during the deep WTD hydroperiod in the wettest year 2005 also suggested that there was a
considerable interannual variation in WTD effect on tropical peatland NEP that depended on the
intensity and duration of dry vs. wet seasons (Sect. 3-3.3). Seasonal variation in WTD thus
affected that in NEP through its effect on both GPP and R. as mentioned above independent of
variations in other micrometeorological controls such as R,, D and temperature. These effects
suggested that tropical peatland NEP was reduced by plant processes as affected by soil
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processes influenced by both shallow and deep WTD. Since our modelling could reasonably
simulate seasonal variation in WTD as well as its effects on that in NEP (Sects. 3-3.2 and 3-3.3),
we hereby discuss the modelling hypotheses proposed at the beginning of our study to explain
the underlying causes of these WTD effects on tropical peatland NEP.
3-4.1.1. Hypothesis 1: WTD and NEP during rainy season

A shallower aerobic zone (Fig. 3-11) and resulting lower [O2s] modelled during the
shallow WTD (within 0.3 m of the hollow surface) hydroperiod reduced rates of C oxidation by
microbial populations (A13-A14) which limited microbial growth (A25) and hindered nutrient
mineralization (A26). Moreover, low [Ox] caused by shallow WTD forced [O2] to depend
predominantly upon O> transport through root gaseous phase controlled by & as discussed in
Sect. 3-2.1.3. Our input of 0.20 for G, to represent peatland species adaptation (Visser et al.,
2000), however, was not enough to maintain adequate [O2;] during this hydroperiod. Lower [Ox]
supressed rates of C oxidation by root and mycorrhizal populations (C14a, b), slowing root and
mycorrhizal growth (C20b) and hence plant nutrient (predominantly phosphorus) uptake (C23b,
d, f). Root and mycorrhizal growth during this hydroperiod were largely confined to the shallow
aerobic zone, thus limiting the soil volume from which phosphorus uptake could occur. Slow
phosphorus uptake reduced op with respect to oc in leaves (C11), thereby slowing CO> fixation
(C6) and hence GPP in the model as discussed in Sect. 3-2.1.4. The suppression of productivity
with shallow WTD was also apparent in higher modelled and measured Bowen ratios (f=H/LE)
resulting from lower gc required to conserve cc:ca ratios with slower CO: diffusion (Figs. 2-5d
and 2-6b). Reduction of GPP in our undrained simulation compared to our drained simulation

was also caused by greater phosphorus limitation under shallower WTD (Table 3-4).
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In tropical peatlands, phosphorus uptake is likely to be most limiting to CO> fixation as
indicated by foliar nitrogen to phosphorus ratios (mass based) ranging from 22:1 to 130:1 for
different tree species growing in Indonesian peatlands (Tuah et al., 2000). A mass based foliar
nitrogen to phosphorus ratio greater than 15:1 generally indicates phosphorus limitation to plant
productivity (Townsend et al. 2007). This phosphorus limitation arises from high soil organic
nitrogen to phosphorus ratios, low pH and high aluminum (Al) and iron (Fe) contents of these
peats (Page et al. 1999, Rieley and Page 2005, Page et al. 2006). When site-specific inputs for
soil pH, organic and inorganic nitrogen and phosphorus (Table 3-1), exchangeable Al (12 g Mg"
Y and Fe (21.6 g Mg!) were used in our modelling with site-independent algorithms for soil
solute transformations (E1-E55) (Grant et al. 2009b), soil solution phosphorus concentrations
and hence root phosphorus uptake were forced to very low values. Low plant phosphorus
availability and uptake in the model was reflected in lower modelled foliar phosphorus content
(~2.5 g kg'! C) during shallow WTD hydroperiods. Such low plant phosphorus status in our
modelling was corroborated by even lower foliar phosphorus contents (0.2-1.4 g kg! C in
matured leaves, assuming that 50% of the dry matter was C) measured by Tuah et al. (1999) in
the dominant species growing on our study site. Low foliar phosphorus contents in 150 tree
species of tropical rain forests of Costa Rica and Brazil was also attributed to low phosphorus
availability for plants growing on highly weathered phosphorus-deficient tropical soils

(Townsend et al. 2007).

These results from the model are also consistent with those from Milner (2009) from a
transect study on the effect of soil fertility on vegetation diversity of a tropical mixed swamp
forest surrounding our study site. She found a reduction in basal area and tree growth in areas

where the WTD was shallower by only ~0.10 m. She speculated that the reduced tree growth was
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a result of low nutrient availability caused by anoxia under shallow WTD. Slow nutrient
(phosphorus) mineralization in wet soils under shallow WTD may have reduced CO> diffusion
and thereby fixation and productivity in her study site which supports the nutrient stress theory in
our hypothesis 1. Moreover, a reduction in foliar phosphorus content during the rainy season
with respect to mid-wet and dry seasons was also measured by Townsend et al. (2007) in tropical
forest species of Costa Rica. Furthermore, tropical mangroves in Panama, Belize and Florida
have shown significant increases in leaf CO; assimilation and plant growth with phosphorus
enrichment indicating phosphorus stress to leaf gas exchange under anoxic conditions despite
those species being well adapted to flooding stress (Lovelock et al. 2004, 2006a, 2006b, 2006c).
Similar suppression of productivity caused by low nitrogen availability and uptake can also be
found in boreal peatlands which are known to be nitrogen deficient as reported in experimental
(Sulman et al. 2010, Flanagan and Syed 2011) and modelling studies (Sulman et al. 2010, Grant
et al. 2012b) across northern boreal peatlands.

During shallow WTD in rainy seasons, [O2s] below the water table was almost zero (Fig.
3-11) and well below the Michaelis-Menten constant (Km) used for microbial, root and
mycorrhizal uptake in ecosys (Al7a, Cl4c) so that DOC oxidation coupled with Oz reduction
was strongly limited by [O2s]. In these layers, DOC oxidation was coupled with DOC reduction
by anaerobic heterotrophic fermenters, which yielded much less energy (4.4 vs. 37.5 k] g C)
(A21) than did O reduction and so resulted in slower microbial growth (A25) and Rn (A13) as
discussed in Sect. 3-2.1.2. However, [O2s] above the water table during shallow WTD
hydroperiod was well above Kn (Fig. 3-11) used for simulated microbial, root and mycorrhizal
O uptake so that Ry in this zone was not limited by [O2s]. Moreover, frequent precipitation

throughout this hydroperiod kept the surface residue layer moist and maintained optimum
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heterotrophic microbial concentrations for decomposition (A3, A5) and growth (A15), driving
surface CO, flushes. This absence of suppression in modelled R. during shallow WTD
hydroperiods can further be corroborated by no significant decrease or even slight increase in
nighttime EC gap-filled CO: fluxes during shallow compared to intermediate WTD hydroperiods
(Fig. 3-7). Similar absence of suppression in soil respiration during shallow WTD hydroperiods
compared to those in intermediate WTD hydroperiods were also measured by Sundari et al.
(2012) in our study site and Jauhiainen et al. (2008) in a nearby drained tropical peatland.

Shallow WTD during the rainy season thus caused lower NEP (Figs. 3-2 to 3-6) to be
modelled over PPSF through reducing GPP due to plant nutrient (phosphorus) stress and hence
net CO> uptake (Figs. 3-7 to 3-8). This GPP suppression from nutrient stress during shallow
WTD hydroperiod was well corroborated by EC-gap filled CO, fluxes (Fig. 3-7) (Table 3-2) as
well as other biometric measurements (Townsend et al. 2007) and hence validated our hypothesis
1.
3-4.1.2. Hypothesis 2: WTD and NEP during early dry seasons

Increased availability of [O2s] with an intermediate WTD (0.5-0.8 m below the hollow
surface) during the early dry season almost entirely met root O> demand and hence facilitated
more rapid and deeper root growth (C20b) and hence phosphorus uptake (C23b, d, f). Uptake
was further stimulated by more rapid mineralization of organic phosphorus (C23a, c, €) driven by
more rapid microbial O> uptake (A17), C oxidation (A1, A2), growth (A25) and Ry (A13, A20)
as described in Sects. 3-2.1.2 and 3-2.1.3. Greater root phosphorus uptake in turn increased
or:oc in leaves (C11), thereby facilitating rapid CO: fixation (C6) and hence GPP as discussed
in Sect. 3-2.1.4. Rapid CO; fixation from improved plant nutrient (phosphorus) status was also

apparent in larger EC gap-filled downward net CO; fluxes during intermediate WTD
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hydroperiods in 2002, 2003 and 2005 (Fig. 3-7). Rapid CO; fixation due to improved plant
nutrient (phosphorus) status can further be corroborated by lower measured and modelled £
resulting from greater g. as described in Chapter 2.

Modelled foliar phosphorus content increased from ~2.5 g kg! C in the wet season to ~3
g kg'! C in the early dry season indicating an improved plant nutrient status in the early dry
season with intermediate WTD. This increase in modelled foliar phosphorus content by ~ 20%
from rainy to early dry season was consistent with a 25% increase in foliar phosphorus content
from wet to mid-wet and dry seasons measured by Townsend et al. (2007) in tropical forest
species of Costa Rica. Similarly, higher foliar phosphorus content modelled in the drained
simulation (~3 g kg'! C) than in the undrained simulation (~2.5 g kg! C) during this hydroperiod
raised GPP, further indicating improved nutrient status due to deeper WTD (Table 3-4).
Increased productivity resulting from improved nutrient (phosphorus) availability with WTD
drawdown has been found in field studies for Indonesian peatlands (Milner 2009), and Florida
everglades wetlands (Saha et al. 2010). These field measurements further support our modelling
hypothesis 2 of improved plant nutrient status with improved soil aeration which increased GPP
and hence NEP during intermediate WTD hydroperiods. Increased GPP with WTD drawdown
was also measured by Sulman et al. (2009) and Flanagan and Syed (2011) for northern boreal
peatlands. However, in those nitrogen limited ecosystems, the drawdown of WTD could improve
plant nitrogen rather than phosphorus availablity and uptake and hence productivity as modelled
with ecosys by (Grant et al. 2012b).

A deeper aerobic zone and resulting increase in [Oas] during the intermediate WTD
hydroperiod in the early dry season (Fig. 3-11) stimulated Rn (A13, A20) as described above.

However, this increase in deeper Ry was fully, and sometimes more than fully, offset by
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decreases in surface and near-surface Rn caused by near-surface peat desiccation which reduced
microbial access to substrate for decomposition (A15) (Sect. 3-2.1.2). This enabled ecosys to
simulate nighttime net CO; fluxes measured by EC during intermediate WTD hydroperiods that
were similar to or lower than those in shallow WTD hydroperiods. This modelling hypothesis in
ecosys was further corroborated by soil CO2 effluxes measured with surface chambers by
Sundari et al. (2012) over our study site and by Jauhiainen et al. (2008) over a nearby similar site
during intermediate WTD hydroperiods that were similar or lower than those in shallow WTD
hydroperiods. Declines in Ry due to near surface peat desiccation were also modelled by
(Dimitrov et al. 2010a) and (Grant et al. 2012b) by using the same model ecosys over two
contrasting northern boreal peatlands.

Intermediate WTD during the early dry season thus caused higher NEP (Figs. 3-2 to 3-6)
over PPSF by a combination of increased GPP and unchanged or slightly decreased R. (Figs. 3-7
to 3-8). This trend of increased GPP with improved nutrient (phosphorus) status and unchanged
R. due to offsetting effects of surface vs. deep respiration was well corroborated by EC-gap filled
CO> fluxes (Fig. 3-7) (Table 3-2) and other field measurements in our study site and in similar
ecosystems and hence validated our hypothesis 2.
3-4.1.3. Hypothesis 3: WTD and NEP during late dry seasons

GPP during the late dry season with deep WTD (> 1.0 m below the hollow surface) was
limited not by plant nutrient status but by plant water stress. Inadequate recharge of near surface
peat layers through a combination of less precipitation and slow capillary rise (D9a) during this
hydroperiod reduced s and increased €5 (B9) in those layers where most of the plant roots were
located (Fig. 2-10). These changes in turn forced higher Q: (B10), lower w, w., y (B4) and g

(B2b) (Figs. 2-8 and 2-9) and hence slower CO; diffusion (C6) through stomata and
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consequently less GPP (Sect. 3-2.1.4). GPP suppression due to plant water stress can further be
corroborated by higher measured and modelled £ resulting from lower g¢ as described in Chapter
2. Similar reductions in GPP due to plant water stress were reported during the late dry season in
Hirano et al. (2012) for a drained and burnt tropical peat swamp forest.

Deeper peat respiration during the deep WTD hydroperiod greatly increased due to
abundant [Ox] in the deeper aerobic zone (Fig. 3-11) and resulting rapid microbial O> uptake
(A17), C oxidation (A1, A2), growth (A25) and R, (A13, A20) as discussed in Sect. 3-2.1.2. This
increase in deeper Rn was greater than the reduction in surface and near-surface microbial
respiration due to desiccation as discussed in Sect. 3-4.1.2, which led to a net increase in Re
during this hydroperiod. This modelling hypothesis was further corroborated by larger soil CO»
effluxes measured by Sundari et al. (2012) over our study site during the deep WTD hydroperiod
than during the rest of the year. Cai et al. (2010) also measured a stimulation of respiration over a
northern boreal peatland with deepening of WTD.

Deep WTD during the late dry season thus caused lower NEP (Figs. 3-2 to 3-6) by a
combination of reduced GPP and increased R. (Figs. 3-7 to 3-8). This trend of decreased GPP
due to plant water stress and increased R. due to enhanced deeper peat respiration during deep
WTD hydroperiods was well corroborated by EC-gap filled CO; fluxes (Fig. 3-7) (Table 3-2) as
well as by other field measurements over same site or similar ecosystems and hence validated
our hypothesis 3.

3-4.2. Modelling WTD effects on annual tropical peatland C balance
3-4.2.1. Differences in annual EC-derived vs. modelled GPP, R. and NEP
Modelled annual NEP was considerably lower than the EC gap-filled annual NEP in

2003 and 2004 (Table 3-3). These lower NEP estimates were mainly attributed to larger
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modelled vs. gap-filled R. predominantly in the rainy seasons (Fig. 3-1) which was consistent
throughout the study period and yielded larger slopes from modelled vs. gap-filled net CO» flux
regressions (Table 3-2). During the rainy seasons throughout the study period, modelled water
table never rose above the hollow surface leaving the top 0.05 m of hollow and the entire
hummock unsaturated even when the WTD was the shallowest (Figs. 3-2 to 3-5). This trend was
consistent with the observed daily WTD (Figs. 3-4 to 3-5). Total porosity for the top 0.2 m of the
modelled peat was 0.89 calculated from bulk density provided to the model (Fig. 2-1), consistent
with field measurements in similar drained tropical peatlands (Takakai et al. 2006, Hooijer et al.
2012, Jauhiainen et al. 2012a, Couwenberg and Hooijer 2013). Therefore, when & in the top 0.2
m rose from ~0.22 m* m™ in the dry seasons to just above 0.30 m* m™ in the rainy seasons, near
surface peat in the model still had enough air filled porosity for soil respiration not to be
suppressed (Fig. 3-1). Moreover, wet surface residue from frequent rainfall caused large flushes
of modelled residue CO: effluxes during rainy seasons which were also apparent in soil
respiration measurements by Sundari et al. (2012) at our study site. However, despite a similar
rise in & measured vs. modelled in the top 0.2 m, gap-filled CO; effluxes were much smaller than
the modelled CO» effluxes during the rainy season (Fig. 3-1). Such smaller gap-filled vs.
modelled nighttime NEP (Fig. 3-1) was consistent throughout the rainy seasons (November-
April) of 2002-2005 as indicated by a slope of 1.24 from a regression of modelled on gap-filled
net CO> fluxes (n = 13218). However, a slope of 0.98 from regression of modelled on EC-
measured CO> fluxes (n = 4464) for the same hydroperiods indicated better model agreement
with EC-measured fluxes. Since 75% of the total hourly CO; fluxes during rainy seasons of

2002-2005 were gap-filled, larger modelled vs. gap-filled CO» fluxes during these hydroperiods
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could largely contribute to larger modelled vs. EC-derived annual R. and hence lower modelled
vs. EC-gap filled annual NEP estimates (Table 3-3).

Systematic uncertainties embedded in EC methodology were also thought to contribute to
larger modelled vs. EC-derived monthly and annual R. estimates (Fig. 3-8) (Table 3-3).
Nighttime EC NEP decreased with u* below 0.3 m s in our study site (Hirano et al. 2007)
indicating the dependence of nighttime CO: flux measurements on above-canopy turbulent
mixing (Miller et al. 2004). However, biological production of CO> by plant and microbial
respiration was independent of u* in the model. Possible underestimation of nighttime NEP
resultant of uncertainty related to low u* threshold can be as large as ~ 45% of nighttime CO>
fluxes estimated by Miller et al. (2004) for an Amazonian rainforest which would further
contribute to larger modelled vs. EC-derived R. estimates.

Larger modelled vs. gap-filled R. contributed to larger modelled vs. gap-filled annual
GPP (Fig. 3-8) (Table 3-3). In EC datasets, GPP was derived from extrapolated daytime R. (Sect.
3-2.2.2) and hence smaller gap-filled vs. modelled nighttime R. would cause smaller EC-derived
GPP. A further cause of smaller EC-derived vs. modelled GPP could have been the incomplete
(~80%) energy balance closure in EC measurements (Wilson et al. 2002) vs. complete energy
balance closure in the model, which would reduce EC-derived ET and also possibly GPP (Table
3-3).

All of these above mentioned sources of larger modelled vs. EC-derived R. and GPP
estimates were related to EC methodology and gap-filling. These descrepencies between
modelled and EC-derived R. and GPP aggregates, however, could not be resolved in our
modelling since, unlike EC datasets, every single mole of CO> that was modelled from

fundamental ecosystem processes was counted in the modelled C budget.
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3-4.2.2. Differences in annual WTD effects on EC derived vs. modelled GPP and Re

At an annual time scale, reductions in both GPP and R. with a gradually shallower WTD
from 2002 to 2005 in ecosys were not corroborated by changes in GPP and R. partitioned from
EC-gap filled net CO; fluxes by Hirano et al. (2007) (Sect. 3-2.2.2) (Table 3-3) although
monthly partitioned GPP and R. showed the similar seasonal trends as those modelled (Fig. 3-8).
Accumulation of above-mentioned discrepancies between modelled and EC gap-filled fluxes
(Sect. 3-4.2.1) over a larger time scale (e.g. monthly vs. annual) obscured the agreement between
the modelled and EC-gap filled trends in WTD effects on annual GPP and R.. Furthermore, as
opposed to EC-derived R. that was used to calculate EC-derived GPP, modelled R. (R.+Rn) was
driven by modelled GPP thereby contributing to deviation between WTD effects on modelled vs.
EC-derived annual GPP and R.. Modelled R, was directly dependent on fixed C products during
photosynthesis. Modelled Ry was also dependent on fixed C products in a diurnal time scale
through root exudates as well as in a seasonal time scale through above and below ground
litterfall.

Despite the above mentioned divergence between modelled vs. EC-derived R. and GPP
estimates, components of modelled annual C balance were comparable with biometric
measurements and estimations from other studies on similar ecosystems. Modelled net primary
productivity (NPP) was comparable with values estimated for Amazonian rainforests and oil
palm plantations in tropical peatlands (Table 3-3). Modelled Rn was comparable with Rp
measured for a mature Acacia plantation on drained Indonesian peatlands (Table 3-3).

3-4.3. Effects of WTD on modelled annual C balance in drained vs. undrained simulation

Reducing WTD by an average of 0.5 m in drained vs. undrained simulation increased

mean NEP by 270 g C m™ yr'! (Table 3-4). This modelled trend was corroborated by an increase
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in EC gap-filled NEP for a nearby undrained peatland of 154 + 204 g C m™ yr'! over that for the
drained peatland measured by Hirano et al. (2012). This rise in NEP was modelled through
greater suppressions of R, and Ry than of GPP with decreasing WTD (Table 3-4).

Apart from net vertical CO> exchange, drainage of tropical peatlands can also trigger
substantial C losses through lateral transport of dissolved organic C (DOC). Moore et al. (2013)
measured a drainage-induced additional C loss of 20 g C m™ yr'! through the export of DOC in
our study area. We, however, simulated a negligible additional increase in C losses through
export of DOC (1-2 g C m™ yr'!") due to drainage in this modelling study. Since transport of DOC
heavily depends upon total amount of catchment discharge (Moore et al. 2013) this discrepancy
between our point scale study and their watershed scale measurements on DOC transport is
reasonable. However, up scaling our modelling to watershed scale might be a potential
opportunity to examine the effects of drainage on C losses through export of DOC in drained
tropical peatlands.

Even in the undrained simulation, NEP for 2002-2004 indicated substantial C losses from
PPSF (Table 3-4). Similarly large C losses were estimated by EC-gap filled NEP from 2004-05
to 2008-09 by Hirano et al. (2012) over a nearby similar undrained peat swamp forest. They also
predicted from a simple linear regression analysis of NEP on WTD that maintaining a mean
annual WTD within 0.03 m below the hollow surface could bring the undrained peatland
ecosystem to C neutrality. In line with their simple prediction, a much more sophisticated
process-based undrained simulation by ecosys in our study resulted in a near C neutral NEP
during the wettest year 2005 with a mean annual WTD of 0.10 m above the hollow surface

(Table 3-4).
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C losses modelled in the undrained simulation and observed in the undrained peat swamp
forest, however, may be a recent phenomenon since a long term apparent C accumulation study
showed that Central Kalimantan peatlands have been accumulating C at a rate of 31 g C m™ yr’!
for last ~ 12,000 years (Dommain et al. 2011) and that the peatlands around our study site have
been accumulating C at a rate of 56 g C m™ yr'! for last ~ 20,000 years (Page et al. 2004). One of
the main reasons behind the modelled negative NEP even in the undrained simulation may be
that the precipitation within our study period (2002-2005) was less than the long term average,
which led to deeper WTD than the long term mean. The wettest year in our study period (2005)
experienced a total annual precipitation which was considered as ‘normal’ annual precipitation
(2570 mm yr'') measured over Indonesian Borneo during 1994-2004 (Takahashi et al. 2004).
The year 1999 was the wettest within their measurement period with an annual precipitation of
3788 mm that caused the water table to remain above the ground throughout the year (Wdsten et
al. 2008). This speculation of large C losses due to reduced precipitation and consequent deeper
WTD in recent years can be further corroborated by the cessation of Central Kalimantan peat
growth during last ~ 5000 years as reported by Dommain et al. (2011) due to WTD drawdowns
caused by increased El Nifio frequency and intensity.

3-5. Conclusions

Ecosys successfully simulated the reduction of tropical peatland NEP during shallow and
deep WTD hydroperiods with respect to those in intermediate WTD hydroperiods for four years
1.e. 2002-2005 over PPSF (Figs. 3-2 to 3-5) (Table 3-2). Reduction of NEP during shallow WTD
was modelled mainly through reduced GPP and that during deep WTD hydroperiods was
modelled by a combination of reduced GPP and increased R. (Figs. 3-6 to 3-8). Seasonal

variation in NEP that was apparent in the measurements was thought to be caused by the
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following key responses that were modelled using following alogrithms of WTD effects on GPP

and R. from basic independent research fed by site specific inputs (Sect. 3-2.2.3):

1)

2)

3)

Shallow WTD during rainy seasons reduced modelled NEP by explicitly simulating
slower convective-dispersive O, transport through soils and roots and hence slower root
O uptake, slower soil nutrient (phosphorus) transformations (A26), slower root nutrient
(phosphorus) uptake and growth (C23), and consequently lower leaf nutrient
(phosphorus) status (C11) and slower CO; fixation (C6) (Sect. 3-4.1.1).

WTD drawdown during early and late dry seasons in the model increased deeper peat
respiration due to better aeration by explicitly simulating higher [O2s] (A17) from more
rapid O transport through soils, and hence more rapid microbial and root oxidation-
reduction reactions (A3, AS5), greater microbial O, uptake and energy yields (A20)
driving more rapid microbial growth (A25) and respiration (A13, A14, A20) (Sects. 3-
4.1.2. and 3-4.1.3).

Deeper WTD during late dry seasons in the model reduced NEP through plant water
stress by explicitly simulating declines in g. and their effects on CO; fixation from
hydraulically driven water transport along soil-plant-atmosphere water potential gradients
(B1-B14) (Sect. 3-4.1.3).

Though our modelling effort reasonably well simulated seasonal WTD effects on NEP of

the tropical peatland under study, the modelled GPP and R. aggregates were systematically

larger than the EC-derived estimates (Fig. 3-8) (Table 3-3). The possible reasons for these

discrepancies are discussed in Sect. 3-4.2. Despite the modelled vs. EC-derived divergence in

monthly and annual R. and GPP aggregates, this study showed for the first time the application

of detailed process based modelling in capturing non-linear WTD-tropical peatland CO:

99



exchange interactions, as recommended by Murdiyarso et al. (2010). The findings of this study
showed that the duration and intensity of the dry season with deeper WTD had profound effects
on tropical peatland CO emissions irrespective of disturbance (e.g. drainage). This has an
important implication in terms of the fate of tropical peatland C storage under future climate
change scenarios since Li et al. (2007) predicted a general drying trend and consequent WTD
drawdown over Southeast Asian peatlands during this century using 11 land surface models.
Moreover, the response of tropical peatland CO; exchange to disturbance (e.g. drainage) was
also investigated by our model sensitivity test for drained vs. undrained condition. Insights
gained from our modelling effort thus can improve our predictive capacity for the effects of
WTD fluctuations arising from interactions between seasonality in precipitation and artificial
drainage on tropical peatland C balance.

Our point scale modelling reasonably delineated WTD effects on NEP over a
homogeneous patch of tropical peatland in terms of plant functional type (PFT) and land use (i.e.
drained forest). However, this modelling can be up scaled to an ecosystem level by model inputs
of weather data (Sect. 3-2.2.3); soil physical, hydrological, chemical and biological properties
(Sect. 3-2.2.3) (Table 3-1) (Fig. 2-1); PFT (e.g. moss vs. vascular plants, coniferous vs. broad
leaved species, evergreen vs. deciduous); and disturbance (e.g. drainage as discussed in Sect. 3-
2.2.6, fire, logging etc.) representing a particular peatland ecosystem. Such up scaling could
provide us with improved predictive capacity on management opportunities (e.g. undrained vs.
drained, reforestation/afforestation vs. deforestation, unburnt vs. burnt) for reducing C emissions.
This capacity might be very important for planning long term tropical peatland rehabilitation
projects and mapping peat C sequestration for current REDD+ (Reducing Emissions from

Deforestation and forest Degradation) scheme.
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Table 3-1: Key soil properties as ecosys inputs to represent a tropical peatland at Palangkaraya
Peat Swamp Forest, Indonesia

Dhumm Dot TOC TON TP CEC
(m) (m) (gkg™) (eMgh)  (gMgh PH (cmol+ kg™
0.01 256
005 238
015 192
18000 378
0.16 0.01
0.20 0.05 143
0.25 0.10
0.40 0.25
0.60 0.45 500 115 37.5
0.80 0.65
1.00 0.85
1.20 1.05 14000 3.71
1.40 1.25
49
1.60 1.45
1.80 1.65
4.00 3.85

Dpumm = depth from hummock surface, Dnon = depth from hollow surface, TOC = Total organic C
(maximum limit of input for TOC concentration in ecosys is used from an average of TOC
values for a 4 m deep tropical peat column measured by Page et al. (2004)), TON = Total organic
nitrogen and TP = total phosphorus (Values obtained from Page et al. (1999)), pH and CEC =
Cation exchange capacity (Values obtained from Sayok et al. (2007)).
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Table 3-2: Modelled vs. measured net ecosystem CO- fluxes, Palangkaraya Peat Swamp Forest,
Indonesia

Precipitation
Year n a b R’ RMSE RMSRE
(mm yr')

Modelled vs. eddy covariance CO; fluxes measured at u* > 0.17 m s™!

2002 1852 3007 0.82 1.03 0.77 5.7 5.5
2003 2291 2595 0.11 1.05 0.83 4.9 59
2004 2560 3299 0.61 1.01 0.83 4.9 5.8
2005 2620 3164 1.09 1.01 0.81 52 5.6

Modelled vs. gap-filled CO; fluxes

2002 1852 5753 0.23 1.19 0.93 2.5
2003 2291 6165 -0.51 1.14 0.92 2.8
2004 2560 5485 -0.76 1.08 0.92 2.6
2005 2620 5494 -0.35 1.10 0.93 23

(a, b) from simple linear regressions of modelled on measured. R? = coefficient of determination
and RMSE = root mean square for errors from simple linear regressions of measured on
simulated. RMSRE= root mean square for random errors in eddy covariance (EC) measurements
calculated by inputting EC CO, fluxes recorded at u* (friction velocity) > 0.17 m s’ into
algorithms for estimation of random errors due to EC CO; measurements developed for forests
by Richardson et al. (2006).
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Table 3-3: Simulated (sim) and observed (obs) annual water and C balance, Palangkaraya Peat
Swamp Forest, Indonesia

Year Values
, 2002 2003 2004 2005 from
Units
other
sim  obs sim  obs sim  obs sim  obs _
studies
Precipitation 1852 2291 2560 2620
ET mmyr! 1485 1325 1607 1366 1545 1324 1558 1310
0 390 708 918 1067
Avg. WTD m -0.77 -0.73 -0.56 -0.59 -0.52 -0.45 -0.52
GPP 4201 3254 4164 3466 4109 3631 4040
Ra 2909 2823 2760 2778
900?
NPP gC 1292 1341 1349 1262
1200°
m>2yr!
Ru 1901 1918 1777 1635 2182°¢
Re 4810 3848 4741 3844 4537 3907 4413
NEP -609 -394 -577 -378 -428 -276 -373

ET = evapotranspiration, observed ET for each year was calculated from EC-gap filled hourly
latent heat fluxes measured by Hirano et al. (2005); O = total lateral discharge; WTD = water
table depth, simulated and observed WTDs are averages of data used in Figs. 3-2c, 3-3c, 3-4c
and 3-5c¢ for 2002, 2003, 2004 and 2005 respectively, observed mean WTD for 2002 was not
calculated due to the lack of field observations for the first six months (Fig. 3-2c), negative
values of WTD represent depth below the hollow surface; GPP = gross primary productivity,
observed GPP for each year was partitioned from eddy covariance (EC)-gap filled net ecosystem
productivity estimates as found in Hirano et al. (2007); R. = autotrophic respiration; NPP = net
primary productivity (NPP=GPP-R.); Ry = heterotrophic respiration; Re = ecosystem respiration,
observed R. for each year was partitioned from EC-gap filled net ecosystem productivity
estimates as found in Hirano et al. (2007); and NEP = net ecosystem productivity (NEP=NPP-
Ryn), observed NEP for each year was calculated from hourly EC-gap filled CO, flux data
mentioned by Hirano et al. (2007).

# for Amazonian rainforest (Chambers et al. 2004).

® for oil palm plantations in tropical peatlands of Malaysia (Melling et al. 2008).

¢ for a mature Acacia plantation in a drained Indonesian peatland with an average WTD of 0.8 m
below the hummock surface (Jauhiainen et al. 2012a).
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Table 3-4: Sensitivity of modelled annual C balance to drainage, Palangkaraya Peat Swamp

Forest, Indonesia

Year
Units 2002 2003 2004 2005 Mean

dr undr  dr undr  dr undr dr undr  dr undr
WTD m -0.77 -0.22 -0.73 -0.17 -0.59 -0.11 -0.45 0.10 -0.59 -0.10
GPP 4201 3578 4164 3780 4109 3695 4040 3665 4123 3680
R. 2909 2412 2823 2455 2760 2431 2778 2396 2818 2423
NPP o C 1292 1166 1341 1325 1349 1264 1262 1269 1311 1256
R m2yr! 1901 1595 1918 1636 1777 1382 1635 1320 1808 1483
Re 4810 4007 4741 4091 4537 3813 4413 3716 4625 3907
NEP -609 -429 -577 -311 -428 -118 -373 -51 -497 227

dr = drained simulation; undr = undrained simulation (Sect. 3-2.2.6); WTD = water table depth,
values are the annual means of simulated WTD data in Fig. 3-9, the positive value represents
WTDs above hollow surface and negative values represent WTD below the hollow surface; GPP
= gross primary productivity; R, = autotrophic respiration; NPP = net primary productivity
(NPP=GPP-R.); Rn = heterotrophic respiration; R. = ecosystem respiration, and NEP = net

ecosystem productivity (NEP=NPP-Ry,).
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Fig. 3-1. Hourly EC measured, gap-filled and simulated net ecosystem CO> fluxes and observed and simulated soil water content (6)
from 0-0.20 m depth of the hummock during 2002 and 2003 over a tropical peatland at Palangkaraya Peat Swamp Forest, Indonesia
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Fig. 3-2. (a) Three day moving averages of simulated and EC-gap filled estimates of net
ecosystem productivity (NEP). Closed squares indicate sums of 24 values more than 2 of which
were recorded at u* (friction velocity) > 0.17 m s, open squares indicate sums of 24 values
more than 2 of which were gap-filled, and open triangles indicate sums of 24 values all of which
were gap-filled); (b) hourly measured precipitation (P) and three day moving averages of
simulated and measured net radiation (R,); and (¢) monthly measured (values digitally obtained
from Hirano et al. (2012)) and daily modelled water table depths (WTD) from hollow surface
during 2002 over a tropical peatland at Palangkaraya Peat Swamp Forest, Indonesia. Negative
values of WTD mean depths below the hollow surface
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Fig. 3-3. (a) Three day moving averages of simulated and EC-gap filled estimates of net
ecosystem productivity (NEP). Closed squares indicate sums of 24 values more than % of which
were recorded at u* (friction velocity) > 0.17 m s, open squares indicate sums of 24 values
more than 2 of which were gap-filled, and open triangles indicate sums of 24 values all of which
were gap-filled); (b) hourly measured precipitation (P) and three day moving averages of
simulated and measured net radiation (R,); and (c) monthly measured (values digitally obtained
from Hirano et al. (2012)) and daily modelled water table depths (WTD) from hollow surface
during 2003 over a tropical peatland at Palangkaraya Peat Swamp Forest, Indonesia. Negative
values of WTD mean depths below the hollow surface
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Fig. 3-4. (a) Three day moving averages of simulated and EC-gap filled estimates of net
ecosystem productivity (NEP). Closed squares indicate sums of 24 values more than 2 of which
were recorded at u* (friction velocity) > 0.17 m s, open squares indicate sums of 24 values
more than 2 of which were gap-filled, and open triangles indicate sums of 24 values all of which
were gap-filled); (b) hourly measured precipitation (P) and three day moving averages of
simulated and measured net radiation (R,); and (¢) monthly measured (values digitally obtained
from Hirano et al. (2012)), daily measured (site measurements mentioned in Hirano et al. (2007))
and daily modelled water table depths (WTD) from hollow surface during 2004 over a tropical
peatland at Palangkaraya Peat Swamp Forest, Indonesia. Negative values of WTD mean depths
below the hollow surface
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Fig. 3-5. (a) Three day moving averages of simulated and EC-gap filled estimates of net
ecosystem productivity (NEP). Closed squares indicate sums of 24 values more than 72 of which
were recorded at u* (friction velocity) > 0.17 m s! and open squares indicate sums of 24 values
more than %2 of which were gap-filled); (b) hourly measured precipitation (P) and three day
moving averages of simulated and measured net radiation (R,); and (c) daily measured (values
digitally obtained from Sundari et al. (2012) and measured in situ as mentioned in Hirano et al.
(2007)) and modelled water table depths (WTD) from hollow surface during 2005 over a tropical

peatland at Palangkaraya Peat Swamp Forest, Indonesia. Negative values of WTD mean depths
below the hollow surface
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Fig. 3-6. (a) Average simulated daily net ecosystem productivity (NEPsim) (b) average EC-gap
filled daily net ecosystem productivity (NEPEc.gp) (c) average simulated water table depths
(WTDsim) (d) average observed water table depths (WTDgbs) (e) total observed precipitation (P),
and (f) average mid-day (10:00-14:00 local time) vapor pressure deficit (D) over 30 days each of
shallow (DOY 1-30, 41-70, 11-40 and 41-70 during 2002, 2003, 2004 and 2005 respectively),
intermediate (DOY 121-150, 146-175, 181-210 and 121-150 during 2002, 2003, 2004 and 2005
respectively) and deep (DOY 251-280, 251-280, 291-320 and 241-270 during 2002, 2003, 2004
and 2005 respectively) WTD hydroperiods (delineated by vertical dotted lines in Figs. 3-2 to 3-
5) in a tropical peatland at Palangkaraya Peat Swamp Forest, Indonesia. Bars represent standard
errors of means. Asterisks (**) on the top of a column represent significant (P < 0.01) difference
from the adjacent column(s). Negative values of WTD mean depths below the hollow surface
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Fig. 3-7. Hourly binned simulated (lines) and EC-gap filled (symbols) ecosystem net CO; fluxes
during shallow (DOY 1-30, 41-70, 11-40 and 41-70 during 2002, 2003, 2004 and 2005
respectively), intermediate (DOY 121-150, 146-175, 181-210 and 121-150 during 2002, 2003,
2004 and 2005 respectively) and deep (DOY 251-280, 251-280, 291-320 and 241-270 during
2002, 2003, 2004 and 2005 respectively) water table depth (WTD) hydroperiods (delineated by
vertical dotted lines in Figs. 3-2 to 3-5) over a tropical peatland at Palangkaraya Peat Swamp
Forest, Indonesia. Closed symbols are averages of 30 hourly values more than 1/3 of which were
EC measured CO> fluxes recorded at u* (friction velocity) > 0.17 m s'. Open symbols are

averages of 30 hourly values less than 1/3 of which were EC measured CO> fluxes recorded at u*
>0.17ms’!
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Fig. 3-8. Relationships between monthly simulated net ecosystem productivity (NEP), gross
primary productivity (GPP) and ecosystem respiration (Re), and monthly averaged simulated
water table depths (WTD) (from Figs. 3-2c, 3-3¢c and 3-4c for 2002, 2003 and 2004
respectively); and monthly EC-derived NEP (derived from EC-gap filled hourly CO; fluxes),
GPP and R. (calculated from monthly averaged daily values digitally obtained from Hirano et al.
(2007)), and monthly averaged observed WTDs (from Figs. 3-2c, 3-3c and 3-4c for 2002, 2003
and 2004 respectively) during 2002-2004 over a tropical peatland at Palangkaraya Peat Swamp
Forest, Indonesia. Negative values of WTD mean depths below the hollow surface
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Fig. 3-9. Simulated daily drained vs. undrained water table depths (WTD) (Sect. 3-2.2.6) during
2002-2005 over a tropical peatland at Palangkaraya Peat Swamp Forest, Indonesia. Drained
WTDs are the same as those in Figs. 3-2¢, 3-3c, 3-4¢ and 3-5¢ for 2002, 2003, 2004 and 2005
respectively. Negative values of WTD mean depths below the hollow surface and positive values
mean depths above the hollow surface
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Fig. 3-10. Five-day moving averages of simulated daily net ecosystem productivity (NEP) for
drained vs. undrained conditions (Sect. 3-2.2.6) during 2002-2005 over Palangkaraya Peat
Swamp Forest, Indonesia. Drained values are the same as those in Figs. 3-2 to 3-5
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Fig. 3-11. Vertical profile distributions of peat soil aqueous oxygen concentrations simulated
under hummock surface during shallow water table depth (WTD) hydroperiods (DOY 15, 55, 25
and 55 of 2002, 2003, 2004 and 2005 respectively), intermediate WTD hydroperiods (DOY 135,
160, 195 and 135 of 2002, 2003, 2004 and 2005 respectively), and deep WTD hydroperiods
(DOY 265, 265, 305 and 255 of 2002, 2003, 2004 and 2005 respectively) over a tropical
peatland at Palangkaraya Peat Swamp Forest, Indonesia. Km = Michaelis-Menten constant (0.064
g m) for microbial, root and mycorrhizal uptake (A17a, Cl4c) in ecosys

115



Chapter 4 : Modelling Hydrological Controls on Peat Water Content, Water Table Depth
and Surface Energy Exchange of a Boreal Western Canadian Peatland
4-1. Introduction

Northern boreal and sub-arctic peatlands comprise 75-80% of total global peatland area
(Frolking et al. 2011) and have been accumulating soil carbon at a rate of 19-24 g m? yr’!
(Flanagan and Syed 2011) over more than 6,000 years (Zoltai and Vitt 1990). These peatlands
have formed mainly due to slow decomposition in saturated soils under shallow or above-ground
water table (WT). However, these peatlands are projected to shift from carbon sinks to sources as
a result of water table depth (WTD) drawdown due to increased frequency and intensity of
droughts over the upcoming millennium (Frolking et al. 2011). Deeper WT along with warmer
weather can cause rapid aerobic decomposition in these peatlands and hence can further
contribute to atmospheric CO> (Cai et al. 2010). Moreover, WTD drawdown can hinder
evapotranspiration (E7) due to drying of peat surfaces, bryophytes (e.g. moss) and/or vascular
plant water stress (Dimitrov et al. 2011). Intensive drying of mosses as well as vascular plant
water stress can in turn cause reductions in gross primary productivity (GPP) of these peatlands
thereby impeding peat accumulation (Lafleur et al. 2005, Dimitrov et al. 2011, Peichl et al.

2014).

Seasonal and interannual variations in northern peatland WTD arise from variable
balance among precipitation (P), ET, and lateral water fluxes in the forms of surface run-on/run-
offs and sub-surface recharge/discharge. However, these WTD variations are not only affected
by ET but also can affect peatland E7. The WTD-ET interaction is largely mediated by the
moisture retention characteristics of a peat and its interaction with the peat forming vegetation.

Peats with low moisture holding capacity can be rapidly drained with WTD drawdown. When
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WTD falls below a certain threshold level in these peats, capillary rise from WT becomes
inadequate to supply moisture to the shallow rhizoids of the mosses which causes a reduction in
moss evaporation (E). This WTD threshold depends upon moisture supplying capacity of a
particular peat through capillary rise. Vascular plant roots, however, can penetrate much deeper
than the moss rhizoids and thus are expected to sustain water uptake and hence transpiration (7)
during deeper WT periods. If the reduction in moss £ due to this near surface peat desiccation
cannot be offset by vascular 7, the peatland ET declines (Dimitrov et al. 2011). However,
drawdown of WT beyond the root zone of the vascular plants can cause a reduction in vascular
water uptake and hence canopy stomatal conductance (g¢), 7 and GPP (Lafleur et al. 2005, Peichl
et al. 2014). Unlike these peats with low moisture holding capacity, those with high moisture
holding capacity can supply adequate moisture to the mosses through capillary rise and can hold
adequate moisture for vascular uptake. Consequently these peatland ecosystems do not
experience water stress and hence reductions in E7 and GPP due to similar drawdown of WTD
(Parmentier et al. 2009, Wu et al. 2010). Therefore, the effects of WTD on ET vary across
peatlands depending upon the interaction of WTD, peat specific soil moisture retention and

rooting depths of peat forming vegetation.

WTD variations also determine the transition between aerobic and anaerobic zones and
govern the O; status and energy yields for microbial and root respirations through its effects on
peat moisture retention and hence aeration. Peats that have low moisture holding capacity at
deeper WTD periods can be drained rapidly with WTD drawdown that improves soil O> status
and hence stimulates peat respiration (Sulman et al. 2009, Cai et al. 2010, Sulman et al. 2010).

However, some peats can retain very high moisture content at deeper WTD periods thus
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resulting in poorer peat drainage and O> status and hence less increase or no response of peat

respiration to deeper WTD (Parmentier et al. 2009, Sonnentag et al. 2010).

Therefore, to better apprehend how these northern boreal peatlands would behave under
future drier and warmer climates and hence to assess the need to restore and sustain the carbon
sinks of these peatlands, it is imperative to have improved predictive capacity for the seasonal
and interannual variations in the interactions between peatland hydrological and biogeochemical
processes. To acquire this capacity, significant efforts have been made in developing and testing
process-based models of eco-hydrological interactions in these peatlands (Sulman et al. 2012).
However, most of these models still have some key limitations that prevent them from
adequately simulating WTD effects on GPP and ecosystem respiration (R.) (Sulman et al. 2012).
One of the key limitations in most of the existing process-based peatland models is the lack of a
prognostic WTD simulation from vertical and lateral water fluxes (Frolking et al. 2002, Zhang et
al. 2002, Van Huissteden et al. 2006, Kurbatova et al. 2009, St-Hilaire et al. 2010). This hinders
those models’ ability to simulate a continuous anaerobic zone below WTD in which R. is

suppressed resulting in peat formation (Sulman et al. 2012).

Prognostic WTD dynamics in process-based peatland models can be simulated from
hydraulically driven vertical and lateral water fluxes. However, northern peatlands differ
between two major classes i.e. fens and bogs, in terms of lateral water exchange (Tarnocai et al.
2006). Fens are known to receive water laterally from surrounding mineral soil WT whereas
bogs are entirely precipitation fed. So, process-based modelling of fen WTD variation poses an
additional challenge in accounting for lateral water inflow from adjacent upland ecosystems.
Bond-Lamberty et al. (2007) accounted for this lateral inflow as a function of P while simulating

site-specific lateral water gain in a poorly drained forest of Manitoba, Canada. However, a more
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universal solution of hydraulically driven lateral water transfer scheme based on Darcy’s law in a
process-based ecosystem model ecosys reasonably well simulated lateral water exchange of a
northern boreal fen peatland (Grant et al. 2012b), and a boreal peat-mineral soil transitional

ecotone (Dimitrov et al. 2014).

WTD variation can affect seasonal and interannual variation in peat moisture content.
The effects of WTD on peat moisture contents are mediated by peat moisture retention
characteristics. The peat moisture retention characteristic in current process-based peatland
models is predominantly simulated from numerical solution of soil moisture content as a
function of height above the WT (i.e. soil matric water potential) using either a linear (Zhang et
al. 2002) or a Campbell (Campbell 1974) type power function (Frolking et al. 2002, St-Hilaire et
al. 2010). These models, however, do not simulate a prognostic WTD, and hence uses WTD as
inputs from site measurements in these numerical solutions (Frolking et al. 2002, Zhang et al.
2002, Kurbatova et al. 2009, St-Hilaire et al. 2010). A more complex process-based model
ecosys simulates a prognostic WTD dynamic that affects soil moisture retention through a log-
transformed Campbell model (defined as a modified Campbell model or MCM hereafter) which
enabled the model to reasonably well simulate peat moisture retention in a northern boreal
peatland (Dimitrov et al. 2010b). The Campbell type (Campbell 1974) function or its
modification(s) (e.g. MCM in ecosys) usually results in a hyperbolic relationship (J-shape)
between soil moisture content (6) and soil matric water potential (ym) while simulating soil
moisture desorption with decreasing ym (Fig. 4-1). However, many peats have moisture retention
characteristics that follow sigmoidal (S-shape) logistic curves (Pdivénen 1973, Weiss et al. 1998,
Gnatowski et al. 2010, Dettmann et al. 2014) with inflection points (i) (Fig. 4-1). Application

of desorption equation like Campbell model or its modification(s) in simulating these types of
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peat moisture retention could thus lead to a significant underestimation of near saturation peat
water contents (Fig. 4-1). This in turn can cause a substantial overestimation of peat aeration and
hence respiration in those peatlands. A van Genuchten type (Van Genuchten 1980) soil moisture
retention function can address this challenge by simulating sigmoidal or S-shape moisture
desorption curves with regressing ym (Fig. 4-1). The van Genuchten model (VGM) is in fact the
most commonly used soil moisture retention equation in current hydrological modelling of
mineral soils (Dettmann et al. 2014). This equation also well simulates a wide range of measured
peat moisture retention curves from J-shape (Silins and Rothwell 1998, Weiss et al. 1998) to S-
shape (Pdivdnen 1973, Weiss et al. 1998, Gnatowski et al. 2010) and hence is suggested to be the
most suitable one for moisture retention modelling across peatlands (Dettmann et al. 2014).
Despite the advantages, VGM has not been very commonly used thus far in peatland models in
simulating seasonal and interannual variations of peat 6 as affected by WTD variations. In fact,
Schwirzel et al. (2006) performed the only modelling so far by using hydrological model
HYDRUS in a drained German peatland that showed VGM can successfully be used in
simulating seasonal and interannual variations of peat € in a 1D soil-plant-atmosphere moisture
scheme. So, investigating the applicability of VGM in simulating peat 6 variations while coupled
with a detailed 3D soil-plant-atmosphere moisture scheme in ecosys would further improve our

predictive capacity of seasonal and interannual variations in peat moisture retention.

Variation in 6 as affected by variation in WTD can affect peatland E7" and hence GPP.
The effects of peat moisture retention on peatland £7 and GPP in most of the process-based
peatland models are currently computed by using scalar functions to account for moisture
limitations to ET and GPP under either very dry or wet soil conditions (Frolking et al. 2002,

Zhang et al. 2002, Bond-Lamberty et al. 2007, St-Hilaire et al. 2010, Sulman et al. 2012). This
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approach has its own limitation because soil-vegetation-climate moisture feedbacks vary across
peatlands depending upon the interaction between peat moisture retention and peat forming
vegetation as discussed above and so these scalar functions need to be parameterized for every
site. So, to improve our predictive capacity of variable WTD feedbacks to ET across peatlands
we need a more universal solution of peatland E7 while equilibrating vegetation-atmosphere
moisture exchange with vegetation water uptake in a soil-plant-atmosphere hydraulic scheme.
Instead of using site specifically parameterized scalar functions, this hydraulic scheme can
equilibrate atmospheric E7 demand from surface and canopy energy balances with moisture
supply by vegetation as mediated by (1) rooting profiles resulting from root-WTD interactions
and (2) a series of water potentials (e.g. soil, root and canopy water potentials) and hydraulic

resistances (soil, root, canopy surface and/or stomatal resistances).

4-1.1. Objectives and rationale

Given the importance of interactions among WTD, peat moisture retention and peat
forming vegetation in modelling WTD effects on E7 and GPP across peatlands, the present study
aims at using a process-based ecosystem model ecosys to (1) examine the applicability of the van
Genuchten model in improving simulation of peat moisture desorption, and (2) simulate seasonal
and interannual variations of WTD by coupling vertical and lateral water fluxes determined by
the improved moisture retention and water exchange through vertical and lateral model
boundary, and (3) simulate and thereby better understand the effects of seasonal and interannual
variations in soil moisture and WTD on surface energy exchange while modelling process-based
feedbacks between hydrology and ecology of a Western Canadian boreal fen peatland (Syed et

al. 2006, Flanagan and Syed 2011) in Alberta, Canada.
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Improvement of peat moisture simulation in this study would be accomplished by
replacing the existing moisture retention function (MCM) in ecosys with the VGM and testing
the VGM vs. MCM daily outputs for # against daily site measurements. With the improved
moisture retention function, ecosys outputs of hourly WTD and energy fluxes (e.g. latent and
sensible heat fluxes) would then be tested against site measurements to examine how well ecosys
would simulate seasonal and interannual variations in WTD and surface energy exchange of
Western Canadian peatland (WPL) site. After the testing of modelled outputs against
measurements, comparative studies of modelled and measured WTD and surface energy
exchange would be performed between shallow and deep WTD hydroperiods to examine and
explain WTD effects on surface energy exchange of WPL. This rigorous testing of model
outputs against measurements as well as examination of contrasting responses of surface energy
exchange between different WTD periods is likely to improve our predictive capacity and
insights of how the northern boreal peatlands’ eco-hydrology would be affected by future drier

climates.

4-1.2. Hypotheses

Soil moisture retention in ecosys is simulated by numerical solution of soil water matric
potential (ym) as a function of 6 in a log-transformed Campbell model (MCM) (Fig. 4-1). This
enabled ecosys to successfully simulate near surface peat 6 in a tropical (Fig. 2-2) and a boreal
(Dimitrov et al. 2010b) bog peatland. However, those peats had low near saturation moisture
holding capacity and hence exhibited rapid pore drainage immediately below saturation thereby
matching the J-shaped moisture retention curve in MCM when simulating decreasing 6 with
declining wm (Fig. 4-1). Measurements of peat 6 in the fen peatland at WPL by Cai et al. (2010)

and Long et al. (2010), however, showed that unlike those bog peats, fen peats retained high 6
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near saturation and then drained rapidly when declining WTD caused ym to decrease below a
threshold (i.e. air entry potential, ye) thereby producing a sigmoidal (S-shape) moisture retention
curve. Since VGM simulates sigmoidal moisture desorption curves we, therefore, hypothesize
that substituting MCM with VGM in ecosys would better simulate peat 8 measured in WPL. This
test of VGM vs. MCM in ecosys for simulating peat 8 would improve our predictive capacity of

peat moisture retention across peatlands.

Variation in peat 6 is also affected by changes in site hydrology that affect variation in
WTD that in turn affects peat matric water potential (ym). Flanagan and Syed (2011) measured a
gradual drawdown of growing season (May-August) WTD from the wettest growing season of
2004 to the driest growing season of 2009 at the WPL. This gradual drawdown of WTD
provided us with an opportunity to test the robustness of the model hypothesis that ecosys would
simulate this gradual WTD drawdown from gradually decreasing vertical influx (P) to efflux

(ET) and lateral influx (recharge) to efflux (discharge) ratios.

The gradual WTD drawdown from wetter to drier growing seasons at the WPL also
caused ecosystem drying as evaluated by actual to potential E7 (ETo/ET,) (Flanagan and Syed
2011). A decrease in growing season (May-August) ET./ET, was apparent from eddy covariance
(EC) measurements by Flanagan and Syed (2011) when average growing season WT fell below a
threshold level during drier growing seasons of 2008 and 2009 compared to other growing
seasons (e.g. 2004-2007). We hypothesize that ecosys would be able to model this threshold
WTD response to E7 in the WPL by simulating feedbacks between WTD and ET as mediated by
vertical water fluxes controlled by the interaction between plant water relations and soil moisture

retention improved with the use of VGM.
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4-2. Methods
4-2.1. Model development

Ecosys is a process-based general purpose terrestrial ecosystem model that successfully
simulated 3D water, energy, carbon and nutrient (N, P) cycles across peatlands (Dimitrov et al.
2010b, Grant et al. 2012b, Sulman et al. 2012) (Chapters 2-3). Ecosys algorithms that govern
simulations of soil moisture retention, WTD and surface energy exchange which are related to
our hypotheses are described below. The equations that are listed in the appendices A to H at the
end of the chapter are cited in the text within round brackets with a letter representing a

particular appendix followed by the equation number.

4-2.1.1. Water table depth (WTD)

The WTD in ecosys is calculated at the end of each time step as the depth to the top of the
saturated zone below which air-filled porosity is zero (C1). This WTD is the depth at which
lateral water flux is in equilibrium with the difference between vertical influxes (P) and effluxes
(ET). The lateral water flux in ecosys is governed by the lateral sub-surface boundary condition.
This lateral sub-surface boundary condition in ecosys is defined by a specified external WTD
(WTDx) and a specified lateral distance (L{) over which lateral sub-surface water flow occurs
(Fig. 4-2). This WTDx represents average WTD of the surrounding watershed with which
modelled boundary grid cells exchange water. The lateral water fluxes are governed by the
hydraulic gradient between the WTD within the modelled grid cell and WTDx over L in a
Darcy’s equation, and by macropore and matrix hydraulic conductivity of the soil layer in which
these fluxes occur (Fig. 4-2). Thus when WTD within modelled grid cells is shallower than
WTDx, discharge through the model lateral boundary occurs and when WTD falls below WTDx

recharge into the modelled grid cells occurs (Fig. 4-2). The WTD in ecosys is thus not
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prescribed, but rather controls, and is controlled by, vertical and lateral surface and sub-surface

water fluxes (A1-A7, B1-B5, B18-B24).

4-2.1.2. Vertical water fluxes

Vertical surface boundary influxes from P are provided as inputs to the model, as are
solar radiation, air temperature, humidity and wind speed used to drive energy balance
calculations. These calculations drive vertical surface boundary effluxes of E7T from vascular
canopy surfaces (E2-E3), and of evaporation (£) from non-vascular canopy (E2), residue (A6)
and soil surfaces (A7). These effluxes are coupled with subsurface water transfers through root
(F1-F6) and soil (B1-B5, B18-B24) profiles within the modelled grid cells. Both lateral and
vertical subsurface water flows through soil matrices within the modelled grid cells (B2) are
calculated from the Richard’s equation using total soil water potentials (%) (matric + osmotic +
gravimetric) of adjacent cells if both source and destination cells are either saturated or
unsaturated (B3), or from the Green-Ampt equation using ys beyond the wetting front of the
unsaturated cell if either cell is saturated (B4-B5) (Grant et al. 2004). Vertical and lateral
subsurface water flows can also occur within the soil profiles through macropores using Hagen-
Poiseuille’s theory for laminar flow in tubes (B18-B21), depending on inputs for macropore

volume fraction (B22) (Dimitrov et al. 2010b).

Vertical surface boundary effluxes from vascular 7" (E3) are governed by canopy
conductance (g¢) (=1/rc, where r. = canopy stomatal resistance) determined by equilibrating plant
water uptake (Uy), calculated from gradients of soil, root and canopy water potentials (s, y; and
w.) regulated by soil and root hydraulic resistances (s and €) in each rooted soil layer, with T

calculated from canopy energy exchange within a soil-plant-atmosphere continuum (F6). Since
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non-vascular plants lack stomatal regulation, £ from non-vascular canopy is predominantly
determined by vapor pressure gradient between the canopy and adjacent air (E3) and a specified
fixed canopy surface resistance to £ (E6). Non-vascular Uy is modelled similarly to the vascular

canopy-root-soil hydraulic scheme.

Root/rhizoidal growth used to calculate s and £ in each plant population is calculated
from its assimilation of the non-structural C product of CO, fixation (oc) (G8). Assimilation is
driven by growth respiration (R,) (G7) remaining after subtracting maintenance respiration (Rm)
(G6) from autotrophic respiration (R,) (G1) driven by oxidation of oc (G2-GS5). This oxidation in
roots/rhizoids may be limited by root/rhizoidal O reduction (G3), required to sustain C oxidation
and nutrient uptake (G5). Reduction is driven by root/ rhizoid O, demand, and constrained by
root/rhizoidal O uptake controlled by concentrations of aqueous O2 in the soil ([O2s]). Values of
[O2s] are maintained by convective-dispersive transport of O through soil gaseous and aqueous
phases (H3, HS) and by dissolution of O, from soil gaseous to aqueous phases (H1). Root O>
uptake in vascular plants is also controlled by concentrations of aqueous O> in roots ([O2]) (G4).
Values of [Oz] in vascular plants are maintained by convective-dispersive transport of O:
through the root gaseous phase (H4) and by dissolution of O from root gaseous to aqueous
phases (H2). This transport depends on species-specific values used for root air-filled porosity
(aerenchyma) () (HS5). Ecosys, however, does not simulate atmosphere to rhizosphere O>

transport through non-vascular rhizoids (6 = 0).

Slower production of oc in under-storey non-vascular plants (e.g. mosses) is modelled in
ecosys from inter-specific competition for light and nutrients (N, P) with over-storey vascular

plants and from intra-specific competition for those resources due to large moss population (G9).
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This slower oc production in the moss canopy causes less shoot-rhizoid transfer of oc and hence
slower rhizoid growth respiration (Rg) (G7) and growth by individual moss plants. This in turn
results in shallower moss rhizoids. Absence of aerenchyma in moss rhizoids hinders rhizoid O>
uptake and hence oxidation of oc that further slows moss rhizoid Rg and growth in wet deeper
peat layers where [Oas] is inadequate for oc oxidation (G9-G10). This limits moss rhizoids
mostly to near surface peat layers that are frequently unsaturated. When WTD deepens past a
certain point, inadequate capillary rise causes near-surface peat desiccation (B2-B5), reducing %
and increasing Qs (F3) of those layers. This in turn causes a reduction in moss canopy water

potential () while equilibrating moss E with Uy, (F6).

Deeper rooting by larger vascular plants in ecosys, on the other hand, is facilitated by
greater root growth stimulated by greater assimilation and consequent rapid shoot-root transfer of
oc due to more access to light and less intra-specific competition with lower populations than
mosses, as well as Oz transfer through root aerenchyma into wet deeper peat layers (G2-GS5, H2,
H4-H5). This deeper rooting pattern and consequent increased Uy from the wetter deeper layers
enables those vascular plants to offset the suppression of Uy from desiccated near surface layers.
Those vascular plants can therefore limit the reduction in y. and gc and can sustain 7 (E3, E6)

during deeper WTD.

4-2.1.3. Lateral water fluxes

Lateral surface runoff within the modelled grid cells and across lower surface boundaries
is modelled using Manning’s equation (A2) with surface water velocity (A3) calculated from
surface geometry (A4) and slope (AS), and with surface water depth (A2) calculated from

surface water balance (Al) using kinematic wave theory. Lateral flows through subsurface
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boundaries are controlled by WTDx, used to represent watershed effects on landscape hydrology,
and L. (Fig. 4-2). Lateral subsurface flows from saturated boundary grid cells are calculated from
their lateral hydraulic conductivities, external hydraulic gradients determined by elevation
differences between these grid cells and the WTDy and L; (B23-B24). These lateral fluxes thus

both determine, and are determined by WTD, which in turn determines surface fluxes.

4-2.1.4. van Genuchten (VGM) model vs. modified Campbell model (MCM) in simulating
vertical and lateral water fluxes

The rates of vertical and lateral fluxes through soil matrices in ecosys are governed by
hydraulic gradients and unsaturated hydraulic conductivities in Richard’s or Green-Ampt
equations that are affected by soil matrix moisture retention. Soil matrix moisture retention in
ecosys 1s currently simulated by log-transforming a Campbell equation (Eq. 4-1) (Campbell
1974) in two segments, one above field capacity (Egs. 4-3b and 4-4b) and the other below (Egs.
4-3a and 4-4a) instead of using a parameter value for b representing peat soil texture as

suggested by Letts et al. (2000) (Frolking et al. 2002, St-Hilaire et al. 2010).

0

N

v,(0)= V/'(EJ (4-1)

Log-transforming equation (1) we had,
v, (0)= exp[lnw’er(lan —lnﬁ)] 4-2)
Splitting the curve derived from equation (2) into two sub-curves at field capacity we had,

v, (0) = exp[lny , +b(Inb, , ~In6)](if 0<0, ;)

- (4-3a, b)
= exp[lnt/f’ +b(Ind, —lnH)] (if020,,)
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In equation 4-3(a, b) b was calculated as,

_ W Wy ep gy
Ing, . ~nd,,, ne
’- ’ (4-4a, b)

- %(if 020, )
Where, wm(6)= soil water matric potential (-MPa) as a function of & G=ambient soil moisture
content (m> m™); w=soil water matric potential at air-entry/saturation (-MPa); @=soil moisture
content at saturation (m> m™); b=dimensionless parameter representing influence of soil texture
on slope of moisture retention curve; yr and 6. r=soil water potential (-MPa) and soil moisture

content (m®> m™) at field capacity; wwp and 6 wp=soil water potential (-MPa) and soil moisture

content (m*> m™) at wilting point.

This modification of Campbell model (Egs. 4-3 to 4-4) enabled ecosys to take advantage of
available measurements of field capacity and wilting point that have physical meanings. Total
porosity of a grid cell is calculated from dry bulk density (pb) input and is used as & for that grid
cell. yt and sy are user defined (y=-0.01 MPa and wwp=-1.5 MPa for peat soils) and & s and

6 wp are model inputs based on site measurements.

Simulation of peat moisture desorption by the MCM in ecosys has been tested only
against the measurements from peat soils with low near saturation moisture holding capacity
(Dimitrov et al. 2010b) (Chapter 2). In those studies, the peat @ started dropping sharply right
below ' and consequently were well modelled by the MCM in ecosys. However, MCM could
underestimate 6 of peats that retain high moisture near y " and rapidly drain below a threshold

(i.e. air entry potential, ye) (Fig. 4-1). The Van Genuchten model (VGM) (Van Genuchten 1980)
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(Egs. 4-5 and 4-6) can better model this type of retention by simulating higher 6 near saturation,

with sharp declines in & when yim declines below . (Fig. 4-1).

0-6.
Se=0 g (4-5)
L n
v, (0)=-———;wherem=1-1/n (4-6)
a

where, Se=relative degree of saturation (Fig. 4-1); G=residual soil moisture content (m*> m™); n
=van Genuchten parameter that describes the mean slope of the desorption curve or the range of
pore size distribution; o= equivalent to the inverse of the pressure head at . (i.e. a=1/air entry

potential) that governs the shape of desorption curve (-MPa™).

A higher value of « in VGM (Eq. 4-6) can simulate larger 6 at a given ym compared to MCM
(Fig. 4-1). However, an accompanying higher n value would also simulate rapid pore drainage
once the ym falls below the ye (Fig. 4-1). Values for the VGM parameters &, n and o (Egs. 4-5
and 4-6) are usually derived from inverse optimization by using least square method while fitting
sets of measured 6 and corresponding ym (Van Genuchten et al. 1991). However, substitution of
MCM with VGM in ecosys requires use of a simpler method for this parameter optimization to
make use of the existing input structure of ecosys that only requires inputs for commonly
measured soil physical and hydrologic parameters such as py to calculate 6;, 6.t and & wp. This
simple parameter optimization in VGM version of ecosys is thus performed by solving B8-B15
using a maximum of 19000 iterations up to the point at which the squares of the differences
between observed and simulated ¢, and 6wp approaches <10°. To obtain a unique set of the

VGM parameters from a particular optimization, an additional input for win (B10) for each soil
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layer is required (Fig. 4-1). This i represents the point of the sign inversion on the S-shaped
semi-logarithmic VGM desorption curve and can be estimated from measured soil moisture
retention curves (Fig. 4-1). The inputs for y;» would affect the values of @ in VGM curves (B10)
and thus would govern the extent of moisture retention close to saturation water potential. For
instance, a lower yin input would result in a higher & (B10) and a consequent lower . (since

a~1/ye) and hence a higher moisture retention at lower matric potentials and vice-versa (Fig. 4-

1.

4-2.1.5. Snowpack and freezing-thawing

Snowpack hydrology and freeze-thaw dynamics of snowpack, surface residue and soil are
integral parts of northern boreal peatland water balances. Ecosys simulates snowpack as a single
layer. Depth of the snowpack is calculated by dividing bulk volume of snow, water and ice in the
snowpack by the basal area of the snowpack (D5). The snow density (D5) increases over time
with melting of snow to water and refreezing as ice (D6). The snowpack exchanges heat with the
atmosphere (D1), residue and soil surface through conduction and vapor convection (D2, D4).
Snowmelt water directly infiltrates into residue and soil surface and can run-off when the rate of

snowmelt exceeds that of infiltration.

Freezing and thawing are calculated when snowpack, surface residue or a soil layer
temperature falls below or rise above the freezing point of the snowpack, surface residue or that
soil layer. Freezing point of the snowpack is considered the same as freezing point of free water
while for each soil and residue layer it is calculated from freezing point depression equation

using s (D3). The rate of freezing or thawing is calculated from a 3D general heat balance
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equation governed by bulk heat capacity, vertical and lateral heat fluxes, and the difference

between ambient and freezing temperature of each of snowpack, residue or soil layers (D2).

4-2.2. Modelling experiment
4-2.2.1. Study site

The eco-hydrology algorithms in ecosys are tested in this study against measurements of
peat water content, WTD and ecosystem energy fluxes from 2003 to 2009 in a flux station of
Fluxnet-Canada Research Network established at the WPL (latitude: 54.95°N, longitude:
112.47°W). The study site is a moderately nutrient rich treed fen peatland within the Central
Mixed-wood Sub-region of Boreal Alberta, Canada. Peat depth around the flux station was about
2 m. This peatland is dominated by stunted trees of black spruce (Picea mariana) and tamarack
(Larix laricina) with an average canopy height of 3 m. High abundance of a shrub species Betula
pumila (dwarf birch), and the presence of a wide range of mosses e.g. Sphagnum spp., feather
moss, and brown moss characterize the under-storey vegetation of WPL. The topographic,

climatic, edaphic and vegetative characteristics of this site were described in more details by

Syed et al. (2006).

4-2.2.2. Field data sets

Ecosys model inputs of half hourly weather variables i.e. incoming shortwave and
longwave radiation, air temperature, wind speed, precipitation and relative humidity during
2003-2009 were measured at the micrometeorological station established at WPL (Syed et al.
2006). Ecosystem net radiation (R,) was calculated by Syed et al. (2006) from measured
incoming and outgoing shortwave and longwave radiation. Modelled outputs of hourly WTD and
daily 0 were tested against site measured WTD (with respect to average hummock surface) and 6

(at 0.075, 0.1 and 0.125 m depths from hummock surface) to test adequacy of WTD and peat
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moisture retention simulation in ecosys (Flanagan and Syed 2011). Since snowpack hydrology is
an important component of WPL water balance, modelled outputs of hourly snowpack depth
were also tested against measured snowpack depths. To examine how well ecosys simulated the
surface energy exchange and hence vertical boundary water effluxes, hourly modelled latent heat
(LE) and sensible heat (H) fluxes were tested against eddy covariance (EC) measurements of LE
and H by Flanagan and Syed (2011) and Syed et al. (2006). Along with LE and H fluxes, net
ecosystem CO; fluxes were also measured by using EC micro-meteorological approach in
Flanagan and Syed (2011) and Syed et al. (2006). Erroneous EC LE, H and CO; measurements
due to stable air condition were screened out by using a friction velocity (#*) of 0.15 m s (Syed
et al. 2006). The resultant data gaps were filled by extrapolation of valid measurements using
moving windows of 15 day periods (Wever et al. 2002, Syed et al. 2006). Net CO> fluxes
partitioned into gross primary productivity (GPP) and ecosystem respiration (R.) by using
Fluxnet-Canada Research Network standard protocol except the application of an energy balance
closure adjustment (Syed et al. 2006). More details about site measurements, screening, gap-
filling and partitioning of EC fluxes can be found in Flanagan and Syed (2011), Syed et al.

(2006), and Wever et al. (2002).

4-2.2.3. Model runs

One model run for each of the MCM and VGM versions of ecosys was set up. Each of
these runs had a hummock and a hollow grid cell of ImxIm which exchanged water, heat,
carbon and nutrients (N, P) (Fig. 4-2). The hollow grid cell in each run had near surface peat
layer that was 0.3 m thinner than the hummock cell representing a hummock-hollow surface

difference of 0.3 m observed in the field (Long 2008a) (Fig. 4-2). Any depth with respect to the
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modelled hollow surface would thus be 0.3 m shallower than the depth with respect to the

modelled hummock surface.

Dry bulk density (pv) input for each soil layer was obtained from empirical relationships
between py, and peat depth in Flanagan and Syed (2011) constructed from measurements at the
WPL (Fig. 4-2). Input values for @ at field capacity (6,.t) and wilting point (&,wp) for each of the
layers were derived from generalized empirical equations of 6y and & wp as functions of o,
developed by (1969, 1970), Pdivinen (1973) and Szymanowski (1993) for northern boreal
peatlands (Fig. 4-2). Input values for matric potential at inflection point () for the top 0.19 m
of the VGM run were derived from moisture retention curves constructed by using 6
measurements at corresponding depths of WPL and the height of those measurement depths
above the water table (Fig. 4-2). win inputs for the remaining layers were derived from
generalized moisture retention curves by Boelter (1969, 1970), Pidivdnen (1973) and

Szymanowski (1993).

Due to the lack of pore-size distribution measurements in WPL, we could not use
measured values for macropore volume fractions (fmac) in the model. Instead we used an analogy
similar to that of Silins and Rothwell (1998) and Wosten et al. (2008) who calculated peat
macroporosity as the fraction of total porosity drained at matric water potentials very close to
saturation. This matric potential however, varied from -0.0004 to -0.004 MPa in those studies.
We therefore assumed the fraction of total porosity drained at a water potential of -0.003 MPa as
Omac for a particular layer and used those values as model inputs (Fig. 4-2). Higher moisture
retention in the two layers 0.065-0.085 and 0.085-0.115 m compared to the layer below was

indicated by soil moisture content measurements at depths corresponding to the mid-points of
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those layers. This was accordingly represented in our model runs by higher inputs of py, &, and
6wp and lower inputs of Gnac in those two layers compared to the layer below (Fig. 4-2).

Macropore saturated hydraulic conductivities in the model were calculated from the Gmnac
inputs by using Hagen-Poiseuille’s equation (B18-B22) (Dimitrov et al. 2010b). However,
saturated hydraulic conductivities for the remaining soil matrices (Ksmat) Were given as model
inputs (Fig. 4-2). Since the soil matrix in our modelling represented the fraction of bulk soil
excluding macropores, we used Ksmat values measured by Boelter (1969) for well decomposed
peat layers in a northern peatland. Lateral saturated hydraulic conductivity of the macropore and
the soil matrix fraction of each layer were assumed to be equal to its macropore and soil matrix
vertical saturated conductivity.

Both the VGM and the MCM model versions were run for a spin up period of 1961-2002
under repeating 7-year sequences of hourly weather data (solar radiation, air temperature, wind
speed, humidity and precipitation) recorded at the site from 2003 to 2009. Since measurements
of these weather variables at the site stopped at the end of September in 2009, we filled October-
December weather sequence in 2009 by those measured for the same period in 2008 to complete
the 7-year weather sequences in the spin up run. This spin up period allowed energy and CO>
exchanges in the model to achieve stable values through successive weather sequences.

To accommodate effects of catchment hydrology on fen peatland WTD, we set the WTDx
at different levels based on the annual wetness of weather e.g. shallow WTDx for wetter years,
intermediate WTDx for regular years, and deep WTDx for drier years (Fig. 4-2). This scheme
simulates larger hydraulic gradients between modelled WTD and the WTDx for lateral recharge
than discharge resulting in net lateral water gains in wetter years and net losses in drier years

(Fig. 4-2). The WTDx for the spin up runs was thus set at 0.19, 0.35, and 0.72 m below the
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hummock surface (0.11 m above and 0.05 and 0.42 m below the hollow surface) following
shallowest measured WTD in 2003-2005, average measured WTD in 2006-2007, and deepest
measured WTD in 2008-2009 representing a gradual drying trend in overall watershed hydrology
(Fig. 4-2). L; was set to a fixed 100 m in all directions for all years (Fig. 4-2). The lower
boundary condition in each of our model runs was defined such that there was no exchange of
water to represent the presence of clay sediment with very low permeability underlying the peat
(Syed et al. 2006) (Fig. 4-2).

At the beginning of the spin up run, the hummock grid cells were seeded with evergreen
needle leaf and deciduous needle leaf over-storey plant functional types (PFT) to represent the
black spruce and tamarack trees at the WPL. The modelled hollow grid cells were seeded only
with the deciduous needle leaf over-storey PFT (to represent tamarack) since the black spruce at
the site was found to grow only in the raised areas or hummocks. Each of the modelled
hummock and the hollow was also seeded with a deciduous broadleaved vascular (to represent
dwarf birch) and a non-vascular (to represent mosses) under-storey PFTs. These PFTs are the
same as those in earlier studies with ecosys in northern boreal ecosystems (Grant et al. 2009a,
Dimitrov et al. 2011, Grant et al. 2012b). The planting density was such that the population
density of the evergreen needle leaf and the deciduous needle leaf PFT was 0.16 and 0.14 m™ at
the end of the spin up run after accounting for annual mortality, thereby representing the site
measured population of the two dominant over-storey species during the study period (Syed et al.
2006). The under-storey deciduous broadleaved and the moss PFTs had population densities of
0.3 and 500 m™ at the end of the spin up run. To include wetland adaptation, we selected a value

of 0.1 for root porosity (&) used in calculating root O2 transport through aerenchyma (H6) in the

two over-storey PFTs. A higher 6, value of 0.3 for the under-storey vascular PFT was selected
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to simulate better wetland adaptation in the under-storey vegetation at the WPL. We did not use
any porosity for non-vascular moss rhizoids and hence did not simulate O> transport through
mosses. These input values for vascular 6, fall within the range of root porosities (0.01-0.34)
measured for various plants taken from northern temperate and boreal bogs, fens and reed
swamps (Cronk and Fennessy 2001). &, in wetland adapted species can also vary with intensity
of waterlogging (Cronk and Fennessy 2001). However, current versions of ecosys used the set
input for G, to simulate O transport from atmosphere to rhizosphere through roots which did not
vary with intensity in waterlogging.

When the modelled ecosystem had attained dynamic energy and carbon equilibria at the
end of the spin up run, we continued the spin up run from 2003 to 2009 for each of the MCM and
VGM versions of ecosys by using a real-time weather sequence. We tested our outputs from
2004-2009 of the simulation runs against the available site measurements of peat water contents,
WTD and energy exchange over those years.
4-2.2.4. Model validation

Daily measured soil water contents at 0.075, 0.1 and 0.125 m depths were used to
corroborate daily modelled MCM and VGM soil water content outputs from the layers whose
mid-points corresponded to the measurement depths. Hourly modelled WTD was first averaged
50:50 over the modelled hummock and the modelled hollow for both MCM and VGM runs and
then tested against the hourly measured WTD. Comparative model performance of MCM vs.
VGM was examined by comparing R?, and RMSE from regressions of modelled on measured
and measured on modelled soil water contents and WTDs (with respect to the hollow surface)
respectively. A higher R*> and a lower RMSE would mean a better performance in simulating

peat moisture desorption and WTD. Since soil moisture content and WTD data do not always
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follow a normal distribution, an additional analysis of comparative model performance was done
based on an index of agreement (d) proposed for model performance comparison by (Willmott

1981, 1982) and Willmott and Wicks (1980) (Eq. 4-7).

n

>(R-0y

d=1-|-=
2(&1-lo?
i=1

:0<d<1;PP=P -0;,0' =0,-0 (4-7)
Where, n=number of observations; P=predicted value; O=observed value; O=mean of the
observed values. The nearer the d value to 1 the better would be the model performance. The
model that performs better between the two (MCM vs. VGM) based on the above mentioned
modelled vs. measured statistics of soil water contents and WTD would be used for further
analyses in the course of the study. The outputs from the remaining run would not be used any
further in this paper.

Hourly R, LE and H fluxes modelled by the version selected from the above test were
averaged 50:50 over the hummock and the hollow and then regressed on hourly measured EC
fluxes. Model performance in simulating those energy fluxes was evaluated from regression
intercepts (a—0), slopes (b—1) and coefficients of determination (R>—>1).
4-2.2.5. Analyses of model results

Model performance in simulating effects of WT deepening on surface drying of the
northern boreal peatland at WPL was evaluated by comparing modelled and measured Bowen
ratios (f) (=H/LE). To examine the short-term effects on WTD drawdown on £, hourly modelled
vs. half-hourly measured mid-day (2 hours before and after solar noon i.e. 1700-2100 local time)
p was compared for 3 hydroperiods of 3 days each with gradually deeper WTD. These

hydroperiods were chosen in mid-August of 2005, 2008 and 2009 on the basis of comparable
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weather conditions i.e. R, and vapor pressure deficit (D) in similar days and therefore
distinguished from each other predominantly by the WTD. To further examine the consistency of
the short-term effects of WTD drawdown on S over longer time scales, we also studied the
effects of WTD drawdown on average S over late (mid-July to mid-August) and whole (May-
August) growing seasons. Since atmospheric drivers like R, and D can also affect § we therefore
had to control for the effects of R, and D in examining the net effects of WTD on f. To control
for R, effects on f, only the mid-day fs that were measured and modelled under clear sky
condition i.e. incoming solar radiation >700 W m™ were selected and averaged over the late
and/or whole growing seasons. Effects of D on f were screened out by selecting three D classes
for both late (e.g. D=0.8-1, 1-1.2 and 1.2-1.4 kPa) and the whole growing season (e.g. D=1-1.5,
1.5-2 and 2-2.5 kPa) and by studying WTD effects on average £ in each of those three D classes.
The consistency of WTD effects on £ in each of those D classes would further ensure the
consistency of WTD effects irrespective of the effects of D on late and/or whole growing season
L. Those D classes were selected on the basis of the highest availability of measurements across
D classes over the specified period (e.g. late or whole growing season) throughout 2004-2009.

In ecosys complete energy balance closure is achieved while solving for canopy, soil,
residue and snow surface temperature (D1, E1) following energy and mass conservation theory,
whereas in the EC measurements, ecosystem energy fluxes e.g. LE and H can be underestimated
due to the lack of adequate convection and hence can yield incomplete energy balance closure
(Wilson et al. 2002). This difference in energy balance closure between the modelled outputs and
the EC measurements can also contribute to the divergence between modelled and measured
WTD effects on f. To examine this divergence we compared modelled vs. EC measured energy

balance closure for each year from 2004-2009. This energy balance closure was calculated as the
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slope of regression of H+LE on Ry,-G (ground heat flux) for both modelled and EC measured
(u*>0.15 m s™) energy fluxes. Since, G was not measured in the field we assumed G as 10% of
Ry as suggested by Kellner (2001).

Increases in GPP and ET across Canadian peatlands have been found to be closely
associated with each other, i.e. increases in GPP were positively correlated to increases in ET
(Brimmer et al. 2012). We thus compared modelled and measured water use efficiencies
(WUESs) calculated from modelled and EC derived GPP and ET (Eq. 4-8) to further evaluate

agreement or disagreement between modelled vs. measured ET.

WUE, = Fnetelet WUE — O it (4-8)
modelled E ’ EC-gapfilled ET
modelled EC-gap filled

Where, WUEmodelied and WUEgc.gap fiee=modelled and EC-gap filled WUE (g C kg' H,0);
GPProdetied and GPPparitionea=modelled GPP and partitioned GPP derived from EC-gap filled net
CO; fluxes (g C m? h'!) (Syed et al. 2006); ETmodeliecd and ETEc-gap filea=ET calculated from
modelled and EC-gap filled LE fluxes (kg HoO m™~ h).
4-3. Results
4-3.1. Peat moisture retention simulation by van Genuchten model (VGM) vs. modified
Campbell (MCM) model

The VGM version of ecosys better simulated peat@at 0.075, 0.1 and 0.125 m depths from
the hummock surface at the WPL than did the MCM version (Fig. 4-3a). This was apparent in
higher average modelled vs. measured R* (Figs. 4-4d, g, j) and d (Figs. 4-4de, h, k), and lower
average measured vs. modelled RMSE (root mean square for errors) by 0.05 m* m™ (Figs. 4-4f,

1, 1) in the VGM than in the MCM simulation of & at all depths in all years. Despite this large

divergence in @ simulations, the two model versions simulated the measured WTD at WPL
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almost equally well (Fig. 4-3b). This was apparent in very low differences in average modelled
vs. measured R? (0.08) (Fig. 4-4a) and d (0.09) (Fig. 4-4b) and measured vs. modelled RMSE
(<0.01 m* m™) (Fig. 4-4c) between the VGM and the MCM versions of ecosys for WTD in all

years.

This improved simulation of peat & by the VGM version of ecosys was achieved by
computing higher moisture retention compared to the MCM version when 6 was close to &
above the WT. For instance, VGM simulated & at 0.075, 0.1 and 0.125 m depths from the
hummock surface at the onset of springs in 2005-2007 which were very close to the measured 6
and >0.5 m®> m™ higher than the MCM simulated @ at the same depths when both the modelled
and measured WTD was within 0.1 m below the hollow surface (within 0.4 m below the
hummock surface) (Fig. 4-3a). However, at the end of May in 2006, when WTD fell below 0.1 m
from the hollow surface (below 0.4 m from the hummock surface), VGM simulated a gradual
drop in @ at all 3 depths that corresponded well with the measurements (Figs. 4-3a, b). The drop
in @ with the similar drop in WTD simulated by MCM occurred from a much lower initial € and
about a month earlier than the measured (Figs. 4-3a, b). During 2007 measured € remained close
to 0.7 m®> m™ until the end of June when WTD fell below 0.1 m from the hollow surface (Figs. 4-
3a, b). This trend was well captured by VGM but was completely missed by MCM (Figs. 4-3a,
b). Much earlier and more rapid drainage of peat pore in MCM during 2007 yielded more rapid
discharge and hence deeper WTD compared to the measurements (Fig. 4-3b). This trend of
greater modelled vs. measured WTD divergence in the MCM simulation also continued in 2008

and 2009 as apparent in lower MCM modelled vs. measured d compared to VGM (Fig. 4-4b).
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Since substituting MCM with VGM in ecosys substantially improved € simulation, we
hereafter use the outputs from ecosys modelling by using VGM to test the rest of the hypotheses

in this study.

4-3.2. Seasonal and interannual variations in modelled vs. measured WTD and &

Seasonal and interannual variation in WTD measured at the WPL were modelled by
ecosys from the balance between vertical and lateral water influxes (P and lateral recharge) and
effluxes (E7T and lateral discharge). During the growing season (May-August) of 2004, P
frequently exceeded ET resulting in a modelled WT that remained above the hollow surface for
most of the growing season (Figs. 4-5c and 4-6). This trend was also apparent in the site
measured WTD and the cumulative difference between P and EC-gap filled ET (P-ETEc-gap filled)
(Figs. 4-5c and 4-6). The shallow WTD was sustained by a shallow WTDx (=0.19 m) (Fig. 4-2)
that created a hydraulic gradient that simulated net recharge during 2004 (Fig. 4-7c) which
stabilized the modelled WTD at the shallowest position in 2004 compared to that of 2005-2009
(Figs. 4-5¢, f, 1, 1, o, r and 4-7a). This shallow WTD also enabled ecosys to simulate higher near
surface & (>0.5 m* m) at 0.075, 0.1 and 0.125 m depths below the hummock surface throughout
the growing season of 2004 (Fig. 4-5b). Short term drops in P to ET ratio during late June-early
July and late August resulted in a transient fall of modelled WTD below the hollow surface that
was apparent in WTD measurements (Fig. 4-5c). This transient drop of WTD caused a short-

term drop in near surface modelled € (Fig. 4-5a).

The WTDx (= 0.19 m) in 2005 was set the same as that in 2004 (Fig. 4-2). However, a
lower P and a consequently lower P to ET ratio during the growing season of 2005 caused ecosys

to simulate a deeper growing season WTD than in 2004 (Figs. 4-5f, 4-6 and 4-7a, b). This trend
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was also apparent in WTD measurements and the cumulative P-ETEc-gap filled at the WPL (Figs. 4-
5f, 4-6 and 4-7a). A deeper modelled WTD with respect to WTDy in 2005 than in 2004 caused a
larger hydraulic gradient that simulated more rapid lateral recharge in 2005 than in 2004 (Figs. 4-
2, 4-5f and 4-7c). This more rapid lateral recharge in 2005 caused WTD to remain less than 0.1
m below the hollow surface which enabled the modelled near surface peats to retain high & that

was well corroborated by the measurements (Fig. 4-5e).

The WTDx in 2006 (= 0.35 m) was deeper than that in 2005 and 2004 (= 0.19 m) (Fig. 4-
2) which created a smaller hydraulic gradient between modelled WTD and WTDy in 2006 that
generated less recharge (Figs. 4-5i and 4-7a). Less recharge along with declining P to ET ratio
caused a gradual drawdown of WTD from early June to August in 2006 that in turn caused
modelled @to gradually fall from ~0.7 to ~0.45 m*® m3at 0.1 m depth and from ~0.7 to 0.3 m® m™
at 0.075 and 0.125 m depths (Fig. 4-5h). This modelled trend of gradual WTD drawdown and the
declines in near surface & due to reduction in P to ET ratio was also apparent in WTD, #and P-
ETEc-gap filed measured at the WPL (Figs. 4-51, 4-6 and 4-7c). Smaller P to ET ratio along with
less recharge during the growing season of 2006 stabilized modelled WTD in the growing season

of 2006 at a deeper position than in 2005 (Figs. 4-51, 4-6 and 4-7a, b, c).

The WTDx (= 0.35 m) in 2007 was the same as that in 2006 (Fig. 4-2). However, P in
excess of ET during May 2007 caused modelled WTD to rise above WTDx creating a hydraulic
gradient which generated lateral discharge and eventually stabilized modelled WTD at a position
where the residual between P and ET equilibrated with the discharge (Figs. 4-2, 4-51, 4-6 and 4-
7¢). This early growing season discharge in 2007, however, ceased by the end of May when ET
exceeded P and the modelled WTD gradually receded thereafter and consequently WTD fell

below WTDx causing a hydraulic gradient that simulated lateral recharge (Fig. 4-2, 4-51 and 4-
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7¢). This gradual decline in modelled WTD also caused a gradual decline in near surface € from
late May to the end of the year (Figs. 4-51, 4-6 and 4-7a, c). This gradual decline in WTD and
hence near surface #in 2007 was similar to that in 2006 but unlike in 2006 it did not start until
late June in 2007 due to higher May-June precipitation in 2007 than in 2006 (Figs. 4-5g, h, i in
2006 vs. 4-5j, k, 1 in 2007). This modelled interannual variation between 2006 and 2007 in

declines of WTD and 8 was also well corroborated by site measurements (Fig. 4-5).

The WTDx in 2008 (= 0.72 m) was deeper than that in 2007 (= 0.35 m) (Fig. 4-2). This
was deeper than the modelled WTD during April-June in 2008 and generated a hydraulic
gradient that drove a larger lateral discharge than in 2007 (Figs. 4-2, 4-50 and 4-7c). This lateral
discharge caused a gradual drawdown of WTD from late-May to July in 2008 which in turn
caused a gradual decline in near surface € (Fig. 4-5n).This lateral discharge, however, ceased as
growing season progressed (Fig. 4-7c). Larger lateral discharge and lower P to ET ratio
stabilized the modelled WTD at a deeper position in the growing season of 2008 than in 2007
(Figs. 4-50, 4-6 and 4-7a, c). A large rainfall event in mid-August caused the near surface 6 to
increase by almost two-fold which was reasonably well modelled by ecosys (Fig. 4-5n). This
rainfall event also caused a rise in both modelled and measured WTs (Fig. 4-50). Although the
modelled seasonal trend in WTD and 6 in 2008 was well corroborated by the measured WTD
and 6, cumulative P-ETEgc-gap filed diverged from the cumulative difference between P and

modelled ET (P-ETsim) (Figs. 4-50, 4-6 and 4-7a).

The WTDx (= 0.72 m) in 2009 was same as in 2008 (Fig. 4-2). During the early growing
season (April-May) in 2009, a modelled WTD was less than WTDx causing a hydraulic gradient

that drove lateral discharge (Fig. 4-7c). This lateral water loss through discharge caused ecosys to
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simulate the lowest early growing season near-surface & during 2009 as measured at the WPL
(Figs. 4-5p, q and 4-7b). This lateral discharge in the model, however, ceased when modelled
WTD fell below the WTDx as dry season progressed and then the resultant hydraulic gradient
drove lateral recharge (Figs. 4-2, 4-5r and 4-7¢). Besides, further reduction in P and a consequent
reduction in P to ET ratio during the growing season of 2009 caused the modelled WTD to
stabilize at a deeper position than in 2008 where the difference between ET and P was in
equilibrium with the lateral recharge (Figs. 4-5r, 4-6 and 4-7a). This modelled trend was well
corroborated by the measured growing season WTD in 2009 vs. 2008 at the WPL (Figs. 4-5r, 4-
7a). However, like in 2008, P-ETsim in 2009 also significantly diverged from P-ETEc-gap filled (Fig.

4-6).

4-3.3. Sensitivity of modelled WTD to lateral boundary condition

The rates of the lateral water exchange in ecosys were largely affected by the hydraulic
gradients between the modelled WTD and the WTDx (B23). The inputs of WTDy in the model
thus affected the rates of modelled lateral water exchange and hence the seasonal and interannual
variations in modelled WTD. To test the adequacy of these WTDx inputs in the current
simulation, we performed three other runs by inputting constant WTDx of 0.19, 0.35 and 0.72 m
from the hummock surface for all years instead of using these WTDx in different years as in the
current run. A constant WTDx of 0.19 m created hydraulic gradients that generated larger lateral
recharge and smaller lateral discharge than the current simulation and hence modelled shallower
WTD than measured for the growing seasons of 2006 to 2009. A constant WTDy of 0.35 m
simulated less recharge than the current simulation in 2004 and 2005 and hence modelled deeper
WTD than the measured in those years. This also simulated smaller discharge and larger

recharge than the current simulation in 2008 and 2009 and hence modelled shallower WTD than
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the measured for the growing seasons in those years. A constant WTDx of 0.72 m simulated
greater lateral discharge and hence modelled deeper WTD than the measured for the growing
seasons of 2004 to 2007. Thus accurate modelling of WTD required changes in WTDx during the

model run.

Like WTDy, inputs for L also governed the rates of lateral water recharge and discharge
and hence the variations in modelled WTD. To test the adequacy of the input for L in our current
simulation, we performed two other runs by inputting 10 m and 200 m in all directions instead of
100 m in the current simulation run leaving everything else unchanged. L; = 10 m in all
directions simulated faster lateral discharge/recharge than the current model run and hence
smaller seasonal fluctuations in WTD than measured. L = 200 m simulated slower lateral
discharge/recharge than the current model run and hence larger seasonal fluctuations in WTD
than measured. Therefore, these sensitivity tests suggested that, for the given input of saturated
hydraulic conductivity of each peat layer, the lateral boundary condition defined by the
combination of inputs for WTDx (0.19 m for 2004-2005, 0.35 m for 2006-2007 and 0.72 m for
2008-2009) and L; (100 m in all directions) in our current simulation best simulated the balance
between lateral recharge and discharge and hence the seasonal and interannual variations in
WTD as measured at the WPL.

4-3.4. Modelled vs. measured snowpack and freeze-thaw

The depth and the timing of snowpack accumulation and soil freezing-thawing were also
important components of hydrology in seasonally frozen peats at the WPL. Measured snowpack
depth throughout the winter, timing of snowmelt during the spring, and the initiation of the
snowpack accumulation at the onset of winter were well simulated by ecosys throughout the

study period (Figs. 4-5a, d, g, j, m, p). However, the modelled snowpack depth was about 0.1 m
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thicker than the measured during January-March of 2005-2009 (Figs. 4-5a, d, g, j, m, p).
Consequently the disappearance of the snowpack in the model was on an average 10 days later
than that measured (Figs. 4-5a, d, g, j, m, p). The timing and rates of thawing in near surface
peats was also well modelled by ecosys as corroborated by measured € during thawing periods of

2006, 2008 and 2009 (Figs. 4-5g, n, q).

4-3.5. Modelled vs. measured ecosystem energy fluxes

Ecosystem energy fluxes (Rn, LE and H) control vertical water exchange between the
ecosystem and the atmosphere. Agreement between modelled and measured energy fluxes thus
indicated the adequate simulation of drying effects on E7 as WT recedes. Ecosys reasonably well
simulated the diurnal and seasonal variations in ecosystem surface energy fluxes. Regressions of
hourly modelled vs. measured Ry, LE and H gave intercepts within 20 W m™ of zero, and slopes
within 0.1 of one, indicating minimal bias in modelled values for all years of the study except
2008 and 2009 when LE was overestimated (Table 4-1). Larger values for R? (> 0.8) and smaller
values for RMSEs (~20 W m) further indicated that ecosys well simulated the diurnal and
seasonal variations in energy fluxes at the WPL (Table 4-1). Much of the unexplained variance
in EC LE and H could be attributed to a random error of ca. 20% in EC methodology (Wesely
and Hart 1985). This attribution was corroborated by root mean squares for random error
(RMSRE) in EC measurements over forests calculated from Richardson et al. (2006) that were
similar to RMSE, indicating that further constraint in model testing could not be achieved
without further precision in EC measurements. Modelled vs. measured ecosystem energy flux
divergence may also have been affected by incomplete energy balance closures of about 75% in
the EC measurements for 2004-2007 and about 65% for 2008-2009 as opposed to complete

energy balance closure in the model (Table 4-1).
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4-3.6. Seasonal variation in modelled vs. measured surface energy exchange

The WPL ecosystem experienced strong seasonality in temperature and radiation that
affected the seasonality in surface energy exchange. EC-gap filled daily ET gradually rose from
the onset of the spring till the end of summer with the increase in temperature and hence vapor
pressure deficit (D) and R, before it gradually started falling off in the fall with declining D and
R, from 2004-2009 (Fig. 4-8). Ecosys simulated this seasonality in ET reasonably well as
suggested by modelled vs. EC-gap filled daily ET from 2004-2009 (Fig. 4-8). This seasonality in
ecosys was modelled by adequately simulating (1) D from the inputs of air temperature and
humidity and (2) Rn (Figs. 4-8b, e, h, k, n, q) from the inputs of incoming solar radiation and by
calculating comparative radiation interception, absorption and reflection by and from vegetation
and peat surface. R, at the vegetation surface was simulated from adequate modelling of
seasonality in leaf area index (LAI) for the evergreen and the deciduous PFTs. This simulation
was further corroborated by reasonable agreement between modelled vs. measured peak LAI
during July 2004, the only year in which measurements were carried out. Modelled peak LAI of
2.43 m*> m? for all the three vascular PFTs and 1.04 m? m™ for the non-vascular (moss) PFT
were comparable with 1.76 m? m™ for the trees, shrubs and herbs, and 0.85 m? m™ for the mosses

measured optically by Syed et al. (2006) at the WPL.

Although ecosys reasonably well simulated the diurnal and seasonal variations in EC-gap
filled ET throughout 2004-2007, it overestimated daily £7 during May-June of 2008 and 2009
(Figs. 4-8g-r). This was also apparent in larger modelled vs. measured hourly LE flux regression
slopes (Table 4-1) as well as larger divergence between P-ETEc-gap filled and P-ETsim (Fig. 4-6)

during 2008-2009 compared to other years.
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4-3.7. Modelled vs. measured effects of interannual variations in WTD on surface energy
exchange

Beside the seasonal variation in surface energy exchange as affected by seasonality in Ry
and D, the interannual variation in surface energy balance at the WPL was also affected by that
in the WTD. Shallow WTD (less than 0.1 m below the hollow surface) during the 3-day period
in mid-August (Sect. 4-2.2.5) of 2005 caused greater LE than H fluxes as also apparent from
diurnal EC flux measurements (Figs. 4-9 and 4-10a). WTD drawdown to about 0.32 m below the
hollow surface during the similar period with comparable weather conditions (in terms of R, and
D) in 2008 caused a reduction in EC-measured LE fluxes with respect to H fluxes (Figs. 4-9 and
4-10a). Further recession of WTD to about 0.38 m in the same period of 2009 with comparable
R, and D further reduced EC-measured LE with respect to H fluxes thus yielding a surface
energy balance dominated by H fluxes (Figs. 4-9 and 4-10a). This shift of surface energy balance
from LE-dominated in 2005 to H-dominated in 2009 under comparable R, and D indicated
ecosystem surface drying with a deepening of WTD from about 0.1 to 0.4 m below the hollow
surface (Figs. 4-9 and 4-10a). This was corroborated by increases in EC-gap filled mid-day (2
hours before and after solar noon) f from about 0.5 in 2005 to above 1 in 2009 which was well
simulated by ecosys (Figs. 4-9 and 4-10a). This ecosystem dryness in ecosys was modelled
predominantly by reductions in moss canopy water potentials () (Fig. 4-10c) that reduced
evaporation (E) from mosses. Ecosys also simulated a smaller reduction in vascular . during
deeper WTD periods of 2008 and 2009, but not enough to cause a decline in mid-day canopy g

and hence T from the vascular canopies (Fig. 4-10b).

These WTD effects on surface energy balance also contributed to a WTD threshold effect

on interannual variations in late growing season (mid-July to mid-August) surface energy
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exchange. A sharp reduction in EC-gap filled ET and a concurrent shift in EC-gap filled mid-day
B under clear sky condition (shortwave radiation >700 Wm?) (Sect. 4-2.2.5) from below to
above unity (Fig. 4-11b) from late growing season of 2007 to that of 2008 and 2009 (Fig. 4-11a)
was caused when the WTD fell more than ~0.35 m below the hollow surface (Fig. 4-11c).
However, f in drier growing seasons can also increase with increasing D. But the shift in mid-
day f from below to above 1 with WTD drawdown from the late growing seasons of 2007 to
2008 and 2009 was consistent for a given D as indicated by WTD effects on f across three D
classes (Fig. 4-11b) (Sect. 4-2.2.5). Ecosys well simulated this late growing season threshold
WTD effects on ET and g (Figs. 4-11a, b, c). However, a similar WTD threshold effect on f was
also apparent in EC-gap filled £7 and f during the whole growing season (May-August) which
was not simulated by ecosys (Figs. 4-11d, e). Though ecosys well simulated a gradual drawdown
of WTD from the growing season of 2004 to that of 2009, it missed the sharp reduction in EC-
gap filled ET and a concurrent increase in mid-day £ from the growing season of 2007 to that of
2008 (Figs. 4-11d, e, f). Ecosys, however, simulated a reduction in £7 and a concurrent increase
in mid-day g with further WTD increase in the growing season of 2009 (Figs. 4-11d, e, f). This
divergence between modelled and EC-gap filled whole growing season E7 and S was mainly
caused by the deviation between modelled and EC-gap filled LE fluxes during May-June of 2008

and 2009 (Figs. 4-8m, p) (Table 4-1).

4-4, Discussion
4-4.1. Modelling peat moisture retention by van Genuchten model (VGM) vs. modified
Campbell model (MCM)

The VGM moisture desorption function (Egs. 4-5 and 4-6) better simulated water

retention at ym near saturation than did the MCM (Egs. 4-3 and 4-4) due to its use of sigmoidal
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moisture retention curves that retain higher 6 near wm (Fig. 4-1). This ability in VGM was
imparted by the shape parameter « (Eq. 4-6) that was absent in the MCM (Eq. 4-4) (Fig. 4-1).
Moreover, different combinations of the slope parameter n and the shape parameter « that arise
from the differences in p, and hence 6, 0yt and 6y wp enabled VGM to simulate differential soil
moisture desorption at different peat depths that was not well simulated by MCM (Figs. 4-1, 4-2
and 4-3b). For instance, a smaller n and a larger « for the layer at 0.085-0.115 m depth compared
to those for the layers at 0.065-0.085 and 0.115-0.135 m depths in VGM represented higher
moisture retention in the former layer and consequently simulated more gradual moisture
desorption in that layer with increasing WTD than in the latter layers (Figs. 4-1 and 4-2). This
enabled the VGM version of ecosys to simulate more gradual pore drainage and consequent
higher 4 at 0.1 m than at 0.075 and 0.125 m. This trend was also corroborated by the higher &
measured at 0.1 m depth than at 0.075 and 0.125 m depths of a hummock at the WPL (Fig. 4-3b).
This suggests that the VGM is a better model of water retention in peats than is MCM, but at the

cost of two additional parameters that require fitting to observations of water desorption.

Peats at 0.075, 0.1 and 0.125 m were not saturated even when observed @ at those layers
remained consistently high (>0.65 m® m™) during most of 2005 and April-June of 2007 (Figs. 4-
3a and 4-4e, k). This lack of saturation was modelled by adequately simulating rapid infiltration
through macropores (B18-B22) thus indicating significance of preferential flow in modelling

northern peatland moisture retention.

4-4.2. Modelling WTD variations in a boreal fen
Decreasing vertical water influx (P) vs. efflux (ET) along with decreasing lateral water

influx (recharge) and increasing lateral water efflux (discharge) enabled ecosys to simulate the
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gradual WTD drawdown from 2004 to 2009 that was measured at the WPL (Figs. 4-6 and 4-7).
Lateral water gain from upland ecosystems during the wetter years is typical for fen hydrology
and was also observed by Flanagan and Syed (2011) at the WPL site. We did not have any direct
hourly or daily site measurements of lateral inflow or outflow of water to corroborate the
simulated recharge or discharge. However, reasonably accurate simulation of changes in soil
water storage (AWTD and A6) and vertical water transfer (E7) indicated adequate simulation of

lateral inflow/outflow of water at the WPL.

4-4.3. Modelling WTD threshold effects on surface energy exchange

A WTD threshold effect on late growing season (mid-July to mid-August) surface energy
exchange was apparent in EC measurements at the WPL. When WTD fell below ~0.35 m from
the hollow surface (below 0.65 m from the hummock surface), EC-gap filled surface energy
balance shifted from LE to H flux dominated and concurrently mid-day EC-gap filled f rose
from below to above unity (Figs. 4-9, 4-10a and 4-11a, b, ¢). Ecosys successfully simulated this
WTD threshold effect on interannual variations in late growing season surface energy exchange
by simulating different patterns of vertical rooting and water uptake between vascular (trees and
shrubs) and non-vascular (moss) vegetation. Root growth in ecosys was simulated for individual
plant which was then scaled to the population. Moss population were larger (Sect. 4-2.2.3) and
hence intra-specific competition was greater so that individual moss plants and hence the
downward growth of rhizoid were smaller (G9). This resulted in a shallow modelled moss
rhizoid depth of 0.115 m below the hummock surface and 0.05 m below the hollow surface.
Reduced availability of [Ozs] in deeper wet peat layers and lack of O transport through
aerenchyma further limited simulated moss rhizoid growth to near surface peat layers (G9).

When WTD fell below ~0.35 m from the hollow surface (~0.65 m from the hummock surface),
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the near surface peats drained from the VGM desorption curve in Fig. 4-1, thereby decreasing 6,
v (Eq. 4-6) and hence s, soil matrix hydraulic conductivity (Kmat) (B16) and increasing soil
hydraulic resistance (£%) (F3) in those layers. Reduced Kma: hindered recharge of those layers
through capillary rise (B2-B5) from the WT below thereby further reducing s and increasing £
in those layers. Reductions in ys combined with increase in £ thus reduced rhizoid Uy (F2) that
forced a reduction in moss canopy water potential (yc) (Fig. 4-10c) and hence E from moss

surface while equilibrating rhizoid Uy with moss E (F6).

Unlike the moss PFT, the three vascular PFTs in ecosys could grow their roots into the
wet deeper peat layers immediately above the WT. Deeper rooting in those vascular PFTs was
simulated from enhanced root mass growth and elongation (G8-G9) facilitated by greater root
growth respiration (G4-G5, G7) that was modelled from a combination of less intra-specific
competition within lower populations (G9) and by improved root O status ([O2]) in the deeper
wet layers from O> transport through aerenchyma facilitated by root porosity (&) inputs of 0.1
and 0.3 (G3-GS5, G7, G9) (Sect. 4-2.2.3). The near surface peat drying under WTD below ~0.35
from the hollow surface (~0.65 m from the hummock surface) also increased vascular root £
and (2, and hence reduced vascular Uy from those layers (F2, F4-F5) as for mosses. However,
deeper rooting enabled ecosys to simulate root Uy from those deeper layers with high 8 and s
and low (X, €, and (2 (F2-F5) that offset the reduction in near surface root Uy. This offset
enabled negligible reductions in vascular yc and canopy g¢ (Fig. 4-10) and hence sustained
vascular 77 when WTD was deeper than ~0.35 from the hollow surface (~0.65 m from the

hummock surface). However, this sustained vascular 7" could not offset the suppression of moss

E when WTD fell below this threshold level of ~0.35 from the hollow surface (~0.65 m from the
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hummock surface). This caused a reduction in modelled late growing season ET thereby shifting
the modelled energy balance from LE to H flux dominated that was well corroborated by late

growing season EC measurements at the WPL (Figs. 4-9, 4-10a and 4-11a, b, ¢).

Lafleur et al. (2005) found a similar WTD threshold effect on ET in a boreal bog peatland
at Mer Bleue bog, Canada. In this study, a reduction in ET was observed when WTD fell below
~0.65 m from the hummock surface. This WTD threshold effect on £7 and hence GPP over that
site was also modelled by Dimitrov et al. (2011) using the same model ecosys as in our study.
Similar threshold type effects of WTD on ET and hence GPP were also measured over northern
boreal fen peatlands in Saskatchewan, Canada and northern Sweden by Sonnentag et al. (2010)
and Peichl et al. (2014) respectively. However, the WTD threshold below which they found
reductions of g¢, ET and hence GPP was much shallower than that of the Canadian fen peatland
in this study (i.e. ~0.4 and ~0.3 m for the Canadian and the Swedish fen). Findings from all of
those studies suggested that this WTD threshold effect on £7 and hence GPP was mediated by
(1) reductions in moss E when capillary rise from the deeper WT was inadequate to support moss
canopy water potentials, and/or (2) reductions in vascular gc when WTD fell beyond the
maximum vascular rooting depth. The threshold WTD for reductions in E7 and hence GPP
across those peatlands thus varied depending upon the maximum depth at which capillary rise
could support moss water transport as well as the maximum rooting depths of vascular plant
communities. The maximum height of capillary rise is again controlled by the peat soil moisture
retention properties thereby yielding greater capillary rise from deeper WT in peats with high

rather than low moisture holding capacity.
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4-4.4. Divergence between modelled vs. measured growing season energy exchange
Although ecosys successfully simulated late growing season (mid-July to mid-August)
reduction in ET and concurrent rise in mid-day f when WTD fell below a threshold value of
~0.35 m from the hollow surface (~0.65 m from the hummock surface), it could not simulate the
large drop in growing season (May-August) E7 and a concurrent rise in f from 2007 to 2008 and
2009 with a similar drop of growing season WTD below the threshold (Figs. 4-8 and 4-11). This
modelled overestimation of E7 in 2008 and 2009 was also apparent in larger slopes from
modelled vs. EC measured hourly LE fluxes compared to other years (Table 4-1). This
overestimation of £7 was mainly contributed by larger modelled vs. measured E7 during May-
June in 2008 and 2009 compared to other years (Figs. 4-8m, p). A slightly higher D (Table 4-2)
and R, (Figs. 4-8k, 1, n, 0) during June 2007 and 2008 suggested that the potential £7 would be
greater in June 2008 than in June 2007. Consequently the modelled actual ET was larger in June
2008 than in June 2007, but the EC-gap filled actual E7 in June 2008 was about 45% less than
that in June 2007 (Fig. 4-8). Modelled near surface & (>0.3 m® m™ at 0.075 m depth from the
hummock surface) (Fig. 4-5n) and shallow WTD (within 0.2 m below the hollow surface) (Fig.
4-50) were well corroborated by measured  and WTD, and provided adequate moisture to
sustain larger modelled E7 during June 2008. Moreover, smaller EC-gap filled June E7 in 2008
than in 2007 was not associated with a decreased EC-derived GPP. This caused a great
difference in EC-derived WUE (=GPP/ET) between these two periods whereas the modelled
WUE was almost the same (Table 4-2). GPP to T ratio for a vascular species (Larcher 2003) or
GPP to E ratio for a moss species (Williams and Flanagan 1996) is normally stable for a given
range of D. Briimmer et al. (2012) showed that a reduction or an increase in EC-derived GPP

was associated with a commensurate increase or decrease in EC-gap filled ET over WPL during
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2003-2006 thereby yielding a consistent WUE (GPP/ET = ~3 g C kg! H>0). As in those studies,
an increase in our modelled growing season (May-August) GPP by 32 g C m™ from 2007 to 2008
was also associated with an increase in modelled growing season E7 by 6 mm (Fig. 4-11a). On
the contrary, an increase in EC-derived growing season GPP by 54 g C m from 2007 to 2008
was associated with a substantial decrease in EC-gap filled growing season ET by 68 mm (Fig.

4-11a).

4-5. Conclusions

Our first objective was to examine whether ecosys could better simulate peat moisture
retention in a northern boreal fen peatland when MCM was replaced by VGM. Our results
showed that the higher near saturation peat moisture retention can be better modelled by using
the VGM desorption function that simulates sigmoidal (S-shape) moisture retention curves (Figs.
4-1 and 4-3). We also examined whether the lateral boundary condition in a site scale simulation
in ecosys as defined by a specified external WTD (WTDx) to some distance (L) can simulate
lateral inflow and/or outflow of water and hence seasonal and interannual variations in a northern
boreal fen WTD. Our results showed that hydraulically driven lateral water transfer using
Darcian flow with the specified WTDx and L: could reasonably well simulate the seasonal and
interannual variations in WTD at the WPL as long as WTDx was adjusted to represent larger
watershed scale effects of fen hydrology (Figs. 4-5 and 4-7). Lastly we examined whether ecosys
could simulate and hence explain the ecosystem drying as manifested by changes in surface
energy exchange with WTD drawdown in a boreal fen. Differential vascular vs. non-vascular
rooting profiles enabled ecosys to simulate a reduction in late growing season (mid-July to mid-
August) ET and a concurrent rise in ff that was measured at the WPL indicating ecosystem drying

when WTD fell below a threshold (~0.35 m below the hollow or ~0.65 m below the hummock
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surface) (Fig. 4-11). However, our modelling could not explain a large decline in growing season
(May-August) ET and a concurrent rise in £ from 2007 to 2008 as a similar WTD threshold

effect (Fig. 4-11) (Table 4-2).

The algorithms used to simulate these eco-hydrological interactions in this boreal fen
represented fundamental soil physical and biological processes that were derived from basic
independent research. Hence these processes would be replicable across other fen peatlands if
informed by site-specific eco-hydrological inputs (Fig. 4-2) (Sect. 4-2.2.3). Such modelling can
also be scaled up with regional, continental or global level inputs of those parameters. Since
hydrology largely governs the balance between peat production and decomposition and hence
between peat aggradation and degradation, these eco-hydrological process level modelling would
thus be important to predict hydrological effects on boreal fen peatlands’ carbon balance. The
insights and the improved predictive capacity of simulating eco-hydrological interactions in fen
peatlands could therefore be used to predict how those peatlands would behave under future

warmer and drier climates.
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Table 4-1: Statistics from modelled vs. measured regressions of ecosystem energy fluxes at a
Western Canadian fen peatland

Year 2004 2005 2006 2007 2008 2009
Modelled vs. observed ecosystem net radiation (Rn)

n 8704 8752 8758 8752 8758 6872
a 10 10 8 10 8 10

b 0.97 0.96 0.96 0.95 0.95 0.96
R’ 0.99 0.99 0.99 0.99 0.99 0.99
RMSE

(Wm?) 10 15 17 17 17 19
Modelled vs. eddy covariance (EC) measured (#* > 0.15 m s') ecosystem latent heat fluxes (LE)
n 7142 5983 6033 6075 6789 3886
a -3 -2 -3 -4 -2 -2

b 1.06 1.05 1.06 1.04 1.46 1.41
R’ 0.92 0.9 0.9 0.86 0.90 0.91
RMSE

(Wm?) 14 18 20 23 14 13
RMSRE

(Wm?) 14 14 15 15 12 12
Modelled vs. EC measured (u* > 0.15 m s™') ecosystem sensible heat fluxes (/)

n 7143 5978 6031 6026 6135 3686
a -11 -16 -14 -17 -14 -11
b 1.17 1.17 1.10 1.19 1.23 1.21
R’ 0.85 0.85 0.82 0.82 0.81 0.84
RMSE

(Wm?) 25 29 31 29 31 31
RMSRE

(Wm?) 12 12 12 12 12 12
Energy balance closure [slopes of regressions of H+LE fluxes over Ry,-G (ground heat flux)]
EC-gap 47 0.77 0.78 0.75 0.66 0.64
filled

Modelled 1.00 1.00 1.00 1.00 1.00 1.00

(a, b) from simple linear regressions of modelled on measured. R? = coefficient of determination
and RMSE = root mean square for errors from simple linear regressions of measured on
simulated. RMSRE= root mean square for random errors in EC measurements calculated by
inputting EC LE and H fluxes recorded at u* (friction velocity) > 0.15 m s™! into algorithms for
estimation of random errors in EC LE and H measurements developed for forests by Richardson
et al. (2006). Since G was not measured, we assumed G as 10% of R, in calculating energy
balance closure (Kellner 2001) (Sect. 4-2.2.5).
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Table 4-2: Average eddy covariance (EC)-gap filled and modelled water use efficiency (WUE),
vapor pressure deficit (D), air temperature (73), relative humidity (RH) and energy balance
closure between June 2007 and June 2008 at a Western Canadian peatland

Year June 2007 June 2008

EC-gap filled 3.8240.08 6.71+0.13
WUE (g C kg'! H20)

Modelled 4.17£0.07 4.69£0.09
D (kPa) Observed 0.87£0.02 0.99+0.02
T, (°C) Observed 16.37£0.12 17.61£0.12
RH (%) Observed 59+1 57+1

EC-gap filled 0.73 0.66
Energy balance closure

Modelled 1.00 1.00

WUE were calculated from the ratio of gross primary productivity (GPP) and evapotranspiration
(ET). Details of both WUE and energy balance closure calculations are in Sect. 4-2.2.5. +
standard error of mean.

159



Air-entry point

, 1 i
(defined by ~ —) Saturation )
Ve S~ S,=1.0
, : =0
Inflection point - S
4
7
7
——MCM , / -
—— VGM (n=3, =290 MPa", y =-0.003 MPa) , 'E
+ +VGM (n=1.93, ¢=-1000 MPa™, y =-0.0007 MPa) , o S
— - VGM (n=1.48, a=-9479 MPa",y, = -5 x10° MPa) - ') é e
- / &
| 7
| ’
S
i
Permanent Field capacity / - 2 ’
s ! |
wilting point s Fenenes Q-
J —= =/ } ! v,fc
i S B T
I ' . . e -
Vo Vie VY Vi 4
v, (-MPa)

Fig. 4-1. Hypothetical curves for van Genuchten (VGM) and modified Campbell (MCM) soil
moisture desorption functions. Se=relative degree of saturation; & =ambient volumetric soil water
content; € = volumetric soil water content at saturation; 6t = volumetric soil water content at
field capacity; 6,wp = volumetric soil water content at wilting point; & = residual soil water
content; wm= soil matric water potential; ¥/'= y at saturation; ye= air-entry potential; yin= wm at
the inflection point; wr= wm at field capacity; wwpy= wm at wilting point; » and o=VGM shape
parameters
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Fig. 4-2. Layout for ecosys model run to represent physical and hydrological characteristics of a Western Canadian fen peatland.
Figure is not drawn to scale. Dhumm = depth to the bottom of a layer from the hummock surface; Dnont = depth to the bottom of a layer
from the hollow surface; pp = dry bulk density (Flanagan and Syed 2011); 6y.t. = volumetric soil water content at field capacity (-0.01
MPa) and 6ywp = volumetric soil water content at wilting point (-1.5 MPa) (Boelter 1969, 1970, Piivinen 1973, Szymanowski 1993);
Ksmar = saturated hydraulic conductivity of soil matrix (Boelter 1969); 6nac = volumetric macropore fractions; WTDx = external
reference water table depth representing average water table depth of the adjacent ecosystem; L = distance from modelled grid cells to
the adjacent watershed over which lateral discharge / recharge occurs; yin»= matric water potential at the inflection point; & = residual
soil water content; n and o=van Genuchten model (VGM) shape parameters
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Fig. 4-3. (a) Daily soil water contents (&) simulated with ecosys using Van Genuchten model (VGM) and modified Campbell model
(MCM), and measured & at 0.075, 0.1 and 0.125 m depths (Syed et al. 2006, Cai et al. 2010, Long et al. 2010, Flanagan and Syed
2011) from the hummock surface, and (b) hourly water table depth (WTD) simulated with ecosys using VGM and MCM, and
measured half hourly WTD (Syed et al. 2006, Cai et al. 2010, Long et al. 2010, Flanagan and Syed 2011) during March-November
2005-2007 at a Western Canadian fen peatland. A negative WTD represents a depth below hummock/hollow surface and a positive
WTD represents a depth below hummock/hollow surface
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Fig. 4-4. (a, d, g, j) Coefficients of determination (R?) from regressions of modelled on measured; (b, e, h, k) index of agreement (d)
(Sect. 4-2.2.5) between modelled and measured; and (c, f, 1, 1) root mean squares for errors (RMSE) from regressions of measured on
modelled water table depth (WTD) from hollow surface; and soil water contents (&) at 0.075, 0.1 and 0.125 m depths from the
hummock surface respectively during 2004-2009 at a Western Canadian fen peatland
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Fig. 4-5. (a, d, g, j, m, p) Half hourly measured and hourly modelled snowpack depth (on the left y-axes) (Flanagan and Syed, 2011;
Syed et al., 2006) and half hourly measured precipitation (on the right y-axes); (b, €, h, k, n, q) daily modelled and measured soil water
contents () at 0.075, 0.1 and 0.125 m depths (Syed et al. 2006, Cai et al. 2010, Long et al. 2010, Flanagan and Syed 2011) from the
hummock surface; and (c, f, 1, I, o, r) half hourly measured and hourly modelled water table depth (WTD) (Syed et al. 2006, Cai et al.
2010, Long et al. 2010, Flanagan and Syed 2011) from 2004-2009 at a Western Canadian fen peatland. A negative WTD represents a
depth below hummock/hollow surface and a positive WTD represents a depth below hummock/hollow surface
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Fig. 4-6. Cumulative differences between observed precipitation (P) and eddy covariance (EC)-gap filled evapotranspiration (E7) (P-
ETrc_gap filed) (Syed et al. 2006, Flanagan and Syed 2011) and between observed P and simulated ET (P-ETsim) during 2004-2009 at a
Western Canadian fen peatland
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Fig. 4-7. (a) Modelled and measured average water table depth (WTD) (b) cumulative observed
precipitation (Pobs) over the growing season (Syed et al. 2006, Flanagan and Syed 2011), and (¢)
simulated cumulative lateral recharge / discharge (Qsim) over the growing season (May-August)
of 2004-2009 at a Western Canadian fen peatland. A negative WTD represents a depth below
hummock/hollow surface and a positive WTD represents a depth below hummock/hollow
surface
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Fig. 4-8. Three-day moving averages for (a, d, g, j, m, p) eddy covariance (EC)-gap filled (Syed et al. 2006, Flanagan and Syed 2011)
and modelled evapotranspiration (ET); (b, e, h, k, n, q) observed and modelled net radiation (Ry,); and (¢, f, 1, I, o, r) observed vapour
pressure deficit (Dobs) (Syed et al. 2006, Flanagan and Syed 2011) during 2004-2009 at a Western Canadian fen peatland
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Fig. 4-9. (a) Half hourly measured and hourly modelled water table depth (WTD), and (b) half
hourly eddy covariance (EC) measured (u* (friction velocity) > 0.15 m s!) (Syed et al. 2006,
Flanagan and Syed 2011) and modelled ecosystem energy fluxes (Rs=net radiation, LE=latent
heat and H=sensible heat flux) during August 2005, 2008 and 2009 at a Western Canadian fen
peatland. Positive values for fluxes represent downward fluxes or fluxes into the ecosystem and
negative values for fluxes represent upward fluxes or fluxes out of the ecosystem. A negative
WTD represents a depth below hummock/hollow surface and a positive WTD represents a depth
below hummock/hollow surface

168


file:///D:/PhD%20thesis%20everything%20copied%20on%2030th%20June%202015/PhD%20Thesis_Symon/Full%20Final%20Thesis%20-%20Copy/Mezbahuddin%20PhD%20Thesis.docx%23_ENREF_155
file:///D:/PhD%20thesis%20everything%20copied%20on%2030th%20June%202015/PhD%20Thesis_Symon/Full%20Final%20Thesis%20-%20Copy/Mezbahuddin%20PhD%20Thesis.docx%23_ENREF_34

= EC-gap filled g —— observed D .25

20, simulated S .
— 2.0
';ILI 1.5 (@) ) ©
N 115 A
I 1.0 " -
-~ : 1.0 ™
Q . Q

0.5 |, 10.5

0.0 ‘ ‘ ! ] ‘ ‘ ‘ 112
N -0.21 -
o~ | P
(_U DC_U -0.4’ E
8 = -0.6 ] 14 é
0 ~ O
fg -0.8/ >

- : 10
'187 : —ly. ‘ —Ig, ‘ ‘
°© ~ 1l (c)

peE
83 -
=

-3 2005 2008 2009

215 216 217 218 218 219 220 221 218 219 220 221
Day of year

Fig. 4-10. (a) Half hourly eddy covariance (EC)-gap filled (Syed et al. 2006, Flanagan and Syed
2011) and hourly modelled mid-day (2 hours before and after solar noon) Bowen ratio (f) (b)
hourly modelled vascular canopy water potential (yc) (on the left y-axes) and canopy stomatal

conductance (g¢) (on the right y-axes), and (c) hourly modelled moss (non-vascular) y. during
August 2005, 2008 and 2009 at a Western Canadian fen peatland
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Fig. 4-11. (a, d) Modelled and eddy covariance (EC)-gap filled (Syed et al. 2006, Flanagan and Syed 2011) total late growing season
(mid-July to mid-August) and whole growing season (May-August) evapotranspiration (E7); (b, €) modelled and EC-gap filled (Syed
et al. 2006, Flanagan and Syed 2011) average late and whole growing season mid-day (2 hours before and after solar noon) Bowen
ratio (8) under clear sky condition (incoming shortwave radiation > 700 W m) for three different vapour pressure deficit (D) classes
for each period (i.e. D=0.8-1, 1-1.2 and 1.2-1.4 kPa for late growing season and D 1-1.5, 1.5-2 and 2-2.5 kPa for whole growing
season); and (c, f) average modelled and measured late and whole growing season water table depth (WTD) during 2004-2009 at a
Western Canadian fen peatland. A negative WTD represents a depth below hummock/hollow surface and a positive WTD represents a
depth below hummock/hollow surface
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Appendices

Appendix A: Surface water flux

- E,,,r s kinematic wave theory of overland flow (A1)

res

A(d A)
—w 7 = s + ) ou + P - E
At Zi:Qw,m, - w,out ;

0, =v(d,-d,)L (A2)
0.67 0.5
y =t (A3)
sd
e 0

g _2absl(z+d, +d,,), —(Z+d,, +d,y,), ]

. A5
' L +L, (A5)
eair — eres res Tres
L (A6)
ra res s res
e. —e. ., T .
Esmf _ _air surf (l/lsurj)‘ surf ) (A7)
Vg T 5 oy

Where, subscripts i=dimensions (i=x, ), s=source cell, d=destination cell, in=flow into the grid
cells, and our=flow out of the grid cells; dw=depth of surface water (m); A=area of landscape
position (m?); =time (h); Qw=surface water flux (m* m? h''); P=precipitation flux (m> m? h');
Ees=evaporation flux from surface residue (m®> m? h''); Equ=evaporation flux from soil surface
(m* m? h'!); v=velocity of surface water flow (m h™'); ; dsw= maximum depth of surface water
storage (m); L=length of grid cells (m); R=ratio of cross-sectional area to perimeter of surface
flow (m); S=slope (m m™); zz=Manning's roughness coefficient (=0.01 m™" h); s,=slope of
channel sides during surface flow (m m™); Z=surface elevation (m); dsw= maximum depth of
surface water storage (m); dmw=depth of mobile surface water (m); ear=atmospheric vapour
density (g m>); ers=vapour density at surface residue (g m™) at current residue water potential

(¥res) and temperature (7res); #, =boundary layer resistance to evaporation from surface residue
(hm™); 7, =surface resistance to evaporation from surface residue (h m™); esur=vapour density
at soil surface (g m™) at current soil surface water potential (ysurs) and temperature (Tsurf); 7, )

=boundary layer resistance to evaporation from soil surface (h m™); and 7, _=surface resistance

to evaporation from soil surface (h m™).

Appendix B: Sub-surface water flux
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A6

Atw = Z(meal,m i + meac,in i - mem,oul i - meac.aut i )
! ; 3D continuity equation for
+Z (wa,maf,in J + Qwh,m(m.in j - wa,mat,aur J - wa.mac,mu j ) + Qf o UW ln (Fl)
- ,
water balance of each soil layer (BI)
0, =K, (y, —vy, );soil matrix water flow (B2)
2Kmat Kmat
K == — ; when both the source and destination grid cells are either saturated
l Kmats Ldi + Kmatd s
or unsaturated (Richard’s equation) (B3)
2Kmat . . . .
= ﬁ ; when the source cell is saturated and the destination cell is unsaturated (Green-
’ s ; + d;
Ampt equation) (B4)
= 7 MZ" ; when the source cell is unsaturated and the destination cell is saturated (Green-
I s, + d;
Ampt equation) (B5)
Zp=q 2p - l
_ p=1 2
K, . =K. g-p+l Vo ; Green and Corey (1971) model used in MCM
i e q Zr:q2?’+1—2p
oy
version of ecosys (B6)
0. -6
p=Int |:q (ATP)} +1 (B7)
n(k)=1+0.001% (BY)
m(k)=1- ! (BY)
n(k)
1-m(k)
a(k) = mk) (van Genuchten 1978) (B10)
S, (0 =[1+(@®y,)"™]™" (Van Genuchten 1980) (B11)
S, (b =[1+(a®wy,, """ (Van Genuchten 1980) (B12)
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HS - Hv,ﬁr + Hv,wp :l (B13)

Sern ) =S, ()

0. (k) = max {O,

6, .. (k)=0.(k)+[6,~6,(0)]S, (k) (Van Genuchten 1980) (B14)
6, .. (k)=0.(k)+[6,~,(0)]S,,__ (k) (Van Genuchten 1980) (B15)
m 2
L 9 - 9 n "
K, =K, 0SS [1 —(1 —Se’"J ] ;where S, = ) 6; = [1 +(ay,) J ; Mualem-van Genuchten
model (Mualem 1976, Van Genuchten 1980) used in VGM version of ecosys (B16)
_ S
1—[1—(SQSC)’"] .
K =K 8 ;where S, = S—[l +(ay,)' 1" and S, =[1+(ayw,)'T";

ati: s,mat™~ e 1\™
— c
_ _ m
| (1 Scj

modified Mualem-van Genuchten model (Ippisch et al. 2006) used when n < 2 used in VGM

version of ecosys (B17)
0, =K. (v, =y, );soil macropore water flow (B18)
2Kmac Kmac

K;nac — s d (B 1 9)
KmacsLd, + Kmachs,

Koie = NpueK (B20)
T 4

K = 2 ; Hagen-Poiseuille’s theory of laminar flow in tubes (B21)

Nmac = emacﬂ.Rz (B22)

K, . .|\v.—w, +001(d, —WID,
0, = . t’[ ’ ’ 7 ( - )}, lateral discharge occurs when

i

d. <WID,andy, >y, +0.01 (dzb ~WID, ) and lateral recharge occurs when

d, >WID, (B23)
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K 001[d. ~ L. (0,,,.—0.5)-WTD, |

0, = I ; lateral discharge occurs when d, <WTD,

lj

and lateral recharge occurs when d, >WID, (B24)

Where, subscripts i=dimensions (i=x, y, z), j=dimensions (j=x, y), s=source cell, d=destination
cell, in=flow into the grid cells, and our=flow out of the grid cells; b=boundary grid cell;
mat=soil matrix/micropore; mac=soil macropore; Gy=soil water content (m*> m>); Qw=sub-
surface water flux (m® m? h'); O=freeze-thaw flux (a positive flux represents thaw and a
negative flux represents freeze) (m®> m? h'); Uy=total root water uptake flux (m> m? h');
K =hydraulic conductance (m MPa! h'); w—total soil water potential (MPa); K=hydraulic
conductivity (m?> MPa! h'!); L=length of the grid cells (m); Ksma—=saturated soil matrix hydraulic
conductivity (m?> MPa™! h''); p=individual pore class [1,2,3,.....q; where g=total number of pore
classes (=100)]; wp=matric potential of pore class p; wp,=matric potential of pore class r
(r=p—q); n =van Genuchten parameter that describes the mean slope of the desorption curve or
the range of pore size distribution; o= the inverse of the pressure head at the air-entry value (i.e.
a~1/air entry potential) that governs the shape of van Genuchten desorption curve (-MPa!);
k=number of iteration (1,2,3.....19000); yi==matric potential at inflection point (-MPa); S, =

fc,sim

simulated relative degree of saturation at field capacity; wr=matric potential at field capacity (-
MPa); S, = simulated relative degree of saturation at wilting point; ywp=matric potential at

wilting point (-MPa); 6 =residual soil water content (m*> m™~); € =soil water content at saturation
(m® m?); 6.« =observed input for soil water content at field capacity (m®> m); 6w, =observed
input for soil water content at wilting point (m* m™); 0, =simulated soil water content at field

capacity (m* m?); 0, ., =simulated soil water content at wilting point (m* m); #=ambient soil

water content (m® m™); ym=matric potential as a function of & (-MPa); we=matric potential very
close to saturation (=-0.0001 MPa); ye=gravitational soil water potential (MPa); Nmac=number of
macropore channels (m™2); K*mna=individual macropore hydraulic conductivity (m* MPa! h'!
macropore channel); 7=dynamic viscosity of water (MPa h); Omac=volumatric macropore
fraction (m®> m™); R=radius of a macropore channel (m); y/=soil water potential at saturation
(MPa)(=0 and -0.005 MPa for van Genuchten and modified Campbell model respectively);
d,;=depth of the mid-point of a grid cell from the surface (m); L,=vertical thickness of a grid cell
(m); WTDx=depth of the water table depth at the adjacent watershed with which modelled grid
cells exchange water laterally (m); and L=lateral distance over which lateral discharge/recharge
occurs (m).

Appendix C: Water table depth

0,
WTD:—[dZ’Sm—Lz,mt(l—g—ﬁ)]; negative sign represents depth below the surface of the a
4

particular grid cell (C1)

Where, WTD=water table depth (m); dzsa=depth to the bottom of the layer immediately above
the uppermost saturated layer (m); L, sa=vertical thickness of the layer immediately above the
uppermost saturated layer (m); G;=current air-filled porosity of the layer immediately above the
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uppermost saturated layer (m® m); and @, =air-filled porosity at air-entry potential of the layer
immediately above the uppermost saturated layer (m> m™).

Appendix D: Heat flux

R +LE+ H +G =0; energy balance for each of the canopy, snow, residue and soil surface

(D1
zGc,m, —ZGQO% +L,0,+c(T-T;,)=0; 3D general heat flux equation in snowpack, surface
residue and soil layers (D2)

4 4
T,.= -9.095895x 10 (for residue layer) = -9.095895x 10 (for soil layers)
' v, —333 v, +v,—333 (D3)

= T . (for snowpack)

2k, , (T, T,
=Ll 1o, (D4)
) L +L, S

V. Pv Ly 4V

sweq ice water

_ Potd
snowpack — RO (DS)
snowpack
= 1 O 5 O 25 I/snnw D6
poldsnow - mln( . 7pﬁaeshmow + 0. —) ( )
snowpack

Where, subscripts i=dimensions (i=x, y, z), s=source cell, d=destination cell, in=tflow into the
grid cells, and out=flow out of the grid cells; R,=net radiation (Wm™); LE=latent heat flux (Wm"
2); H=sensible heat flux (Wm™); and G=ground heat flux (Wm?); Ge=conductive heat flux (MJ
m™ h'); Ly=latent heat of evaporation (=2460 MJ m?); Or=freeze-thaw flux (a positive flux
represents thaw and a negative flux represents freeze) (m® m™2 h'); c=heat capacity of
residue/soil layers (solid + liquid + void) or the snowpack (snow + ice + water) (MJ m?2 K'!);
T=ambient temperature of soil/residue layers or the snowpack (K); T, ~freezing temperature of
soil/residue layers or the snowpack (K); wm=matric water potential of residue/soil layers (-MPa);

wo=osmotic potential of soil layers (-MPa); T, =freezing temperature of free water (=273.15 K);

x=thermal conductivity (MJ] m! h' K); L=length of the residue layer/ a soil layer/ the
snowpack (m); cw=heat capacity of water (=4.19 MJ m? K!) ; Oy=water flux (m*> m? h');
Dsnowpack=depth of snowpack (m); Vsweq=volume of snow water equivalent (m?); pw=density of
water (=1 Mg m™); polasnow=density of settled snow (Mg m™); Viee=volume of ice in snowpack
(m* m?); Vwaer=volume of water in snowpack (m> m™); Asmowpack=snowpack basal area (m?);
Pireshsnow=density of freshly fallen snow (=0.083 Mg m™); Vinow=volume of snow in the snowpack

(m?)
Appendix E: Canopy transpiration
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R, +LE.+H, +G, =0; canopy energy balance (E1)

Lv _ea _ecv (]Z’I//c ):|
LE, =— ———=; LE from canopy evaporation (E2)
; r
Lle —e, (TL.,WC. )J
LE, =— ———=—LE_from (E2) ; LE from canopy transpiration (E3)
; notr ;
C (T -T
.= L‘lc) (E4)
i 7;11.
0.64(C, - C/) . : oo s
Fomin, = V— ; re driven by rates of carboxylation vs. diffusion (ES)
rcv = rcminv + (rcmax. - rcmin . )e(iﬂwr‘.)(for Vascular SpeCieS) . .
i ' : : ; rc constrained by water stress in vascular
=T7,,.q.,(for non-vascular species)
plants (E6)
v, =Y., V., (E7)

Where, subscript i=species or plant functional type (PFT); Ri.=net radiation at canopy surface
(Wm); LE=latent heat flux at canopy surface (Wm™); H=sensible heat flux at canopy surface
(Wm?); G=canopy storage heat flux (Wm?); L,=latent heat of evaporation (=2460 Jg!); e,=
atmospheric vapour density (g m~) at ambient T, and relative humidity; e~ canopy vapour
density (g m™) at Tt and y; r==boundary layer resistance to evaporation and transpiration from
canopy (s m™); re=canopy stomatal resistance (s m™!) to transpiration (=1/gc; gc=canopy stomatal
conductance in m s!); pCp=volumatric heat capacity of air (=1250 ] m °C™!); T,=air temperature
(°C); Te=canopy temperature (°C); 7emn=minimum 7¢ at ;=0 MPa (s m"); C,=[CO,] in canopy
air (umol mol™); C/=[CO,] in canopy leaves at y,=0 MPa (umol mol™); V/=potential canopy

CO; fixation rate at y,=0 MPa (umol m? s™); remax=canopy cuticular resistance to vapour flux
(=5.0x10° s m™") (Larcher 2003); f=stomatal resistance shape parameter (=-5 MPa™') (Grant and
Flanagan 2007); yi=canopy turgor potential (MPa); wc=canopy water potential (MPa); and
w==canopy osmotic potential (MPa).

Appendix F: Root/rhizoid/mycorrhizal water uptake

U, = ZIZU (F1)

: vy F2
Uw,»_,', ZI‘,Z erm/ +Qrm + ZXQ(,’W (F2)
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7 o
Q, =ln| ~let )| (F3)

Q = (F4)

7 M,
Q. =R, | F } (F3)
{n( ) }
v,

ir

le.—e. (T.v.)] v -y Ay,
_— :ZI:ZQ J +Qg m Q, X (F6)

i i Di,r, irdx

Where, subscripts i=species or plant functional type (PFT), r=root/rhizoid/mycorrhizae,
[=soil/canopy  layer, x=1, 2 (l=primary root/rhizoid/mycorrhizae, 2=secondary
root/rhizoid/mycorrhizae); Uw=water uptake by root/rhizoid/mycorrhizal surfaces (m®> m? h');
yw.=canopy water potential (MPa); =y, + canopy gravitational potential (MPa); y=soil water
potential (s )+ soil gravitational potential (MPa); € = radial resistance to water transport from

soil to surface of root/rhizoid/mycorrhizae (MPa h m™); Q = radial resistance to water transport

from surface to axis of root/rhizoid/mycorrhizae (MPa h m™); Q = axial resistance to water

transport along axes root/rhizoid/mycorrhizae (MPa h m™); d= half distance between adjacent
root/rthizoid/mycorrhizae ~ (m); r=radius  of  root/rhizoid/mycorrhizae ~ at  ambient

root/rhizoid/mycorrhizal water potential (y1); L=length of root/rhizoid/mycorrhizae (m); x,=
hydraulic conductivity between soil and root/rhizoid/mycorrhizal surface (m> MPa! h');
Gr=total soil porosity (m®> m>); G,=soil water content (m> m™); Qr'Z radial resistivity to water
transport from surface to axes of root/rhizoid/mycorrhizae (MPa h m?) (1.0x10%) (Doussan et al.
1998); Z=depth of soil layer / from soil surface (m); »= number of root/rhizoid/mycorrhizal
axes; r'= radius root/rhizoid/mycorrhizae at y=0 MPa; Q' = axial resistivity to water transport
along root/rhizoid/mycorrhizal axes (MPa h m™) (4.0x10° for deciduous) (Larcher 2003); Z,=
length of bole from soil surface to top of canopy (m); rv=radius of bole at ambient y; 7, =radius
of bole at y.=0 MPa; M= mass of root/rhizoid/mycorrhizae (g m™); e,= atmospheric vapour
density (g m™) at ambient T, and relative humidity; e.= canopy vapour density (g m™) at T, and
we; ra=boundary layer resistance to evaporation and transpiration from canopy (s m'); re=canopy
stomatal resistance (s m™') to transpiration; T,=air temperature (°C); T.=canopy temperature (°C);
we=canopy water potential (MPa); X.= canopy capacitance (m*> m2 MPa!) ; and r=time (h).
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Appendix G: Root/rhizoid/mycorrhizal respiration and growth

Ra = ZZ(R"W +R‘9i.f)+ZZZ(Rciml +Rsivf',/)+EN’P(UNH4 i +UNO31’V1 +UPO4:‘:‘1) (Gl)
i i1z | . v

RCW_ = Réffc,.', S, (G2)
UO2 . .. . .. .
R, =Rlo. f, —; Oz constraint on root/thizoid/mycorrhizal respiration from active
’ 7 l 02 il
uptake (G3)

’ O irl
Uo2 o Uo2 o ﬁ = Uw,.,,v, [023, ] + 27[L[,r,lD302 ([025, ] - |:O2r,-'r’, ])

In {%] +21L,,,D,, ([02%.1 I-[o..., ]) In { Zz }

Tird Tird

; active Oz uptake

by root /mycorrhizae coupled with diffusion of Oz through root/mycorrhizal aerenchyma

(G4)
Uy, =267R, (G5)
Rm,_j = ZNi,j,sz’mei (G6)
R, = ( R, -R, )(l//ti - l//t'); growth when R, <R and y, > w, (G7)

1-Y
Rira _ { R, 8ir }_ R, - ZC,,,-,/ ; root/rhizoid/mycorrhizal growth driven by Ry (G8)

Eir

AM

Ri‘r,l,l
ALi,r,l,l _ A[ Vr . . . . . . .
= ; extension of primary root/rhizoid/mycorrhizal axis
At Yi p’ﬂr’znll (l_epri.r)
driven by root/rhizoid/mycorrhizal mass growth (G9)
AL AM
brd2 Reriz 5 Y ; extension of secondary root/rhizoid/mycorrhizal axis
At At par;  (1-6, )
driven by root/rhizoid/mycorrhizal mass growth (G10)

Where, subscripts i=species or plant functional type (PFT), j=branch/tiller, /=soil or canopy
layer, z=organ (root/rhizoid/mycorrhizae (r), canopy, stem, mycorrhizae); R.= total autotrophic
respiration (g C m? h'); R~ autotrophic respiration of oc (g C m? h'), I=primary
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root/rhizoid/mycorrhizal axis, 2=secondary root/rhizoid/mycorrhizal axis; Rs=respiration from
remobilization of leaf carbon (g C m™? h''); Exp=energy cost of nutrient uptake (=2.15 g C g N'!
or P") (Veen 1981); U N, =NH4" uptake by root/rhizoid/mycorrhizae (g N m? h'); U vo, = NO3”

uptake by root/rhizoid/mycorrhizae (g N m? h'), U ro,— H2PO4 uptake by

root/rhizoid/mycorrhizae (g P m™ h'); R!=specific autotrophic respiration of oc at 25°C (=0.015

g C g C''h'!); oc= non-structural C product of CO; fixation (g C g C!); fra=temperature effect on
Ra; U, = O uptake by root/rhizoid/mycorrhizae under ambient Oz (g O m?2 h'); Uéz =02

uptake by root/rhizoid/mycorrhizae under non-limiting O> (g O m? h'); [Ox]= aqueous O
concentration at root/rhizoid/mycorrhizal surfaces (g m>); K, = Michaelis-Menten constant for
root/rhizoid/mycorrhizal O, uptake (=0.064 g m™) (Griffin 1972); Uy= root/rhizoid/mycorrhizal
water uptake flux (m® m? h'); [Ox]= aqueous O» concentration is soil (g m?™); L=
root/thizoid/mycorrhizal length (m m?); D _=aqueous diffusivity of O, from soil to

root/thizoid/mycorrhizal surfaces (m? h'); r~ thickness of soil water films (m); r—
root/rhizoid/mycorrhizal radius (=1.0 x 10 m); D, ~ =aqueous diffusivity of Oz from

root/mycorrhizal aerenchyma to root/ mycorrhizal surfaces (m? h'); [Oxq]=aqueous O
concentration in root/mycorrhizal aerenchyma (g m?>); rq= radius of root/mycorrhizal

aerenchyma (m); Ra' = R, under non-limiting O, (g C m? h'); Rn= above-ground maintenance

respiration (g C m™ h''); N=number of species, or branch/tiller or organs; R '= specific

m

maintenance respiration of oc at 25°C (=0.0115 g C g N! h'!) (Barnes et al. 1997); frm=
temperature effect on Rm (Q10=2.25); Re=growth respiration (g C m? h!); y= canopy turgor
potential (MPa); y/t'zcanopy turgor potential (MPa) at y.=0 MPa; Mr=; =time (h); Y,= fraction
of oc used for growth expended as Ry by organ z (g C g C!) [0.28 (z = leaf), 0.24 (z =
root/rhizoid/mycorrhizae and other non-foliar), 0.20 (z = wood)] (Waring and Running 1998);
Ic=carbon litter fall from leaf or root/rhizoid/mycorrhizae (g C m? h') ; y=plant population (m"
2); v= specific volume of root/rhizoid/mycorrhizal biomass (m* g'); and @y= root/mycorrhizal
porosity representing aerenchyma fraction (m?® m).

Appendix H: Gas flux

Oy, =04 D, (S; Ir, . I:j/gs l —[;/SS ]S); volatilization-dissolution between aqueous and gaseous

phases in soil (HD)

Q,, =a, D, (S; I, . [ygr] —[;/Sy]s); volatilization-dissolution between aqueous and gaseous

N

phases in roots (H2)
2D Sy ; 7/ &) - 7/ S
O, =0, [ygS] + =0 (E £ ]SL [ £ l’); 3D convective-conductive gas flux between two
l ‘ ) s, + d;
adjacent grid cells (H3)
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0 - Dgry,-:z ([7gr]d _[70 ])
erYic. Zl,i:ZLd i=z

; convective-conductive gas flux between root and the atmosphere

(H4)

D1y [05(0, 40, I

g5y ; 90.67
P s

; 3D gaseous diffusivity between two adjacent grid cells as

functions of air-filled porosities in those cells (H5)

' 1.33
_ Dg}'ng s apl‘s A‘f

D AN gaseous diffusivity as a function of air-filled porosity in the

gyie: 14,
=X,y

roots/mycorrhizae (Ho6)

Where, subscripts i=dimensions (i=x, y, z), s=source cell, d=destination cell; Q4sy=volatilization
— dissolution of gas y between aqueous and gaseous phases in soil (g m? h!); og=air-water
interfacial area in soil (m? m); D4~ volatilization - dissolution transfer coefficient for gas y (m?
hh); §)=Ostwald solubility coefficient of gas y at 30°C (0.0293 for y = O2) (Wilhelm et al.

1977); dey =temperature dependence of S (Wilhelm et al. 1977); [es]=gaseous concentration of

gas yin soil (g m™); [s]= aqueous concentration of gas y in soil (g m™); Qar= volatilization —
dissolution of gas y between aqueous and gaseous phases in root/rhizoid (g m? h'); ae= air-
water interfacial area in root/mycorrhizae (m? m) (Skopp 1985); [ er]= gaseous concentration of
gas y in root/mycorrhizae (g m>); [4]= aqueous concentration of gas y in
root/rhizoid/mycorrhizae (g m™); Qusy= gaseous flux of gas yin soil (g m? h'!); Ow=sub-surface
water flux (m® m? h'!); Dgy=gaseous diffusivity of gas y in soil (m? h'') (Millington and Quirk
1960); L=length of grid cells (m); QOg=gaseous flux of gas y between root/mycorrhizae and the
atmosphere (m? h'!); Dyr=gaseous diffusivity of gas yin root/mycorrhizae (m* h'') (Luxmoore et
al. 1970a, b); [7a]=atmospheric concentration of gas ¥ (g m™); Déy =diffusivity of gas y in air at

0°C (m? h'') (6.43x102 m? h'! for =0,) (Campbell 1985); Jr, =temperature dependence of D,

(Campbell 1985); @=air-filled porosity (m®> m?); éb=total porosity of soil (m* m?); G,=
root/mycorrhizal porosity representing aerenchyma fraction (m®> m); 4~ root cross-sectional
area (m?); and A=area of landscape position (m?).
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Chapter 5 : Process-based Modelling of Effects of Interannual Variation in Water Table
Depth on Net CO2 Exchange of a Western Canadian Boreal Fen
5-1. Introduction

Northern boreal peatlands have been accumulating carbon (C) at a rate of about 20-30 g
yr'! over several thousand years (Gorham 1991, Turunen et al. 2002, Flanagan and Syed 2011,
Yu 2012). This long-term C accumulation has been sustained by decomposition slower than net
primary productivity (NPP) as a result of wet hydrologic conditions under shallow and/or above-
ground water table (WT). Drier and warmer future climates, however, can affect the permanence
of these C sinks and the resilience of these C stocks by lowering WT. This deepening of water
table depth (WTD) can result in decomposition greater than NPP and hence can halt or even
reverse these C accumulations (Limpens et al. 2008, Dise 2009, Frolking et al. 2011). To
maintain the C sequestration potentials of these peatlands and to protect these from possible
degradation we need an improved predictive capacity of how these C stocks would behave under
future drier and warmer climates. However, northern peatland C processes are currently under-
represented in global C models mainly due to inadequate understanding and consequent inability
to simulate hydrologic feedbacks to northern boreal peatland C cycles (St-Hilaire et al. 2010,
Sulman et al. 2012, Waddington et al. 2015). This inability can, however, be overcome by (1)
improving our understanding of process-based interactions among hydrology, ecology and
biogeochemistry of these peatlands, (2) integrating these understandings into spatially and
temporally high resolution process models tested against site measurements and (3) scaling up
the most important feedbacks into larger spatial and temporal scale C models (Waddington et al.

2015).
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The hydrologic feedbacks to northern boreal peatland C processes are highly non-linear
and largely mediated by WTD variation and its effects on peat-microbe-plant-atmosphere
exchanges of C, energy, water and nutrients. WTD drawdown can reduce net ecosystem
productivity (NEP) of northern boreal peatlands by raising ecosystem respiration (R.). WTD
drawdown can cause peat pore drainage and hence can improve peat aeration that in turns
enhances microbial O, availability, energy yields, growth and decomposition that eventually
increases ecosystem respiration (Re) (Ise et al. 2008, Sulman et al. 2009, Cai et al. 2010, Sulman
et al. 2010, Flanagan and Syed 2011, Peichl et al. 2014). The rate of increase in R. due to the
WTD drawdown, however, may vary with peat moisture retention and quality of peat forming
substrates. For instance, peats with low moisture retention exhibit more rapid pore drainage and
hence aeration than those with high moisture retention thus causing more increase in R. for
similar WTD drawdowns (Parmentier et al. 2009, Sulman et al. 2009, Cai et al. 2010, Sulman et
al. 2010). Peats formed from Sphagnum mosses degrade at rates slower than those formed from
remains of vascular plants (Moore and Basiliko 2006). So for similar WTD drawdowns, moss
peats would generate less increase in microbial decomposition (Updegraff et al. 1995) and hence
R than would sedge, reed or woody peats. Continued WTD drawdown can, however, cause near
surface peat desiccation from inadequate recharge through capillary rise from deeper WT. This
desiccation can cause a reduction in microbial decomposition that can partially or fully offset the
increased decomposition in the deeper peat layers thereby yielding indistinct net effects of WTD

drawdown on R. (Dimitrov et al. 2010a).

Beside R., WTD can also affect gross primary productivity (GPP) and hence NEP of
northern boreal peatlands. The interactions between WTD and GPP are also non-linear and vary

depending upon peat forming vegetation. For instance, increased aeration due to WTD
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drawdown enhances root O availability and hence growth in vascular plants. This enhanced root
growth in deeper WTD hydroperiods is further associated with greater root nutrient availability
and uptake due to more rapid mineralization facilitated by greater microbial energy yields,
growth and decomposition. Greater root nutrient uptake in turns increases the rate of vascular
CO; fixation and hence gross primary productivity (GPP) (Sulman et al. 2009, Cai et al. 2010,
Sulman et al. 2010, Flanagan and Syed 2011, Peichl et al. 2014). This WTD drawdown,
however, does not affect the non-vascular (e.g. moss) GPP in the same way it does the vascular
GPP. These non-vascular plants usually have very shallow rhizoids and mostly depend upon the
available water for uptake in the near surface peat layers. These layers can drain quickly with
WTD drawdown and thus have to depend on moisture supply through capillary rise from deeper
WT. If recharge through the capillary rise is not adequate, near surface peat desiccation occurs
which in turn slows rhizoid water uptake and eventual drying of mosses that reduces moss GPP
(Lafleur et al. 2005, Riutta 2008, Sonnentag et al. 2010, Sulman et al. 2010, Dimitrov et al. 2011,
Kuiper et al. 2014, Peichl et al. 2014). This near surface peat desiccation caused by WTD
drawdown also suppresses vascular root water uptake from those desiccated layers. However,
enhanced root growth and elongation facilitated by improved O; status in the newly aerated
deeper peat layers during the deeper WTD hydroperiods enables vascular roots to uptake water
from these wetter deeper layers. If this deeper root water uptake offsets the reduction in water
uptake from desiccated near surface layers, vascular transpiration (7), canopy stomatal
conductance (g¢) and hence GPP are sustained during deep WTD hydroperiods. But if the WT
falls below certain threshold level below which this deeper root water uptake can no longer
sustain vascular 7, reductions in g. and hence vascular GPP occur (Wu et al. 2010, Dimitrov et

al. 2011).
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Therefore, WTD variation can affect northern boreal peatland NEP through its effects on
peat moisture and aeration and consequent root and microbial oxidation-reduction reactions and
energy yields. So to better understand how these peatlands would behave under future drier and
warmer climates, a peatland C model needs to have adequate representation of WTD dynamics
that determine the boundary between aerobic and anaerobic zones thereby controlling peat
biogeochemistry. However, most of the current process-based C models that simulate peatland C
balance (1) either do not have prognostic WTD dynamics that prevent these models from
simulating a continuous anaerobic zone below WT (e.g. Baker et al. 2008, Schaefer et al. 2008,
Tian et al. 2010), or (2) do not simulate peat saturation since any water in excess of field capacity
is drained in these models (e.g. Gerten et al. 2004, Krinner et al. 2005, Weng and Luo 2008).
Moreover, instead of explicitly simulating the above-described hydrological and biological
interactions between peat aeration and biogeochemistry, most of these models use scalar
functions of soil moisture contents to inhibit R. and GPP in low or high moisture conditions (e.g.
Frolking et al. 2002, Zhang et al. 2002, Bond-Lamberty et al. 2007, St-Hilaire et al. 2010,
Sulman et al. 2012). Consequently, these peatland C models failed to simulate decrease in GPP
and R. due to shallow WTD periods while modelling WTD effects on peatland C processes
across Northern US and Canadian peatlands (Sulman et al. 2012). Furthermore, the approach of
using scalar functions to simulate moisture limitations to GPP and R. requires site-specific
parameterization of these functions thereby making this approach less suitable when scaling up

across different peatlands.

5-1.1. Objective and rationale
Unlike those peatland C models mentioned above, the general purpose process-based

terrestrial ecosystem model ecosys includes a prognostic, dynamic WTD and soil moisture
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retention that are coupled with (1) microbial oxidation-reduction reactions, energy yields,
decomposition, growth and uptake for different substrate qualities (e.g. labile vs. recalcitrant)
and (2) root oxidation-reduction reactions, growth and uptake in soil-plant-atmosphere water, C
and nutrient (N, P) schemes. This coupling of hydrology with physiology and biogeochemistry
enabled ecosys to successfully simulate WTD effects on net ecosystem CO: exchange of two
contrasting bog peatlands e.g. a northern boreal bog at Mer Bleue, Ontario, Canada (Dimitrov et
al. 2011) and a tropical bog at Palangkaraya, Central Kalimantan, Indonesia (Chapter 3) and a
northern boreal fen peatland at Lost Creek, Wisconsin, USA (Grant et al. 2012b). This testing of
ecosys algorithms representing hydrological, biological and ecological feedbacks against site
measurements across those contrasting peatlands provided an excellent opportunity for rigorous
testing of the versatility of those feedbacks in a process-based C model in simulating WTD
effects on C balance across peatlands. Since these WTD feedbacks to peatland C processes are
highly site-specific, this high spatial resolution testing of these feedbacks in ecosys across
contrasting peatlands would thus provide an important platform for scaling up simulations of
those feedbacks across peatlands at larger spatial scales i.e., national, regional, continental or
global which is currently not available. Waddington et al. (2015) in their reviews of conceptual
modelling of feedbacks among key peatland processes also suggested a similar approach as ours
to develop a generalized process model to simulate peatland eco-hydrology on a regional/global
scale. As an extension of this endeavour, the present study aims at deploying ecosys in
simulating effects of WTD variation on NEP of a Western Canadian boreal fen peatland (WPL)
(Syed et al. 2006) in Alberta, Canada. This study would use similar coupling of hydrological,
biological and ecological feedback algorithms as in those previous studies along with an

improved soil moisture retention function (Chapter 4) fed by site specific inputs measured at the
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WPL. The modelled outputs for net ecosystem CO> exchange and WTD would be tested against
site measurements at the WPL o rigorously examine the accuracy with which ecosys simulates
diurnal, seasonal and interannual variations in net CO2 exchange as affected by variations in
WTD. Gradually declining WT at the WPL from 2004-2009 as observed by Flanagan and Syed
(2011) provided an opportunity to test the robustness of ecosys algorithms of peatland eco-
hydrology under changing WTD. The tested modelled outputs would be further examined to

explain the WTD effects on C processes at this northern boreal fen.

Ecosys previously simulated WTD effects on C processes of a northern boreal fen
peatland at Lost Creek, USA (Grant et al. 2012b). However, the fen peatland in the current study
differs from the Lost Creek peatland in peat forming vegetation, peat substrate and peat depth
that can yield contrasting WTD feedbacks to net CO; exchange between these two northern
boreal fen peatlands. WPL peatland is co-dominated by trees, shrubs and mosses (Syed et al.
2006) as opposed to the Lost Creek peatland that is co-dominated by shrubs and sedges (Sulman
et al. 2009). The presence of both vascular and non-vascular plant functional types (PFTs) at the
WPL thus might produce contrasting WTD effects on vascular vs. non-vascular GPP that was
absent in the Lost Creek peatland due to the absence of non-vascular PFT. Moreover, the peat
substrate at the WPL originates from a mixture of remains of Sphagnum mosses, trees and shrubs
as opposed to the shrub and sedge originated substrate at the Lost Creek peatland. This
differences in the peat substrates might yield differential WTD feedback to peat decomposition
and hence R. between these two peatlands. Furthermore, peat deposition in the Lost Creek
peatland is much shallower (~0.25-0.50 m) (Sulman et al. 2009) than that in the WPL (~2 m)
(Syed et al. 2006). This difference might also contribute to the contrasting WTD effects on GPP

and/or R. and hence NEP between these two peatlands since the autotrophic and heterotrophic
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processes in the rhizosphere of Lost Creek peatland is more frequently affected by the mineral
soil processes than those in the WPL. So the above-discussed differences in the interactions
between hydrology, biogeochemistry and ecology between these two fen peatlands would further
provide us with an opportunity to test the adequacy of ecosys algorithms representing these
interactions in simulating WTD effects on net ecosystem CO; exchange across contrasting

northern boreal fen peatlands.

5-1.2. Hypotheses

In a field study using eddy covariance (EC) micro-meteorological approach, Flanagan
and Syed (2011) found no net effect of WTD drawdown from 2004-2009 caused by
progressively drier and warmer weather on NEP of WPL. From the regressions of EC-derived
GPP and Re on site measured WTD, they inferred that the absence of a net effect on NEP was
caused by similar increases in GPP and Re with WTD drawdown. We hypothesize that a
prognostic, dynamic WTD driven by equilibrium between vertical and lateral water fluxes that
determines root and microbial redox reactions and energy yields, microbial decomposition, root
and microbial growth and uptake in ecosys would be able to simulate these effects of WTD
drawdown on GPP and R. and hence NEP at the WPL. For this purpose we formulate the

following four modelling hypotheses to simulate WTD effects on R. and GPP of WPL.:

(1) WTD drawdown in ecosys would cause peat pore drainage and improve peat aeration that in
turns would increase the energy yields from aerobic vs. anaerobic microbial decomposition and

hence would increase R. in the modelled WPL ecosystem.
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(2) Enhanced microbial activity due to WTD drawdown in ecosys would also cause more rapid
nutrient mineralization and consequent greater root nutrient availability and uptake, greater leaf

nutrient concentrations and hence increased GPP.

(3) But when the WT falls below a certain threshold level, inadequate recharge of the near
surface peat layers through capillary rise would cause desiccation of those layers. This drying of
near surface peat layers as well as the surface residue can reduce near surface and surface peat
respiration that can partially offset the increase in deeper peat respiration due to aeration in

hypothesis 1.

(4) This near surface peat desiccation would also reduce peat water potential and hydraulic
conductivity and hence root and rhizoid water uptake from those near surface layers. Since
rhizoids are shallow and depend mainly on those near surface peat layers for moisture supply,
reduction in rhizoid water uptake would thus cause a reduction in non-vascular (moss) water
potential and hence moss GPP. Suppression of root water uptake by deeper rooted vascular PFTs
from those near surface layers during this deeper WTD hydroperiod would, however, be offset
by increased root water uptake from newly aerated deeper peat layers with higher water
potentials and hence would sustain vascular canopy water potential (yc), canopy stomatal

conductance (g¢) and GPP.

5-2. Methods
5-2.1. Model development

Ecosys is a process-based general purpose terrestrial ecosystem model that successfully
simulated 3D water, energy, carbon and nutrient (N, P) cycles in different peatlands (e.g.

Dimitrov et al. 2011, Grant et al. 2012b, Sulman et al. 2012) (Chapters 2 and 3). Ecosys
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algorithms that govern the effects of WTD variations on ecosystem net CO> exchange which are
related to our hypotheses are described below. The equations that are listed in the supplementary
material are cited in the text within round brackets with a letter representing a particular

appendix followed by the equation number.

5-2.1.1. Water table depth (WTD)

The WTD in ecosys is the depth at which the residual between lateral water influx
(recharge) and efflux (discharge) is in equilibrium with that between vertical influx
(precipitation) and efflux (evapotranspiration). This WTD is thus not prescribed, but rather
controls, and is controlled by, vertical and lateral surface and sub-surface water fluxes (D1-D10).
The WTD in ecosys is calculated at the end of each time step as the depth to the top of the
saturated zone below which air-filled porosity is zero. The lateral water flux in ecosys is
governed by the lateral sub-surface boundary condition. This lateral sub-surface boundary
condition in ecosys is defined by a specified external WTD (WTDx) and a specified lateral
distance (L) over which lateral sub-surface water flow occurs (Fig. 5-1). This WTDy represents
average WTD of the surrounding watershed with which modelled boundary grid cells exchange
water. The rates of the lateral water fluxes are governed by the hydraulic gradient between the
WTD within the modelled grid cell and WTDx over L in a Darcy’s equation, and by macropore
and matrix hydraulic conductivity of the soil layer in which these water transfers occur (D10,
D10a). Thus when WTD within modelled grid cells is shallower than WTDy, discharge through
the model lateral boundary occurs (D10) and when WTD falls below WTDx recharge into the
modelled grid cells occurs (D10a) (Fig. 5-1). Fen peatlands are known to gain water from upland
ecosystems through lateral recharge. To accommodate this effect of catchment hydrology on fen

peatland WTD, we set the WTDx at different levels based on the annual wetness of weather e.g.
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shallow WTDx for wetter years, intermediate WTDx for regular years, and deep WTDx for drier
years (Fig. 5-1). This scheme simulates hydraulic gradients between modelled WTD and the
WTDx for larger lateral recharge than discharge resulting in net lateral water gain in wetter years

and vice-versa (Fig. 5-1) (D10, D10a).

5-2.1.2. Heterotrophic respiration and WTD

WTD fluctuation in ecosys, which arises from variations in the balance between vertical
and lateral fluxes, determines the boundary between and hence the extent of aerobic vs.
anaerobic soil zones. These in turn affect organic oxidation-reduction transformations and hence
microbial energy yields, which drive microbial growth, hence substrate decomposition and
uptake (A1-A30). Organic transformations in ecosys occur in a residue layer and in each of the
soil layers within five organic matter-microbe complexes i.e. coarse woody litter, fine non-
woody litter, animal manure, particulate organic C and humus. Each of these complexes has
three decomposition substrates i.e. solid organic C, sorbed organic C and microbial residue C;
the decomposition agent i.e. microbial biomass; and the decomposition product i.e. dissolved
organic C (DOC). Rates of the decomposition and resulting DOC production in each of these
complexes is a first-order function of the fraction of substrate colonized by active biomasses (M)
of diverse microbial functional types (MFTs). These MFTs in ecosys are obligate aerobes
(bacteria and fungi), facultative anaerobes (denitrifiers), obligate anaerobes (fermenters),
heterotrophic (acetotrophic) and autotrophic (hydrogenotrophic) methanogens, and aerobic and
anaerobic heterotrophic diazotrophs (non-symbiotic N> fixers) (Al, A2, A4). Biomass (M)
growth of each of these MFTs (A25) is calculated from their DOC uptake (A21). The rate of M
growth is driven by energy yield from growth respiration (Rg) (A20) that is calculated by

subtracting maintenance respiration (Rm) (A18) from heterotrophic respiration (Rn) (Al1). The
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values of Ry are driven by oxidation of DOC (A13). This oxidation may be limited by microbial
O reduction (A14) driven by microbial O demand (A16) and constrained by O diffusion
calculated from aqueous O concentrations in soil ([O2s]) (A17). Values of [Oys] are maintained
by convective-dispersive transport of O> from the atmosphere to gaseous and aqueous phases of
the soil surface layer (D15), by convective-dispersive transport of O through gaseous and
aqueous phases in adjacent soil layers (D16, D19), and by dissolution of O from gaseous to
aqueous phases within each soil layer (D14a).

Shallow WTD in ecosys can cause lower air-filled porosity (&) due to the higher
moisture content in the peat layers above the WT. This reduces O diffusivity in the gaseous
phase (Dg) (D17) and hence gaseous O transport (D16) in these layers. However, the peat layers
below the WT have zero 6, that prevents gaseous O: transport in these layers. So during shallow
WTD hydroperiods, [O2s] relies more on O> transport through the slower aqueous phase (D19)
which causes a decline in [Oa]. This decline slows O2 uptake (A17) and hence Ry (Al4), Rg
(A20) and growth of M (A25). Lower M in turn slows decomposition of organic C (A1, A2) and
production of DOC which further slows Ry (A13), Rg and growth of M. Although some MFTs
can sustain DOC oxidation by reducing alternative electron acceptors (e.g. methanogens
reducing acetate or COz to CH4, and denitrifiers reducing NOx to N2O or N»), lower energy
yields from these reactions reduce Ry (A21), and hence M growth, organic C decomposition and
subsequent DOC production. Slower decomposition of organic C under low [Oxs] also causes
slower decomposition of organic nitrogen and phosphorus (A7) and production of dissolved
organic nitrogen (DON) and phosphorus (DOP), which causes slower uptake of microbial
nitrogen and phosphorus (A22) and hence growth of M (A29). This slower growth causes slower

mineralization (A26), and hence lowers aqueous concentrations of NH4*, NOs~ and HoPO4 ™.
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WTD drawdown can cause peat pore drainage and hence an increase in &, that results in
greater Dg (D17) and hence more rapid gaseous O; transport. A consequent rise in [Ozs] increases
O uptake (A17) and hence Rn (A14), R; (A20) and growth of M (A2S5). Larger M in turn hastens
decomposition of organic C (A1, A2) and production of DOC which further hastens Ry (A13), R,
and growth of M. More rapid decomposition of organic C under adequate [O2s] in this period also
causes more rapid decomposition of organic nitrogen and phosphorus (A7) and production of
DON and DOP, which increases uptake of microbial nitrogen and phosphorus (A22) and hence
growth of M (A29). This rapid growth causes rapid mineralization (A26), and hence greater
aqueous concentrations of NH4", NO3™ and H,PO4 .

However, when WTD recedes below a certain threshold level, capillary rise from the WT
(D9a) can no longer support adequate recharge of the near surface peat layers and the surface
litter. This causes desiccation of the residue and the near surface peat layers thereby causing a
reduction in water potential (ys) and hence an increase in aqueous microbial concentrations [M]
(A15) in each of these layers. The increased [M] caused by the peat desiccation reduces
microbial access to the substrate for decomposition in each of these layers and hence reduces Rn
(A13). This reduction in Ry is calculated in ecosys from competitive inhibition of microbial exo-
enzymes with increasing concentrations (A4) (Lizama and Suzuki 1991).
5-2.1.3. WTD effects on vascular gross primary productivity

WTD variation effects on vascular gross primary productivity (GPP) in ecosys is
simulated from the effects of WTD variation on root O> and nutrient availability and hence root
growth and uptake, and plant water relations in a hydraulically driven soil-plant-atmosphere
water scheme. Root growth in each vascular plant population in ecosys is calculated from its

assimilation of the non-structural C product of CO: fixation (oc) (C20). Assimilation is driven
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by Rg (C17) remaining after subtracting R (C16) from autotrophic respiration (R,) (C13) driven
by oxidation of oc (C14). This oxidation in roots may be limited by root O2 reduction (C14b)
which is driven by root O> demand to sustain C oxidation and nutrient uptake (Cl4e), and
constrained by O uptake controlled by concentrations of aqueous O in the soil ([O2s]) and roots
([O2]) (C144d). Values of [O2s] and [O2;] are maintained by convective-dispersive transport of O
through soil gaseous and aqueous phases and root gaseous phase (aerenchyma) respectively and
by dissolution of O, from soil and root gaseous to aqueous phases (D14b, D16, D17, D19). O>
transport through root aerenchyma depends on species-specific values used for root air-filled
porosity (6y) (D17b). Shallow WTD and resultant high peat moisture content in ecosys can cause
low &, that reduces soil O» transport, forcing root O> uptake to rely more on [O2] and hence on
root O transport determined by & If this transport is inadequate, decline in [O2;] slows root O
uptake (Cl4c, d) and hence R, (C14b), R, (C17) and root growth (C20b) and root nitrogen and
phosphorus uptake (C23b, d, f). Root nitrogen and phosphorus uptake in this hydroperiod is
further slowed by reductions in aqueous concentrations of NH4*, NOs~ and HoPO4~ (C23a, c, €)
from slower mineralization of organic nitrogen and phosphorus as described in Sect. 5-2.1.2.
Slower root nitrogen and phosphorus uptake in turn reduces concentrations of non-structural
nitrogen and phosphorus products of root uptake (on and op) with respect to that of oc in leaves
(C11), thereby slowing CO; fixation (C6) and hence GPP.

WTD drawdown facilitates rapid Dg which allows root O, demand to be almost entirely
met from [Ozs] (Cl4c, d) and so enables more rapid root growth and nitrogen and phosphorus
uptake (C23b, d, f). Increased root growth and nutrient uptake is further stimulated by increased
aqueous concentrations of NH4", NOs~ and HoPO4~ (C23a, c, €) from more rapid mineralization

of organic nitrogen and phosphorus during this hydroperiod as described in Sect. 5-2.1.2. Greater
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root nitrogen and phosphorus uptake in turn increases concentrations of on and op with respect
to oc in leaves (C11), thereby facilitating rapid CO> fixation (C6) and hence GPP. However,
when WTD falls below a certain threshold, inadequate capillary rise (D9a) causes near-surface
peat desiccation, reducing soil water potential (ys) and increasing soil hydraulic resistance (£s)
(B9), forcing lower root water uptake (Uyw) from these desiccated layers (B6). But deeper rooting
facilitated by increased [Oas] in this period can sustain Uy (B6) from wetter deeper peat layers
with higher s and lower Qs (B9). If this Uy from the deeper wetter layers cannot offset the
suppression in Uy from desiccated near surface layers, the resultant net decrease in Uy causes a
reduction in root, canopy and turgor potentials (4, w and w) (B4) and hence gc (B2b) in ecosys
when equilibrating Uy with transpiration (7) (B14). Lower g. in turn reduces CO> diffusion into
the leaves thereby reducing CO; fixation (C6) and hence GPP (C1) during this hydroperiod.
5-2.1.4. WTD effects on non-vascular gross primary productivity

Effects of WTD drawdown on non-vascular (e.g. moss) GPP in ecosys is simulated from
the interaction between shallow moss rhizoid depth and peat moisture supplying capacity
through capillary rise from the WT to adequately recharge these shallow peat layers to sustain
rthizoid Uy. Shallow moss rhizoid depth in ecosys is simulated from intra-specific competition
for light and nutrients (N, P) among small plants with large populations because root and rhizoid
growth are simulated for individual plants and then scaled to the population. Ecosys model input
for moss population is usually larger and hence intra-specific competition is greater so that
individual moss plant and the downward growth of rhizoid is smaller (C21b). Absence of
aerenchyma in moss rhizoids further hinders rhizoid O status and hence oxidation of oc that
further slows moss rhizoid growth respiration (R) and growth in wet deeper peat layers where

[O2s] 1s inadequate for oc oxidation (C14, C17). This limits moss rhizoids mostly to near surface
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peat layers that are frequently unsaturated. When WT deepens past a threshold level, inadequate
capillary rise (D9a) causes near-surface peat desiccation, thereby reducing s and increasing s
(B9) of those layers. This in turns causes a reduction in moss canopy water potential () while

equilibrating moss E with Uy (B6). Reduced moss y. causes a reduction in moss carboxylation

rate (C3, C6a) and hence moss GPP (C1).

5-2.2. Modelling experiment
5-2.2.1. Study site

The algorithms for effects of WTD variations on ecosystem net CO» exchange in ecosys
are tested in this study against measurements of WTD and ecosystem net CO> fluxes from 2003
to 2009 at a flux station of the Fluxnet-Canada Research Network established at the WPL
(latitude: 54.95°N, longitude: 112.47°W). The study site is a moderately nutrient-rich treed fen
peatland within the Central Mixed-wood Sub-region of Boreal Alberta, Canada. Peat depth
around the flux station was about 2 m. This peatland is dominated by stunted trees of black
spruce (Picea mariana) and tamarack (Larix laricina) with an average canopy height of 3 m.
High abundance of a shrub species Betula pumila (dwarf birch), and the presence of a wide range
of mosses e.g. Sphagnum spp., feather moss, and brown moss characterize the under-storey
vegetation of WPL. The topographic, climatic, edaphic and vegetative characteristics of this site

were described in more details by Syed et al. (2006).

5-2.2.2. Field data sets
Ecosys model inputs of half hourly weather variables i.e. incoming shortwave and
longwave radiation, air temperature, wind speed, precipitation and relative humidity during

2003-2009 were measured by Syed et al. (2006) and Flanagan and Syed (2011) at the
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micrometeorological station established at WPL. To test the adequacy of WTD simulation in
ecosys, modelled outputs of hourly WTD were tested against WTD measured at the WPL with
respect to average hummock surface by Flanagan and Syed (2011). To examine how well ecosys
simulated net ecosystem CO> exchange at the WPL, we tested hourly modelled net ecosystem
CO; fluxes against those measured by using eddy covariance (EC) micro-meteorological
approach by Syed et al. (2006) and Flanagan and Syed (2011). Each of these EC-measured net
CO; fluxes consisted of an eddy flux and a storage flux (Syed et al. 2006). Erroneous flux
measurements due to stable air conditions were screened out by Syed et al. (2006) and Flanagan
and Syed (2011) with the use of a minimum friction velocity («*) threshold of 0.15 m s™!. The
data gaps resulting from this quality control were filled to estimate annual NEP. The resultant EC
measured and gap-filled NEP were again partitioned to derive GPP and R.. These gap-filling and
partitioning of NEP were done by Syed et al. (2006) and Flanagan and Syed (2011) who
followed standard procedure of Fluxnet-Canada research network described by Barr et al. (2004)

except for energy balance closure adjustment.

Soil CO: fluxes measured by automated chambers can provide a valuable supplement to
EC CO: fluxes in testing modelled respiration by providing more continuous measurements than
EC. So, we also tested our modelled outputs against half-hourly automated chamber
measurements by Cai et al. (2010) at the WPL. These CO; flux measurements were carried out
over both hummocks and hollows by using a total of 9 steady-state transparent chambers (Cai et
al. 2010). Apart from soil respiration these chamber CO fluxes thus included fixation and
autotrophic respiration from dwarf shrubs, herbs and mosses (Cai et al. 2010). Therefore we
compared modelled fixation and autotrophic respiration from understorey PFTs (e.g. shrub and

moss) combined with modelled soil respiration against these chamber net CO> fluxes measured
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at the WPL. For this purpose net CO; flux measurements from all of those chambers were
averaged and compared against average soil and understorey CO> fluxes modelled over the

hummock and the hollow.

5-2.2.3. Model runs

The ecosys model run to simulate WTD effects on net CO> exchange of WPL had a
hummock and a hollow grid cell of I m x 1 m intended to represent site micro-topography (Fig.
5-1). These two modelled grid cells exchanged water, heat, carbon and nutrients (N, P) between
them and with surrounding vertical and lateral boundaries. The hollow grid cell had near surface
peat layer that was 0.3 m thinner than the hummock cell representing a hummock-hollow surface
difference of 0.3 m observed in the field (Long 2008b) (Fig. 5-1). Any depth with respect to the
modelled hollow surface would thus be 0.3 m shallower than the depth with respect to the

modelled hummock surface.

Peat organic properties at the WPL were represented in ecosys by inputs of total organic
C, total nitrogen (N) and total phosphorus (P) measured at the site by Flanagan and Syed (2011)
that were averaged for less decomposed layers within 0-0.19 m from the hummock surface and
for relatively more decomposed layers underneath (0.19-2.0 m of the hummock) (Fig. 5-1). Input
for pH represented relatively high pH measured at the WPL that classified this peatland as a
moderately nutrient rich fen (Syed et al. 2006). CEC input in ecosys represented high CEC
characteristic of moss-derived Albertan peats as measured by Rippy and Nelson (2007). N to P
ratios less than 15 in top 0.19 m suggested that the vegetation in WPL was more N limited than P
limited (Flanagan and Syed 2011). Moreover, nutrient gain through lateral water inflow in the
fen peatland at WPL was also reported by Syed et al. (2006). However, we did not have any site
measurement for this lateral nutrient gain to use as inputs in ecosys, so we used background wet
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deposition rates of 0.5 mg ammonium-N, 0.25 mg nitrate-N and 0.075 mg phosphate-P per litre

of precipitation water to simulate this additional source of nutrient input.

Ecosys was run for a spin up period of 1961-2002 under repeating 7-year sequences of
hourly weather data (shortwave and longwave radiation, air temperature, wind speed, humidity
and precipitation) recorded at the site from 2003 to 2009. Since measurements of these weather
variables at the site stopped at the end of September in 2009, we filled October-December
weather in 2009 by those measured for the same period in 2008 to complete the 7-year weather
sequences in the spin up run. This spin up period allowed CO> exchange in the model to achieve
stable value through successive weather sequences. The WTDx for the spin up run was set at
0.19, 0.35, and 0.72 m below the hummock surface (0.11 m above and 0.05 and 0.42 m below
the hollow surface) following the shallowest measured WTD in 2003-2005, average measured
WTD in 2006-2007, and the deepest measured WTD in 2008-2009 representing a gradual drying
trend in overall watershed hydrology (Fig. 5-1). L was set to a fixed 100 m in all directions for
all years (Fig. 5-1). The lower boundary condition was defined such that there was no exchange
of water to represent the presence of clay sediment with very low permeability underlying the
peat deposition (Syed et al. 2006) (Fig. 5-1). Further details about ecosys model set up to
represent the physical and hydrological characteristics of WPL can be found in Chapter 4.

At the beginning of the spin-up run, the hummock grid cell was seeded with evergreen
needle leaf and deciduous needle leaf over-storey plant functional types (PFT) to represent the
black spruce and tamarack trees at the WPL. The hollow grid cell was seeded with only the
deciduous needle leaf over-storey PFTs (to represent tamarack over-storey) excluding the
evergreen needle leaf since the black spruce trees were observed to grow only on the raised areas

at the WPL. Each of the modelled hummock and the hollow was also seeded with a deciduous
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broadleaved vascular (to represent dwarf birch) and a non-vascular (to represent mosses) under-
storey PFTs. These PFTs are the same as those in earlier studies with ecosys in northern boreal
ecosystems (e.g. Grant et al. 2009a, Dimitrov et al. 2011, Grant et al. 2012b). The planting
density was such that the population density of the evergreen needle leaf and the deciduous
needle leaf PFT was 0.16 and 0.14 m™ at the end of the spin up run after accounting for annual
mortality, thereby representing the site-measured population of the two dominant over-storey
species during the study period (Syed et al. 2006). The under-storey deciduous broadleaved and
moss PFTs had population densities of 0.3 and 500 m™ at the end of the spin up run. To include
wetland adaptation, we selected a value of 0.1 for root porosity (&) used in calculating root O>
transport through aerenchyma (H6) in the two over-storey PFTs. A higher &, value of 0.3 for the
under-storey vascular PFT was selected to simulate better wetland adaptation in the under-storey
vegetation at the WPL. We did not use any porosity for non-vascular moss rhizoids and hence
did not simulate O transport through mosses. These input values for vascular &, fall within the
range of root porosities (0.01-0.34) measured for various plants taken from northern temperate
and boreal bogs, fens and reed swamps (Cronk and Fennessy 2001). &, in wetland adapted
species can also vary with intensity of waterlogging (Cronk and Fennessy 2001). However, the
current version of ecosys used the set input for Gy to simulate O transport from atmosphere to
rhizosphere through roots which did not vary with intensity in waterlogging. Non-symbiotic N
fixation through association of cyanobacteria and mosses are also reported for Canadian boreal
forests (Markham 2009). This was represented in ecosys as N fixation by non-symbiotic
heterotrophic diazotrophs (A27) in the moss canopy.

When the modelled ecosystem attained dynamic carbon equilibrium at the end of the

spin-up run, we continued the spin up run from 2003 to 2009 by using a real-time weather
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sequence. We tested our outputs from 2004-2009 of the simulation runs against the available site
measurements of WTD, net EC CO; fluxes and net chamber CO; fluxes over those years.
5-2.2.4. Model validation

To examine the adequacy of modelling WTD effects on canopy, root and soil CO; fluxes
which were summed for net ecosystem CO; exchange at the WPL, we spatially averaged hourly
net CO> fluxes modelled over the hummock and the hollow to represent a 50:50 hummock-
hollow ratio and then regressed against hourly EC measured net ecosystem CO- fluxes for each
year from 2004-2009 with varying WTD. Each of these hourly EC measured net ecosystem CO»
fluxes used in these regressions is an average of two half-hourly net CO» fluxes measured at a
friction velocity («*) greater than 0.15 m s'. Model performance was evaluated from regression
intercepts (a—0), slopes (b—1) and coefficients of determination (R>—1) for each study year to
test whether there was any systematic divergence between the modelled and EC measured CO»
fluxes. Similar regressions of modelled vs. gap-filled net CO> fluxes were also performed to test
for any divergence between the modelled and gap-filled CO, fluxes. These regressions based
tests are very important since any small divergence between hourly modelled and EC measured
as well as between hourly modelled and gap-filled CO; fluxes can result in a large divergence
between modelled and EC-gap filled annual estimates.
5-2.2.5. Analyses of model results

After comparing modelled CO> fluxes against the measured values (Sect. 5-2.2.4) we
interpreted the modelled outputs to examine WTD effects on net CO2 exchange at the WPL.
WTD fluctuation can affect peatland net CO: exchange by affecting root and microbial
oxidation-reduction reactions and energy yields and hence root and microbial decomposition,

growth and uptake thereby affecting GPP and Re. The effects of WTD drawdown on diurnal CO2
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exchange of WPL was examined by comparing hourly modelled net CO> fluxes against half
hourly measured EC fluxes over three 10-day periods in late growing seasons (mid-August) of
2005, 2006 and 2008. These periods had comparable weather conditions i.e. temperature and
radiation that affected GPP and R., so that those three periods mostly differed from each other in
their WTD. These three periods were selected based on the highest availability of night-time
valid EC CO; flux measurements for comparison with modelled fluxes. Further examination of
this WTD drawdown effect in these three periods was facilitated by comparing modelled soil and
understorey CO; fluxes averaged over the hummock and the hollow against net chamber CO>

fluxes measured by Cai et al. (2010) at the WPL (Sect. 5-2.2.2).

To examine the consistency of short-term WTD effects on CO> exchange at the WPL
over a longer time scale, we compared modelled vs. EC-derived growing season (May-August)
and annual sums of NEP, GPP and R. for modelled vs. measured interannual variations in

average growing season and May-October (ice free period) WTD from 2004-2009.

5-2.2.6. Sensitivity of modelled peatland CO: exchange to artificial drainage

Large areas of northern boreal peatlands in Canada have been drained primarily for
increased forest and agricultural production since plant productivity in pristine peatlands are
known to be constrained by shallow WTD (Choi et al. 2007). However, drainage and resultant
WTD drawdown can affect both GPP and R. on a short-term basis and the vegetation
composition on a longer time scale thereby changing overall net CO» exchange trajectories of a
peatland. To predict short-term effects of drainage on WTD and hence ecosystem net CO>
exchange of WPL, we extended our simulation run (Sect. 5-2.2.3) by two 7-yr cycles using
repeated weather sequences of 2003-2009. During this extension, we forced a stepwise

drawdown in WTDy from that simulated under current conditions at WPL (Fig. 5-1) by 1.0 and
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2.0 m in the first (drainage cycle 1) and the second cycle (drainage cycle 2) respectively. This
projection run would give us a further insight about how the northern boreal peatland of Western
Canada would be affected by further WTD drawdown as a result of drier and warmer weather as
well as a disturbance such as drainage. This projection would also provide us with a test of how
sensitive the modelled C processes were to the changes in model lateral boundary condition as

defined by WTDx in ecosys.

5-3. Results
5-3.1. Model performance in simulating diurnal variations in ecosystem net CO: fluxes
Variations in weather variables like precipitation can cause change in WTD and hence
variation in diurnal net CO2 exchange across years. Ecosys reasonably well simulated diurnal net
CO; fluxes measured each year from 2004 to 2008 with varying precipitation (Table 5-1).
Regressions of hourly modelled vs. measured net ecosystem CO> fluxes gave intercepts within
0.1 umol m™ s™! of zero, and slopes within 0.1 of one, indicating minimal bias in modelled values
during each year from 2004-2008 (Table 5-1). However, regressions of modelled vs. measured
fluxes over the growing seasons (May-August) with varying precipitation from 2004-2009
yielded larger positive intercepts for all of these years (Table 5-2). These larger intercepts were
predominantly caused by modelled overestimation of growing season day-time CO, fluxes. This
overestimation was, however, offset by modelled overestimation of night-time CO- fluxes during
the winter thus yielding smaller intercepts from whole year regressions of modelled vs. EC
measured fluxes (Tables 5-1 and 5-2). We could not do a modelled vs. EC measured regression
for the entire year of 2009 due to the lack of flux measurements from September to December in
that year (Table 5-1). Values for coefficients of determination (R*) were ~ 0.8 (P < 0.001) for all

years from both whole year and growing season regressions (Tables 5-1 and 5-2). Root mean
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squares for errors (RMSEs) were < 2.0 and ~2.5 umol m? s™! for whole year regressions from
2004 to 2008 (Table 5-1) and for growing season regressions from 2004 to 2009 (Table 5-2)
respectively. Much of the variations in EC measured CO; fluxes that was not explained by the
modelled fluxes could be attributed to a random error of ~20% in EC methodology (Wesely and
Hart 1985). This attribution was further corroborated by root mean squares for random errors
(RMSRE) in EC measurements, calculated for forests with similar CO> fluxes from Richardson
et al. (2006) that were similar to RMSE (Table 5-1). The similar values of RMSE and RMSRE
also indicated that further constraint in model testing could not be achieved without further
precision in EC measurements.

Regressions of modelled vs. gap-filled CO fluxes gave slopes and R? were similar to,
and RMSEs were smaller than those from modelled vs. EC-measured CO> fluxes for most of the
years except for the whole year regressions in 2004 and 2006 when the slopes were larger
(Tables 5-1 and 5-2). The intercepts from modelled vs. gap filled CO; fluxes were, however,
consistently more negative than those from modelled vs. EC measured fluxes for both whole
year (Table 5-1) and growing season (Table 5-2) regressions. These more negative intercepts
were mainly caused by larger modelled than gap filled night-time CO> effluxes.

5-3.2. Seasonality in WTD and net ecosystem CO2 exchange

Seasonality in WTD measured at the WPL showed interannual variation from 2004 to
2009 which was reasonably well modelled by ecosys (Figs. 5-2b, d, f, h, j, 1). This interannual
variation in seasonality of WTD was modelled by accurate simulation of the balance between
vertical water fluxes i.e. P vs. ET and lateral water fluxes i.e. recharge vs. discharge (Figs. 4-6 to
4-8). Larger P to ET ratio throughout 2004 caused the shallowest modelled WTD which

remained above the hollow surface throughout most of the year (Fig. 5-2b). WTDx (=0.19 m)
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(Fig. 5-1) shallower than the modelled WTD in 2004 created a hydraulic gradient that caused net
lateral recharge and hence further sustained the shallow modelled WTD. A smaller P to ET ratio
in 2005 than in 2004 caused slightly deeper WTD that remained at the hollow surface or within
0.1 m below the hollow surface (Fig. 5-2d). During this year, WTDx (=0.19 m) (Fig. 5-1)
shallower than the modelled WTD caused net lateral recharge and hence further sustained WTD
close to the hollow surface. Declines in the P to ET ratio over the growing seasons of 2006 and
2007 caused modelled WTD drawdown to levels where the differences between ET and P
equilibrated with net lateral recharge caused by hydraulic gradients yielded from WTDy (=0.35
m) (Fig. 5-1) which was deeper than the modelled WTD in both years (Figs. 5-2f, h). Continued
declines in growing season P to ET ratio in 2008 and 2009 caused further deepening of the WT
(Figs. 5-2j, ). A WTDx (=0.72 m) (Fig. 5-1) deeper than the modelled WTD in these growing
seasons generated hydraulic gradients that caused net lateral discharge which further deepened
WTD. These modelled interannual variations in seasonality of WTD from 2004 to 2009 were

well corroborated by site measured half hourly WTD at the WPL (Figs. 5-2b, d, f, h, j, 1).

Seasonality in net CO> exchange at the WPL was predominantly governed by that in
temperature which controlled the seasonality in phenology and hence GPP as well as that in Re..
Ecosys reasonably well simulated these seasonalities in phenology and hence GPP and R. during
a gradual growing season WTD drawdown from 2004 to 2009 which was apparent by good
agreements between modelled vs. EC-gap filled daily NEPs (Fig. 5-2) and hourly net CO» fluxes
(Tables 5-1 and 5-2) for all these years. Modelled NEPs throughout the winters of most of the
years were, however, more negative than the EC-gap filled NEPs indicating larger modelled than
EC-gap filled winter CO; effluxes (Fig. 5-2). This trend was also indicated by negative intercepts

from regressions of modelled vs. gap-filled CO» fluxes (Table 5-1) (Sect. 5-3.1). The onset of
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photosynthesis at the WPL also varied interannually depending upon spring temperature which
was well modelled by ecosys. For instance, 2004 with a cooler spring produced smaller early
growing season (May) GPP and hence NEP than 2005 with a warmer spring which was apparent

in daily EC-gap filled and modelled NEPs (shaded areas in figs. 5-2a, c).

5-3.3. WTD effects on diurnal net CO: exchange

WTD variation can affect diurnal net CO> exchange by affecting peat O» status and
consequently root and microbial O> and nutrient availability, growth and uptake thereby
influencing CO; fixation (GPP) and/or respiration (Rc). To examine modelled vs. measured
WTD effects on diurnal net CO> exchange at the WPL, we examined three 10-day periods with
comparable weather conditions (radiation and air temperature) that differed predominantly in
their WTDs during late growing seasons (August) of 2005, 2006 and 2008 (Fig. 5-3) (Sect. 5-
2.2.5). A WTD drawdown from late growing season of 2005 to that of 2006 in ecosys caused a
reduction in peat water contents (Fig. 4-5) and a consequent increase in Oz influxes from
atmosphere into the peat that eventually caused an increase in modelled soil CO> effluxes (Fig.
5-4c). These increased modelled soil CO> effluxes in mid-August of 2006 contributed to the
larger modelled ecosystem CO; effluxes (Re) as apparent in larger modelled night-time fluxes in
the late growing season of 2006 than in that of 2005 which was well corroborated by night-time
EC CO; fluxes during those periods (Fig. 5-4a). This R. stimulation by WTD drawdown was
further corroborated by larger sums of night-time soil CO; fluxes and understorey autotrophic
respiration (R.) as measured by Cai et al. (2010) using automated chambers and modelled by
ecosys in late growing season of 2006 with deeper WTD than in that of 2005 with shallower

WTD (Fig. 5-4b).
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Further WTD drawdown into the late growing season of 2008 (Fig. 5-3b) caused
improved peat oxygenation and hence larger soil CO; effluxes in the model (Fig. 5-4c). This
contributed to similarly larger modelled night-time CO; fluxes in the late growing seasons of
2006 and 2008 than in 2005 that were also well corroborated by EC measured night-time fluxes
during those periods (Fig. 5-4a). Consequently, the sums of modelled night-time soil CO; fluxes
and understorey R, in late growing season of 2008 were similarly larger as in 2006 with respect
to those in that period of 2005 (Fig. 5-4b). We, however, did not have any chamber
measurements available for 2008 to corroborate this trend. However, despite larger night-time
modelled and EC CO; fluxes in the late growing season of 2008 than in 2005, the day-time
influxes in 2008 were also similar to those in 2005 (Fig. 5-4a). This indicated a greater late
growing season CO; fixation with WTD drawdown from 2005 to 2008. WTD drawdown thus
stimulated both the night-time and the day-time net CO; fluxes as apparent in both the modelled
outputs and in EC flux measurements during the three hydroperiods mentioned above thereby

indicating increases in both R. and GPP with the deepening of WT.

Apart from WTD, temperature variation could also profoundly affect ecosystem net CO>
exchange at the WPL. For a given WTD condition, warmer weather caused increases in R. at the
WPL (Figs. 5-3 and 5-4a, b). Larger night-time modelled, EC-gap filled and chamber CO: fluxes
in warmer nights of day 214, 220 and 222 than the cooler nights of day 221, 224 and 218 in
2005, 2006 and 2008 respectively indicated this trend of increased R. with warming under
similar WTD condition (Figs. 5-3a and 5-4a, b). However, at similar temperature conditions,
modelled and EC-gap filled night-time ecosystem CO> fluxes as well as modelled and automated
chamber measured sums of night-time soil CO; fluxes and understorey R, under deeper WTD

conditions in 2006 and 2008 were larger than those in 2005 under shallower WTD (denoted by
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the shaded areas in Figs. 5-3 and 5-4). This indicated that WTD drawdown stimulated R. at the
WPL irrespective of temperature condition (Figs. 5-3 and 5-4). This further corroborated the net

effects of WTD drawdown on R. and hence on net ecosystem CO» exchange as discussed above.

The degree of stimulation in R. at the WPL due to warming was also influenced by WTD
conditions. To study this effect we further examined three 4-day warming events in late July and
August of 2005, 2006 and 2008 with gradually deeper WTD (Figs. 5-5a to 5-5f). The warming
events in early August of 2006 and in mid-August of 2008 with deeper WTD than in 2005
caused gradual increases in R. as apparent from gradually larger modelled and EC-gap filled
night-time ecosystem CO: effluxes (Figs. 5-5h, 1). These increases in R. due to warming during
deeper WTD conditions were also apparent in gradually larger sums of modelled and automated
chamber-measured (Cai et al. 2010) night-time soil CO; fluxes and understorey R. in 2006 and
modelled understorey and soil CO; fluxes in 2008 (Figs. 5-5k, 1). These increases in Re due to
warming under deeper WTD contributed to declines in modelled and EC-gap filled July-August
net ecosystem productivity (NEP) during 2006 and 2008 (Figs. 5-2e, i1). Unlike in 2006 and
2008, a late-July warming event in 2005 with shallower WTD than in 2006 and 2008 did not
yield a similarly evident stimulation of either modelled or EC-gap filled R. and either modelled
or chamber measured (Cai et al. 2010) soil and understorey respiration (Figs. 5-5g, j). This lack
of stimulation in R. with warming under shallower WTD in 2005 resulted in the absence of
decline in July-August NEP as occurred in 2006 and 2008 (Figs. 5-2c vs. 5-2e, 1). These findings
showed that the stimulation of R due to warming was greater with deeper WTD thereby further
indicating importance of WTD in mediating potential future warming effects on NEP of northern

boreal peatlands.
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5-3.4. Interannual variations in WTD and net ecosystem productivity

The effects of WTD drawdown on modelled and EC-gap filled diurnal net ecosystem
CO; exchange as discussed in the previous section (Fig. 5-4) contributed to the effects of
interannual variation in WTD on that of NEP. However, these WTD effects on growing season
modelled and EC-derived GPP, R. and hence NEP might also be affected by changes in
temperature (Fig. 5-5). Ecosys simulated a gradual drawdown of average growing season (May-
August) WTD from 2004 to 2009 from gradually declining growing season P to ET ratio and
lateral water gain through recharge (Fig. 5-6d). This simulated WTD drawdown was
corroborated by site measurements at the WPL (Fig. 5-6d). Deeper WT in 2005 than in 2004
caused larger growing season GPP in ecosys that was corroborated by EC-derived GPP (Fig. 5-
6b). This increase in GPP from 2004 to 2005 was also contributed by larger GPP in warmer May
of 2005 than 2004. WTD drawdown from 2004 to 2005, however, did not cause an increase in
either modelled or EC-derived growing season R. (Fig. 5-6¢). This was because June and July in
2005 was more than 2°C cooler than in 2004, causing cooler soil which reduced R.. This
reduction in June and July Re due to cooler soil more than fully offset the increase in Re due to
WTD drawdown and resulted in decreased growing season modelled and EC-derived R. in 2005
than in 2004 (Fig. 5-6¢). Larger GPP and smaller R. hence caused a larger growing season NEP
in 2005 than in 2004 (Figs. 5-2a, ¢ and 5-6a). WTD drawdown in ecosys from 2005 to 2006
caused increases in both modelled growing season GPP and R. that was corroborated by EC-
derived GPP and R. (Figs. 5-6b, c). This trend of increases in both GPP and R. was also apparent

in modelled vs. EC-gap filled and chamber diurnal net CO» fluxes (Figs. 5-4 and 5-5).

The effects of increasing WTD on NEP changed after 2005. A warmer growing season in

2006 than in 2005 (Fig. 5-6d) caused warmer soil that further contributed to the increase in
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modelled and EC-derived growing season R. from 2005 with shallower WTD to 2006 with
deeper WTD (Figs. 5-4, 5-5 and 5-6c, d). Therefore, a larger increase in growing season R than
in GPP caused modelled and EC-derived growing season NEP to decrease from 2005 to 2006
(Figs. 5-2c, e and 5-6a). Continued growing season WTD drawdown from 2006 to 2008 caused
similar increases in modelled growing season GPP and R. that caused no significant changes in
modelled growing season NEP (Figs. 5-2e, i, 5-3, 5-4 and 5-6a, b, ¢, d). Like the modelled
estimates, EC-derived growing season GPP and R. also increased with WTD drawdown from
2006 to 2008 (Figs. 5-6a, b, ¢, d). However, the rate of increase in EC-derived growing season Re
was smaller than that in modelled growing season R. thereby contributing to a larger growing
season EC-gap filled NEP in 2008 than in 2006 which was not apparent in modelled estimates
(Figs. 5-6a, b, ¢). A further drawdown in WTD from the growing season of 2008 to 2009 caused
reductions in both modelled and EC-derived growing season GPP and R. (Figs. 5-6a, b, c, d).
These reductions in GPP and R. from 2008 to 2009 could also be contributed by lower 7 in 2009
than in 2008 that caused cooler canopies and soil (Figs. 5-6b, ¢, d). The reduction in EC-derived
growing season GPP was larger than that in EC-derived growing season R. thereby causing a
decrease in growing season EC-gap filled NEP from 2008 to 2009 (Figs. 5-6a, b, c¢). On the
contrary, the reduction in modelled growing season GPP from 2008 to 2009 was less than that in
the EC-derived GPP thereby causing an increase in modelled growing season NEP from 2008 to

2009 (Figs. 5-6a, b, c).

Despite these counteracting and offsetting effects of WTD and 7. on GPP and R., larger
modelled and EC-derived estimates of growing season GPP and R. in 2009 than in 2004 with
similar mean 7. suggested that both modelled and EC-derived growing season GPP and R.

increased with the deepening of average growing season WTD at the WPL (Figs. 5-6a, b, c, d).
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This trend was further corroborated by polynomial regressions of modelled growing season
estimates of GPP and R. on modelled average growing season WTD and similar regressions of
EC-derived growing season GPP and R. on measured average growing season WTD (Figs. 5-7a,
b, ¢). These regressions showed that there were increases in modelled and EC-derived growing
season GPP and R. with deepening of the growing season WT from 2004 to 2008 after which
further WTD drawdown in 2009 started to cause slight declines in both GPP and R. (Figs. 5-7b,
c). However, neither modelled nor EC-gap filled estimates of growing season NEP yielded
significant regressions when regressed on modelled and measured growing season WTD
respectively (Fig. 5-7a). This indicated that counteracting effects of WTD and 7. and similar
increases in modelled and EC-derived growing season estimates of GPP and R. with deepening
of WT left no net effects of WTD drawdown on either modelled or EC-derived growing season

NEP (Figs. 5-6 and 5-7a).

These WTD effects on growing season GPP and R. and hence NEP from 2004 to 2009 as
measured at the WPL and modelled by ecosys were also consistent at an annual time scale from
2004 to 2008 (Figs. 5-6e, f, g, h). Similar to the growing season trend, drawdown of both
measured and modelled WTD averaged over the ice free periods (May-October) from 2004 to
2008 stimulated annual modelled and EC-derived GPP (Figs. 5-6f, h and 5-7e). This WTD
drawdown also raised modelled and EC-derived annual R from 2005 to 2008 as was in the case
of growing season R. vs. WTD (Figs. 5-6g, h and 5-7f). Similar increases in both modelled and
EC-derived annual GPP and R. with WTD drawdown left no net WTD effects on modelled and
EC-gap filled annual NEP (Fig. 5-7d). We did not include GPP, R. and NEP from 2009 in this
study of interannual WTD variation effect on these C balance components due to the lack of EC

CO; flux measurements from September to December in 2009. These WTD effects on GPP, R.
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and hence NEP simulated by ecosys were well corroborated by EC-derived GPP, R. and EC-gap
filled NEP at both growing season and annual time scales. However the modelled growing
season and annual GPP and R. was consistently higher than the EC-derived estimates of those for

all growing seasons and all the years from 2004 to 2009 (Figs. 5-6 and 5-7).

Increased GPP with WTD drawdown (Figs. 5-6b, f and 5-7b, e¢) was modelled
predominantly through increased root growth and uptake of nutrients and consequently improved
leaf nutrient status and hence more rapid CO, fixation in vascular PFTs (Sect. 5-2.1.3). Under
shallow WTD during the growing season of 2004, roots in modelled black spruce PFT hardly
grew below 0.35 m from the hummock surface (black spruce was not planted in the hollow) and
the roots in modelled tamarack PFT were mostly confined to 0.35 m from the hummock surface
and 0.05 m from the hollow surface. Modelled root densities of both black spruce and tamarack
were, however, higher by 2-3 orders of magnitude in the top 0.19 m of the hummock (data not
shown). A WTD drawdown from ~0.05 m above the hollow surface (~0.25 m below the
hummock surface) in the growing season of 2004 to ~0.35 m below the hollow surface (~0.65 m
below the hummock surface) in the growing season of 2009 caused an increase in maximum
modelled rooting depth from 0.35 to 0.65 m below the hummock surface in black spruce and
from 0.35 to 0.65 m below the hummock and from 0.05 to 0.35 m below the hollow surface in
the tamarack PFT. This increased root growth in modelled vascular PFTs increased root surface
area for nutrient uptake (Sect. 5-2.1.3) during deeper WTD periods in the growing season of
2009 than in 2004. The increased root surface area along with increased nutrient availability due
to more rapid mineralization with improved aeration (Sect. 5-2.1.3) accompanying WTD
drawdown caused improved root nutrient uptake in modelled vascular PFTs. Increased root

growth, nutrient availability and hence uptake due to WTD drawdown from the growing season

211



of 2004 to that of 2009 in ecosys caused an increase in modelled foliar N concentrations in black
spruce, tamarack and dwarf birch PFTs from 14, 32, and 37 g N kg C to 17, 37 and 45 g N kg’!
C respectively, driving the increases in GPP (C1, C3, C6, C7, C11) modelled over this period
(Figs. 5-6b, f and 5-7b, e). These foliar N concentrations in the growing season of 2004 were
well corroborated by the foliar N concentrations of 12, 33 and 41 g N kg™! C for black spruce,

tamarack and dwarf birch measured by Syed et al. (2006) during summer 2004 at our study site.

5-3.5. Simulated drainage effects on WTD and NEP

Disturbance such as artificial drainage can drastically alter the WTD in a peatland that in
turn can cause dramatic changes in peatland NEP by shifting the balance between GPP and Re..
To predict drainage effects on WTD and hence C balance of WPL, we performed a projected
drainage simulation with two additional 7-year weather cycles by ecosys (Sect. 5-2.2.6).
Increasing WTDx by 1 and 2 m in the drainage cycles 1 and 2 (Sect. 5-2.2.6) deepened growing
season WT by ~0.5 m and ~0.55 m respectively from those in the real-time simulation in all the

years from 2004 to 2009 (Fig. 5-8a).

This drawdown of modelled growing season WTD caused changes in modelled growing
season NEP, GPP and R.. Modelled growing season GPP increased with drainage-induced WTD
drawdown up to ~0.5 m below the hollow surface (~0.8 m below the hummock surface) below
which GPP decreased (Figs. 5-8c, f). However, this WTD drawdown affected modelled vascular
and non-vascular growing season GPP quite differently. Modelled growing season vascular GPP
increased with WTD drawdown before it plateaued and eventually decreased when WTD fell
below 0.6 m from the hollow surface (0.9 m below the hummock surface) (Figs. 5-9a, c, €). On

the contrary, modelled non-vascular growing season GPP continued to decrease with WTD
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drawdown below 0.1 m from the hollow surface (0.4 m below the hummock surface) (Figs. 5-9a,

b, d).

WTD drawdown due to simulated drainage not only affected modelled growing season
GPP but also affected, and was affected by, the change in ET associated with this change. Deeper
WTDx in drainage cycle 1 caused larger hydraulic gradients and hence greater lateral discharge
thereby deepening the WT with respect to that in the real-time simulation (Figs. 5-8a) (Sect. 5-
2.2.6). Larger GPP throughout the growing seasons of 2004-2007 in the drainage cycle 1 than in
the real-time simulation caused a greater vertical water loss through ET that further contributed
to this deepening of WTD (Fig. 5-8b). However, greater lateral water discharge in drainage cycle
2 caused by deeper WTDyx (Sect. 5-2.2.6) did not deepen the modelled growing season WTD
much below that in cycle 1 (Fig. 5-8a). The larger lateral water loss through discharge in
drainage cycle 2 than in cycle 1 was mostly offset by slower vertical water losses through ET as
indicated by smaller GPP in the drainage cycle 2 (Fig. 5-8b). These changing feedbacks between
WTD and GPP and hence ET in ecosys also indicated the ability of the model to simulate
hydrological self-regulation which is an important characteristic of peatland eco-hydrology (Dise

2009).

Modelled growing season R. continued to increase with deepening of modelled WT due
to drainage (Figs. 5-8d, g). However, reductions in modelled growing season R. from drainage
cycle 1 to 2 in 2006-2009 indicated R. inhibition due to desiccation of near surface peat layers
and surface residues (Fig. 5-8d). Overall larger increases in GPP than those in R. with initial
WTD drawdown in the drainage simulation slightly increased modelled growing season NEP
(Figs. 5-8 b, €). However, continued WTD drawdown in the drainage simulation caused declines

in GPP particularly in model years 2008 and 2009 while causing greater R. or a smaller decline
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in R. than in GPP, thereby causing decline in NEP (Fig. 5-8). This projected drainage simulation
effect on WTD and NEP in ecosys may reflect short-term drainage effects and hence may be
transient. Long-term manipulation of WTD through drainage may produce different trajectories
of WTD effects on C processes and plant water relations in northern boreal peatlands via

vegetation adaptation and succession (Strack et al. 2006, Munir et al. 2014).

5-4. Discussion
5-4.1. Modelling WTD effects on northern boreal peatland NEP

Modelled and EC-gap filled diurnal, seasonal and annual NEP, GPP and R. vs. modelled
and observed WTD in Sect. 5-3 (Figs. 5-2 to 5-7) suggested that WTD drawdown increased both
GPP and R.. However, offsetting effects of 7. and WTD and similar increases in GPP and R.
with WTD drawdown yielded no net effect on NEP at the WPL during 2004-2009. The
simulated drainage experiment in ecosys also suggested that this increase in GPP would diminish
and eventually shift to a decrease in GPP should WT fall further below a threshold of about 0.45
m from the hollow surface, particularly during drier years (Figs. 5-8c, f and 5-9). This decrease
in GPP would also be accompanied by increased R. thereby causing a decrease in NEP should
the deepening of WT continue at the WPL (Figs. 5-8b, d, e, g). These effects of WTD on GPP,
R. and hence NEP in ecosys were modelled from algorithms representing basic processes
determining hydrologic effects on peat biogeochemistry and ecology of peat forming vegetation
that were derived from independent research. These ecosys algorithms were, however, fed by site
specific but measureable inputs to represent hydrology, biology and ecology of the northern
boreal fen peatland at the WPL (Figs. 4-2 and 5-1) (Sects. 4-2.2.3 and 5-2.2.3) . Our hypotheses
that describe how ecosys would simulate these WTD effects on R., GPP and hence NEP at the

WPL are discussed in the following sections of 5-4.1.1 to 5-4.1.4.
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5-4.1.1. Hypothesis 1: Increase in Re with WTD drawdown

Shallow WTD in ecosys caused shallow aerobic zone above WT and thicker anaerobic
zone below the WT. In the shallow aerobic zone, peat O> concentration [O2s] was well above the
Michaelis-Menten constant for O, reduction (Km = 0.064 g m>) and hence DOC oxidation and
consequent microbial uptake and growth in ecosys (A17a, Cl4c) was not much limited by [Ozs].
However, [Oxs] in the thicker anaerobic zone below the WT in this period was well below K so
that DOC oxidation was coupled with DOC reduction by anaerobic heterotrophic fermenters,
which yielded much less energy (4.4 kJ g' C) than did DOC oxidation coupled with O
reduction (37.5 kJ g! C) (A21). Lower energy yields in this thicker anaerobic zone hence
resulted in slower microbial growth (A25) and Rn (A13) as discussed in Sect. 5-2.1.2. Since the
anaerobic zone in ecosys was thicker than the aerobic zone under shallow WTD, lower modelled
Ry in the anaerobic zone contributed to reduced modelled soil respiration and hence R. that was
corroborated by EC measurements at the WPL (Figs. 5-4 to 5-8). WTD drawdown in ecosys
caused peat pore drainage and increased &; thereby deepening of the aerobic zone. This in turn
raised Dg (D17) and hence increased O> influxes into the peat (Fig. 5-4¢) (D16). Increased O:
influxes enhanced [O2s] and stimulated R, (A13, A20) and hence soil respiration and R. (Figs. 5-
4 to 5-8). Rapid mineralization of DON and DOP due to improved [O2s] under deeper WTD also
raised aqueous concentrations of NH4", NOs™ and H,PO4 (C23a, c, €) that in turns increased
microbial nutrient availability, uptake (A22) and growth (A29) and hence further enhanced R.

(Figs. 5-4 to 5-8).

This modelling hypothesis of increased R. stimulated by improved peat oxygenation due
to WTD drawdown can be corroborated by other field, laboratory and modelling studies on

similar northern boreal fen peatlands. Automated chamber measurements by Cai et al. (2010) at
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our study site showed increased soil respiration with deeper WT thereby further corroborating
our hypothesis (Figs. 5-4b and 5-5j, k, 1). Kotowska (2013) found through a combination of
automated chamber measurements and a laboratory incubation study that increases in aerobic
microbial decomposition stimulated by WTD drawdown contributed to increased R. in a
moderately rich fen very close to our study site. Mékiranta et al. (2009) also found increased
rates of microbial decomposition in a Finish peatland due to thicker aerobic zone and
consequently larger amounts of decomposable organic matter exposed to aerobic oxidation.
However, the modelled increase in Re of 0.26 pmol CO> m™ s per 0.1 m of WTD drawdown
was greater than the EC-derived R. increase of 0.16 umol CO, m? s per 0.1 m WTD drawdown
reported by Flanagan and Syed (2011) for WPL over the growing seasons of 2004-2009 (Figs. 5-
6¢, d). The modelled rate of increasing R. was, however, comparable with that of ~0.3 pmol m?
s per 0.1 m of WTD drawdown estimated by Peichl et al. (2014) from EC-derived Re over the
growing seasons of 2001-2012 in a Swedish fen. Ballantyne et al. (2014) also reported an
increase in EC-derived Re of ~0.33 pmol m? s per 0.1 m of WTD drawdown from a WTD
manipulation study in a Michigan peatland thereby further corroborating our modelling

hypothesis of increased R. due to WTD drawdown.

Apart from WTD, peat warming in ecosys also increased rates of decomposition (Al)
through an Arrhenius function (A6) and hence increased Ry and R. (Figs. 5-3 to 5-6). However,
this warming effect in ecosys was also modified by WTD. For a similar warming, greater thermal
diffusivity in peat with deeper WTD and consequent smaller water contents caused greater peat
warming (D12). This enabled ecosys to simulate larger increases in Re during warming periods in
2006 and 2008 with deeper WTD than in 2005 (Figs. 5-3 to 5-5). This trend of increased

stimulation of peat decomposition by warming under deeper WTD was also modelled by Grant
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et al. (2012b) using the same model ecosys over a northern fen peatland at Wisconsin, USA and
by Ise et al. (2008) using a land surface scheme ED-RAMS coupled with a soil biogeochemical
model across several shallow and deep peat deposits in Manitoba, Canada. These simulations
and findings have important consequences since increased peat decomposition and consequent
increased CO> emission due to WTD drawdown would be further aggravated by increased

temperature under future drier and warmer climates.

5-4.1.2. Hypothesis 2: Increase in GPP with WTD drawdown

WTD variations affected GPP in ecosys by affecting root and microbial O availability,
energy yields, root and microbial growth and decomposition, rates of mineralization and hence
root nutrient availability and uptake (Sect. 5-2.1.3). Wet soils under shallow WTD caused low O2
diffusion (Fig. 5-4c) (D16) into the peat and consequent low [O2s] meant that root O, demand
had to be mostly met by [Oa]. Ecosys inputs for root porosity (& = 0.1) that governed O>
transport through aerenchyma (D17d) and hence maintained [O2;] was not enough to meet the
root O> demand in saturated soil by the two over-storey tree PFTs i.e. black spruce and tamarack,
causing shallow root systems to be simulated in these two tree PFTs under shallow WTD (Sect.
5-3.4). The under-storey shrub PFT (dwarf birch), however, had a higher root porosity (6»=0.3)
and hence had deeper rooting under shallow WTD than the two tree PFTs (Sect. 5-2.1.3).
Shallow rooting in the tree PFTs thus reduced root surface area for nutrient uptake. However,
root nutrient uptake (C23b, d, f) in all of these three PFTs was also constrained by low nutrient
availability due to smaller aqueous concentrations of NH4", NOs™ and/or HoPO4™ (C23a, ¢, €)
resulting from slower mineralization (A26) of DON and DOP (A7) because of low [O2s] in the

wet soils under shallow WTD (Sect. 5-2.1.2). Slower root growth and nutrient uptake caused
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lower foliar ox and/or op with respect to foliar oc (C11) that slowed the rates of carboxylation

(C6) and hence reduced vascular GPP (C1) during shallow WTD hydroperiods (Sect. 5-2.1.3).

WTD drawdown enhanced O diffusion (Fig. 5-4¢) (D16) and raised [O2s] so that root O
demand in all the three vascular PFTs was almost entirely met by [Oa] (Sect. 5-2.1.3).
Consequently roots in these three PFTs could grow deeper which increased the root surface for
nutrient uptake (Sect. 5-3.4). This increment in modelled root growth due to WTD drawdown
could be corroborated by the increase in maximum rooting depth in black spruce and tamarack
from 0.2-0.3 to 0.6 m with a WTD drawdown from 0.14 to 0.9 m as a result of artificial drainage
in a similar fen peatlands in Central Alberta as measured by Lieffers and Rothwell (1987).
Murphy et al. (2009) also found a significant increase in tree fine root production with WTD
drawdown from ~0.1 to ~0.25 m during a WTD manipulation study in a Finish peatland. Beside
improved root growth, greater [O2s] under deeper WTD also enhanced rates of mineralization
(A26) of DON and DOP (A7) that raised aqueous concentrations of NH4", NOs™ and/or HoPO4
and hence facilitated root nutrient availability and uptake. Enhanced root nutrient uptake
increased foliar on and/or op with respect to foliar oc (C11) that hastened the rates of

carboxylation (C6) and hence raised vascular GPP (C1) during deeper WTD hydroperiods.

The three modelled vascular PFTs were predominantly N limited as indicated by mass-
based modelled foliar N to P ratios of 6.6:1, 5.2:1 and 4.8:1 for black spruce, tamarack and dwarf
birch during the shallow WTD in the growing season of 2004 that are also well corroborated by
mass-based foliar N to P ratios of 7.1:1 and 6.3:1 for black spruce and tamarack measured by
Syed et al. (2006) at our site during the summer of 2004. Mass-based foliar N to P ratio less than
16:1 usually indicates that the particular vegetation is more N than P limited (Aerts and Chapin

IIT 2000). Since these modelled PFTs were predominantly N limited, increases in foliar N
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concentrations (Sect. 5-3.4) as a result of improved root nutrient availability, growth and nutrient
uptake with WTD drawdown enhanced carboxylation rates and hence GPP in these PFTs. Choi
et al. (2007) in a WTD manipulation study found an increase in peat NO3™ -N due to enhanced
mineralization and nitrification stimulated by a WTD drawdown from 0.24 to 0.7 m below the
surface that caused increases in foliar N concentrations from ~21 to ~27 g kg™ C (assuming 50%
of dry matter as organic C) in black spruce and ~41 to ~66 g kg! C in tamarack in a Central
Albertan fen peatland. These increases in foliar N concentrations due to enhanced root nutrient
availability and uptake with WTD drawdown in their study also caused significantly greater
radial tree growth (Choi et al. 2007). Macdonald and Lieffers (1990) in a WTD manipulation
study also found that WTD drawdown by ~0.45 m raised foliar N concentrations from ~19 to
~21 g kg'! C (assuming 50% of dry matter as organic C) in black spruce and ~36 to ~42 g kg™! C
in tamarack trees that enhanced net photosynthetic C assimilation rates by those tree species in
an Albertan moderately rich fen. These rates of increases in foliar N concentrations and
consequent increases in CO> fixation in black spruce and tamarack trees due to WTD drawdown
in similar peatlands are comparable with similar increases in our modelled outputs for these same

parameters (Sect. 5-3.4).

Our modelled growing season GPP increased by 0.39 pmol CO, m? s! per 0.1 m WTD
drawdown which was greater than the EC-derived GPP increase of 0.22 umol CO, m? s™! per 0.1
m WTD drawdown as reported by Flanagan and Syed (2011) for the WPL over the growing
seasons of 2004-2009. However, the modelled GPP increase with WTD drawdown was
comparable with the range of 0.28 to 0.4 umol CO> m™ s per 0.1 m WTD drawdown reported
by Peichl et al. (2014) and Ballantyne et al. (2014) for northern boreal fen peatlands in Michigan

and Sweden.
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5-4.1.3. Hypothesis 3: Microbial water stress on R. due to WT deepening below a threshold
WTD

When WT in ecosys dropped below a threshold level of ~0.3 m from the hollow surface
(~0.6 m below the hummock surface), near surface peat desiccation reduced microbial access to
substrate for decomposition (A15) (Sect. 5-2.1.2) which enabled ecosys to simulate reduction in
near surface R,. When this reduction in near surface R, more than fully offset the increase in
deeper Rn, net ecosystem Ry decreased. This offsetting effect on Ry partly contributed to
simulated decrease in growing season Re (=Rn+Ra,) from 2008 to 2009 with WTD drawdown that
was corroborated by a similar decrease in EC-derived R. (Fig. 5-6¢). Greater reductions in Ry in
desiccated near surface peat layers also caused the reductions in growing season R in drainage
cycle 2 from those in cycle 1 during 2007-2009 in our simulated drainage study (Fig. 5-8d). As
in our modelling study, Peichl et al. (2014) found reductions in R. when WTD fell below a
threshold of ~0.3 m from the peat surface in a Swedish fen which could be partially attributed to
reduction in near surface Ry due to desiccation. Dimitrov et al. (2010a) in a modelling study
using ecosys also showed that a decrease in desiccated near surface peat respiration partially
offset increased deeper peat respiration when WT deepened below a threshold of ~0.6-0.7 m

from the hummock surface.

5-4.1.4. Hypothesis 4: Plant water stress on GPP due to WT deepening below a threshold
WTD

This deepening of WT below a threshold level also caused rapid peat pore drainage (D9)
and hence low moisture contents in the near surface peat layers which were colonized by most of
the vascular root systems and all of the non-vascular (moss) rhizoids. When WTD fell below

~0.1 m from the hollow surface (~0.4 m below the hummock surface), vertical recharge through
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capillary rise from the WT was not adequate to maintain near surface peat moisture, and hence
peat water potential (ys) in these layers declined, increasing peat hydraulic resistance (£X%) (B9).
Reduction in s and simultaneous increase in (X supressed root and rhizoid water uptake (Uw)
(B6) from these near surface peat layers. Since shallow (0.115 m deep in the hummock and 0.05
m deep in the hollow) moss rhizoid (Sect. 5-2.1.4) Uy entirely depended upon moisture supply
from these near surface layers, reduction in Uy from these desiccated layers caused reduction in
moss canopy water potential (yc) (Fig. 4-10) and hence moss GPP (C1, C4). Reduction in root
Uw from desiccated near surface layers during this period, however, was offset by increased root
Uw (B6) from deeper wetter layers with higher ys and lower (X due to deeper root growth
facilitated by enhanced aeration as discussed above. This enabled the vascular PFTs in ecosys to
sustain ., canopy turgor potential (y4) (B4), stomatal conductance (g.) (Fig. 4-10) (B2, C4) and
hence increased GPP (C1) due to higher root nutrient availability and uptake. The increased
vascular GPP due to enhanced plant nutrient status more than fully offset the suppression in
moss GPP due to moss water limitations and thus caused a net increase in modelled GPP with
WTD drawdown (Figs. 5-6b and 5-9b, c). This indicated increased vascular dominance over
moss with deepening of WT in the model. This modelled trend can be corroborated by various
WTD manipulation studies (e.g. Munir et al., 2014; Moore et al., 2013) in similar northern boreal
peatlands that reported increased tree, shrub and herb growth over mosses with WTD drawdown.
However, gains in modelled vascular GPP halted and eventually vascular GPP started to decline
when WT fell below ~0.6 m from the hollow surface (~0.9 m below the hummock surface) in
our drainage simulation. This was because below this threshold WTD, deeper root Uy, (B6) could
no longer offset suppression of near-surface root Uy thereby causing lower we, w4 (B4), gc (B2,

C4) and slower CO; fixation (C6) (Figs. 5-9d, e).
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Similar to our modelling study, Riutta et al. (2007) measured a reduction in moss
productivity due to water limitation when WTD fell below ~0.15 m from the surface in a Finish
fen peatland. However, vascular GPP during that period was sustained in their study indicating
no vascular water stress (Riutta et al., 2007). Peichl et al. (2014), however, measured reduction
in moss GPP due to water limitation when WTD fell below ~0.3 m from the surface in a Swedish
fen. They inferred that the peat in their study had the sufficient moisture supplying capacity
through capillary rise to sustain moss Uy when the WTD was within ~0.3 m from the surface
(Peichl et al., 2014). Reductions in moss GPP due to decreased moss canopy water potentials
were also modelled by Dimitrov et al. (2011) using the same model ecosys when WTD fell
below ~0.3 m from the hummock surface of a Canadian bog. However, in their modelling
Dimitrov et al. (2011) found no vascular plant water stress and hence no reduction in vascular
GPP during that period. Similarly, Kuiper et al. (2014) found reductions in moss productivity
with peat drying while vascular productivity was sustained in a simulated drought experiment on

a Danish peat.

Continued deep WTD, however, can also cause vascular plant water stress and hence
reductions in vascular GPP as modelled in our study (Figs. 5-9c¢, e). This trend in our modelling
can also be corroborated by field measurements across various northern boreal fen peatlands in
Canada and Sweden. Sonnentag et al. (2010) found a reduction in canopy stomatal conductance
(g¢) and hence vascular GPP when WT fell below ~0.4 m from the ridge surface at a fen peatland
in Saskatchewan. The dominant vascular vegetation in their study included tamarack and dwarf
birch, two of the three vascular PFTs in our modelling thereby further corroborating the
projected vascular water stress. Peichl et al. (2014) also found a reduction in vascular GPP due to

plant water stress when WTD fell below ~0.3 m from the surface in a Swedish fen peatland. The
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WTD threshold for reductions in vascular GPP in those two field studies were, however,
shallower than that in our modelled projection i.e. ~0.6 m from the hollow surface (~0.9 m below
the hummock surface) (Figs. 5-9a, c, e) thereby indicating different vertical rooting patterns
determined by specific interactions between hydrologic properties and rooting. However Lafleur
et al. (2005) and Schwirzel et al. (2006) found much deeper WTD thresholds for reductions in
vascular transpiration that could negatively affect vascular GPP over a Canadian pristine
peatland and a German drained peatland. Those WTD thresholds were ~0.65 and ~0.9 m below
the surface for pristine and drained peatland respectively, further indicating the importance of
root-hydrology interactions and the resultant root adaptations, growth and uptake in determining

WTD effects on vascular GPP across peatlands.

5-4.2. Divergences between modelled and EC-derived annual GPP, Re and NEP

Modelled annual NEP was consistently lower than the EC gap-filled annual NEP in
2005-2008 (Fig. 5-6e). These lower NEP estimates were mainly caused by larger modelled vs.
gap-filled Re which was also apparent in negative intercepts from modelled on gap-filled net CO-
flux regressions (Fig. 5-6g) (Table 5-1). The gap-filling for night-time CO: fluxes (=R.) was
done by Syed et al. (2006) using empirical relationships between EC CO, measurements and soil
temperature (7s) measured at 0.05 m depth at the WPL. During night-time and the winter, peat at
this shallow depth (0.05 m) could have rapidly cooled down and thus yielded smaller night-time
gap-filled CO; fluxes (e.g. Figs. 5-2, 5-4 and 5-5). On the contrary, modelled CO; fluxes in those
periods depended on the temperatures of not only these shallow peat layers but also the deeper
peat profiles that were warmer than the shallower layers and hence simulated larger CO; effluxes
than the gap-filled (e.g. Fig. 5-5). CO> fluxes measured by automated chamber in cooler nights,

however, did not decline as rapidly as did the gap-filled CO; fluxes as night progressed further
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corroborating this reasoning for larger modelled vs. gap-filled R. during night-time and the
winter (e.g. Figs. 5-4 and 5-5).

Systematic uncertainties embedded in EC methodology could also contribute to larger
modelled vs. EC-derived annual and growing season R. estimates (Figs. 5-6¢, g). The major
uncertainty in the EC methodology is the possible underestimation of nighttime EC CO> flux
measurements due to poor turbulent mixing under stable air conditions. These uncertainties are
usually addressed by screening out those measurements when friction velocity (u#*) is less than a
threshold and filling the resulting data gaps in the EC datasets (Goulden et al. 1997). Syed et al.
(2006) used a u* threshold of 0.15 m s™! to screen out the possibly underestimated fluxes from
the EC datasets measured at the WPL. However, R. estimates derived from these EC datasets
could be subjected to a possible underestimation due to selecting of a lower u* threshold
(Goulden et al. 1997, Miller et al. 2004). On the contrary, biological production of CO> by plant
and microbial respiration was independent of #* in the model which would thus contribute to
larger modelled than EC-derived R. estimates.

Larger modelled vs. gap-filled R also contributed to larger modelled vs. gap-filled
growing season and annual GPP (Figs. 5-6b, f). In EC datasets, GPP was derived from R. (Sect.
5-2.2.2) and hence smaller gap-filled vs. modelled R. would cause smaller EC-derived vs.
modelled GPP. A further cause of smaller EC-derived vs. modelled GPP could have been the
incomplete (~75%) (Table 4-1) energy balance closure in EC measurements vs. complete energy
balance closure in the model, which would cause a smaller EC-derived vs. modelled
evapotranspiration (Fig. 4-11d) and possibly GPP (Figs. 5-6b, f). Furthermore, as opposed to EC-
derived R. that was used to calculate EC-derived GPP, modelled R. (=R.+Rn) was driven by

modelled GPP thereby further contributing to deviation between modelled vs. EC-derived

224



growing season and annual R. estimates (Figs. 5-6¢, g). Modelled R, was directly dependent on
fixed C products during photosynthesis. Modelled Ry was also dependent on fixed C products in
a diurnal time scale through root exudates as well as in a seasonal time scale through above and
below ground litter fall.

All of these sources of larger modelled vs. EC-derived R. and GPP estimates were related
to EC methodology and gap-filling. These discrepancies between modelled and EC-derived Re
and GPP aggregates, however, could not be resolved in our modelling since, unlike EC datasets,
every single mole of CO; that was modelled from basic ecosystem processes for fixation and
respiration was counted in the modelled C budget.

Besides, annual NEP from 2004-2008 as modelled in our study and as derived by
Flanagan and Syed (2011) from EC-gap filled net CO; fluxes are considerably higher than the
long term C accumulation rates i.e. 19-24 g C m2 yr! at the WPL estimated by Flanagan and
Syed (2011) from peat core studies. This discrepancy can be attributed to recent (for last 50
years) colonization of WPL by tamarack trees that caused higher GPP and hence NEP as
opposed to long-term less productive mosses at the WPL (Flanagan and Syed 2011). This recent
increase in NEP has also been contributed by increased black spruce GPP in last 60 years as
evident from a boost in black spruce basal area at the WPL around 60 years ago signifying peat
surface stability to support tree growth (Flanagan and Syed 2011).

5-5. Conclusions

WTD drawdown in ecosys from 2004 to 2009 caused a similar increase in Re and GPP
and hence caused no significant change in NEP at the modelled northern boreal fen peatland
representing WPL. EC-derived NEP, R. and GPP by Syed et al. (2006) and Flanagan and Syed

(2011) and automated chamber measured NEP and R. by Cai et al. (2010) showed the similar
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trend of increased R. and GPP with deepening of WT that left no net WTD effect on NEP at the
WPL. These effects of WTD drawdown on R. and GPP was modelled in ecosys by the
algorithms representing following processes:

(1) Improved [Oa2s] facilitated by rapid O diffusion (D16) under deeper WTD raised
microbial energy yields while oxidizing DOC coupled with O reduction (A21) and hence
caused increases in R.. Increased mineralization rates of DON and DOP due to improved
[O2] also increased aqueous concentrations of NHs*, NOs™ and H,PO4™ (C23a, ¢, €) that in
turns facilitated microbial nutrient availability, uptake (A22) and growth (A29) and hence
further enhanced R. (Sects. 5- 2.1.2. and 5-4.1.1).

(2) Increased nutrient availability due to rapid mineralization with WTD drawdown as
mentioned above hastened root nutrient (mainly N) availability and uptake (C23b, d, f).
Root nutrient availability and uptake in ecosys were further facilitated by increased root
growth stimulated by improved [O2s] during deeper WTD periods. Greater root growth
and uptake thus caused improved foliar on with respect to oc thereby enhancing CO>
fixation (C6) and vascular GPP (C1). When WTD fell below ~0.1 m from the hollow
surface (~0.4 m below the hummock surface) vertical recharge of near surface peat layers
through capillary rise from WT was not enough to sustain moss water uptake thereby
causing reductions in moss canopy water potentials (Fig. 4-10c) and hence moss GPP
(C1, C4) (Sects. 5-2.1.3, 5-2.1.4 and 5-4.1.2). However, sustained increases in vascular
GPP due to root water uptake from deeper wetter layers more than fully offset this
suppression of moss GPP thereby causing a net increase in GPP with WTD drawdown

(Figs. 5-6b and 5-9b, c).
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These modelling hypotheses were corroborated by reasonably good agreements between hourly
modelled net ecosystem CO> fluxes and WTD vs. hourly EC net ecosystem CO> fluxes and half
hourly WTD measured by Syed et al. (2006) and Flanagan and Syed (2011) during each year
from 2004 to 2009 at the WPL (Fig. 5-2) (Table 5-1). These hypotheses were also corroborated
by automated chamber soil respiration and understorey CO> fluxes measured by Cai et al. (2010)
at the WPL (Fig. 5-4b). Various field, laboratory and modelling studies over similar northern
boreal peatlands throughout the world also corroborated the responses of GPP and R. to WTD
driven by the key processes in our modelling hypotheses that determined WTD effects on R. and
GPP and hence on NEP (Sect. 5-4.1). Moreover, a projected drainage simulation showed that the
increase in vascular GPP due to improved plant nutrient status caused by WTD drawdown would
only sustain while WTD remained above a threshold level i.e. ~0.6 m below the hollow surface
(~0.9 m below the hummock surface). When WTD fell below this threshold, vascular GPP in our
drainage projection started to decrease with further WTD drawdown thereby causing reductions
in ecosystem GPP. Similar WTD threshold effects on vascular GPP were also found in other
studies (Sect. 5-4.1.2) in similar peatlands.

Our modelling showed that adequate coupling of algorithms representing feedbacks
among peatland hydrological and C processes in the process based model ecosys successfully
simulated WTD effects on R., GPP and hence NEP of a northern boreal fen peatland at the WPL.
Our projected drainage simulation showed that continued WTD could alter ecosystem C balance
of this northern boreal peatland by decreasing GPP and sustaining increased R. thereby causing
declines in NEP. These findings provide us with important insights into how these northern
boreal peatland C stocks would be affected by likely WTD drawdown under future drier and

warmer climates. This modelling is also reproducible in other peatlands when the model is fed by
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required physical, hydrological, chemical, biological and ecological inputs those are measurable
at the sites (Figs. 4-2 and 5-1) (Sects. 4-2.2.3 and 5-2.2.3). Successful simulation of hydrological
effects on peatland C processes by ecosys for a northern boreal fen peatland in this study along
with simulations of feedbacks between hydrology and ecology by the same model ecosys across
other contrasting peatlands (e.g. Dimitrov et al. 2011, Grant et al. 2012b) (Chapters 3 and 4),
therefore, provide us with an important platform to launch an scaling up of such studies across

regions, continents and/or the globe.
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Table 5-1: Statistics from regressions between modelled and EC-gap filled net ecosystem CO»

fluxes throughout the years of 2004-2008 at a Western Canadian fen peatland

Total annual

RMSE RMSRE

Year precipitation 7 a b R? (umol (umol
(mm) m2s!) m?sh

Modelled vs. eddy covariance CO; fluxes measured at z* > 0.15 ms’!

2004 553 5034 0.08 1.10 0.81 1.58 1.92

2005 387 5953 0.07 1.03 0.82 1.68 1.99

2006 465 6012 0.07 1.08 0.79 1.68 1.98

2007 431 5385 0.06 0.99 0.79 1.83 2.09

2008 494 5843 -0.01 0.98 0.84 1.63 2.02

Modelled vs. gap-filled CO; fluxes

2004 553 3750 -0.13 1.20 0.89 0.64

2005 387 2807 -0.49 1.03 0.76 0.82

2006 465 2748 -0.48 1.15 0.81 0.58

2007 431 3375 -0.36 0.97 0.74 1.23

2008 494 2941 -0.54 1.05 0.79 0.95

(a, b) from simple linear regressions of modelled on measured. R’ = coefficient of determination
and RMSE = root mean square for errors from simple linear regressions of measured on
simulated. RMSRE= root mean square for random errors in eddy covariance (EC) measurements
calculated by inputting EC CO: fluxes recorded at u* (friction velocity) > 0.15 m s into
algorithms for estimation of random errors due to EC CO2 measurements developed for forests
by Richardson et al. (2006).
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Table 5-2: Statistics from regressions between modelled and EC-gap filled net ecosystem CO»
fluxes during the growing seasons of 2004-2009 at a Western Canadian fen peatland

Total growing RMSE RMSRE
Year season precipitation n a b R? (umol  (umol

Modelled vs. eddy covariance CO; fluxes measured at z* > 0.15 ms’!

2004 287 2043 0.55 1.05 0.78 2.27 2.55
2005 276 2200 0.82 0.98 0.79 2.50 2.74
2006 253 2107 0.48 1.06 0.78 2.36 2.76
2007 237 1822 0.65 0.93 0.75 291 3.06
2008 276 2070 0.32 0.96 0.82 2.45 2.85
2009 138 1870 0.76 1.01 0.81 2.27 2.83

Modelled vs. gap filled CO; fluxes

2004 287 837 -0.01 1.21 0.87 1.22
2005 276 680  -0.57 1.07 0.75 1.26
2006 253 773 -1.70 0.95 0.73 0.78
2007 237 1058 -0.51 0.98 0.76 1.88
2008 276 810 -1.04 1.02 0.79 1.62
2009 138 1010 -0.02 0.98 0.87 1.20

(a, b) from simple linear regressions of modelled on measured. R’ = coefficient of determination
and RMSE = root mean square for errors from simple linear regressions of measured on
simulated. RMSRE= root mean square for random errors in eddy covariance (EC) measurements
calculated by inputting EC CO: fluxes recorded at u* (friction velocity) > 0.15 m s into
algorithms for estimation of random errors due to EC CO2 measurements developed for forests
by Richardson et al. (2006).
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Fig. 5-1. Layout for ecosys model run to represent biological, chemical and hydrological
characteristics of a Western Canadian fen peatland. Figure is not drawn to scale. Dhumm = depth
to the bottom of a layer from the hummock surface; Dnon = depth to the bottom of a layer from
the hollow surface; TOC = total organic C (Flanagan and Syed 2011); TN = total nitrogen
(Flanagan and Syed 2011); TP = total phosphorus (Flanagan and Syed 2011); CEC = Cation
exchange capacity (Rippy and Nelson 2007); the value for pH was obtained from Syed et al.
(2006); WTDx = external reference water table depth representing average water table depth of
the adjacent ecosystem; L: = distance from modelled grid cells to the adjacent watershed over
which lateral discharge / recharge occurs
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Fig. 5-2. (a, ¢, e, g, 1, k) 3-day moving averages of modelled and EC-gap filled net ecosystem productivity (NEP) (Flanagan and Syed
2011) and (b, d, £, h, j, I) hourly modelled and half hourly measured water table depth (WTD) (Syed et al. 2006, Cai et al. 2010, Long
et al. 2010, Flanagan and Syed 2011) from 2004-2009 at a Western Canadian fen peatland. A positive NEP means the ecosystem is a
C sink and a negative NEP means the ecosystem is a C source. A negative WTD represents a depth below hummock/hollow surface
and a positive WTD represents a depth above hummock/hollow surface
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Fig. 5-3. (a) Half hourly measured incoming shortwave radiation and air temperature (73) and (b) hourly modelled and half hourly
measured water table depth (WTD) (Syed et al. 2006, Cai et al. 2010, Long et al. 2010, Flanagan and Syed 2011) during August 2005,
2006 and 2008 at a Western Canadian fen peatland. A negative WTD represents a depth below hummock/hollow surface and a
positive WTD represents a depth above hummock/hollow surface
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Fig. 5-4. (a) Half hourly EC-gap filled (Flanagan and Syed 2011) and hourly modelled ecosystem net CO» fluxes, (b) half hourly
automated chamber measured (Cai et al. 2010) and hourly modelled understorey and soil CO; fluxes, and (c) hourly modelled soil
CO; and O fluxes during August 2005, 2006 and 2008 at a Western Canadian fen peatland. A negative flux represents an upward flux
or a flux out of the ecosystem and a positive flux represents a downward flux or a flux into the ecosystem
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Fig. 5-5. (a-c) Half hourly observed air temperature (7%), (d-f) hourly modelled and half hourly observed water table depth (WTD), (g-
1) half hourly EC-gap filled (Flanagan and Syed 2011) and hourly modelled ecosystem net CO> fluxes, (j-1) half hourly automated
chamber measured (Cai et al. 2010) and hourly modelled understorey and soil CO; fluxes during July-August 2005, 2006 and 2008 at
a Western Canadian fen peatland. A negative flux represents an upward flux or a flux out of the ecosystem and a positive flux
represents a downward flux or a flux into the ecosystem. A negative WTD represents a depth below hummock/hollow surface and a
positive WTD represents a depth above hummock/hollow surface

235


file:///D:/PhD%20thesis%20everything%20copied%20on%2030th%20June%202015/PhD%20Thesis_Symon/Full%20Final%20Thesis%20-%20Copy/Mezbahuddin%20PhD%20Thesis.docx%23_ENREF_34
file:///D:/PhD%20thesis%20everything%20copied%20on%2030th%20June%202015/PhD%20Thesis_Symon/Full%20Final%20Thesis%20-%20Copy/Mezbahuddin%20PhD%20Thesis.docx%23_ENREF_15

Growing season

Annual (e-h)
(May-August) (a-d)
350 300,
S a
O 300 (@) B} 2501 (e) - .
(=2 ]
5 250 > 200 . i
w = = . 150
Z 200{ =
100’
§
‘= 900
£ (b) ]
O 800 . 1000 (f) ) .
2 - .
T 700 . . . 800 .
O 600 .
o [ |
7001 ™ EC-gapfilled or EC-derived 1000,
& simulated (9)
£ 600 8001
®) (c) L] L] u ]
< 500 . . .
o 40| = - 600{ ]
15, /] observed T ’g 3, ——simulated WTD A observed WTD \E,
%) A S Hollow g — | A 1! Hollow __ 00 O
L 14 \‘ - surface| E surface E 8
® O
T @ 02 = o 02 B
@ 12 S o Q
S 04 = 0 042 T
2004 2005 2006 2007 2008 2009 & = 2004 2005 2006 2007 2008 =
Year

Fig. 5-6. Modelled and EC-derived (Flanagan and Syed 2011) growing season (May-August) sums of (a) net ecosystem productivity
(NEP), (b) gross primary productivity (GPP), and (c) ecosystem respiration (R.) during 2004-2009; (d) observed mean growing season
air temperature (7,) and measured and modelled average growing season water table depth (WTD) during 2004-2009; Modelled and
EC-derived (Flanagan and Syed 2011) annual sums of (¢) NEP, (f) GPP, and (g) R. during 2004-2008; and (h) observed mean annual
T, and measured and modelled average WTD during ice free periods (May-October) of 2004-2008 at a Western Canadian fen
peatland. A negative WTD represents a depth below hollow surface and a positive WTD represents a depth above hollow surface. A
positive NEP means the ecosystem is a C sink and a negative NEP means the ecosystem is a C source
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Fig. 5-7. Regressions (P<0.001) of growing season (May-August) sums of modelled and EC-derived (Flanagan and Syed 2011) (a) net
ecosystem productivity (NEP), (b) gross primary productivity (GPP) and (c) ecosystem respiration (R.) on growing season averages of
modelled and observed water table depth (WTD) during 2004-2009; and regressions (P<0.001) of annual sums of modelled and EC-
derived (Flanagan and Syed 2011) (d) NEP, (e¢) GPP and (f) R. on average modelled and measured WTD during ice free periods
(May-October) of 2004-2008 at a Western Canadian fen peatland. A negative WTD represents a depth below hollow surface and a
positive WTD represents a depth above hollow surface. A positive NEP means the ecosystem is a C sink and a negative NEP means

the ecosystem is a C source
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Fig. 5-8. (a) Observed, real-time simulated and projected drainage simulated (Sect. 5-2.2.6) average growing season (May-August)
water table depth (WTD); EC-derived, real-time simulated and projected drainage simulated growing season sums of (b) net
ecosystem productivity (NEP), (¢) gross primary productivity (GPP), and (d) ecosystem respiration (R.); and regressions (P<0.001) of
real-time simulated and projected drainage simulated sums of (e) NEP, (f) GPP, and (g) R. on real-time simulated and projected
drainage simulated average growing season WTD during 2004-2009 at a Western Canadian fen peatland. A negative WTD represents
a depth below hollow surface and a positive WTD represents a depth above hollow surface. A positive NEP means the ecosystem is a
C sink and a negative NEP means the ecosystem is a C source
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Fig. 5-9. Real-time simulated and projected drainage simulated (Sect. 5-2.2.6) (a) average growing season (May-August) water table
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vascular GPP; and regressions (P<0.001) of real-time simulated and projected drainage simulated sums of (d) non-vascular GPP, and
(e) vascular GPP on real-time simulated and projected drainage simulated average growing season WTD during 2004-2009 at a

Western Canadian fen peatland. A negative WTD represents a depth below hollow surface and a positive WTD represents a depth
above hollow surface
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Chapter 6 : Synthesis
6-1. Modelling hydrological controls on variations in WTD and peat water contents in the
two contrasting peatlands

Our modelling by using process-based ecosystem model ecosys successfully simulated
seasonal and interannual variations of WTD and peat water contents over a wetting period from
2002 to 2005 in the tropical peatland (Fig. 2-2) (Table 2-1) and a drying period from 2004 to
2009 at the boreal peatland (Fig. 4-5) with the use of the same algorithms fed by site specific
physical, hydrological and ecological inputs (Figs. 2-1 and 4-2) (Sects.2-2.2.3 and 4-2.2.3). Our
results indicated that precipitation (P) to evapotranspiration (E7) ratio was the predominant
control of seasonal and interannual variations in WTD and peat water contents in both of these

two peatlands (Figs. 2-3, 4-6 and 4-7).

Gradually shallower WTD and consequent less peat drying from an El-Nifio year 2002 to
the wettest of all the study years 2005 were modelled from gradually larger P to ET ratio in the
tropical peatland (Figs.2-2 and 2-3). P in excess of ET required gradually larger lateral discharge
to be simulated from the driest year 2002 to the wettest year 2005 (Fig. 2-3). This was
adequately simulated by the lateral boundary condition defined in ecosys by a specified WTD
(WTDx) representing adjacent watershed WTD with which the modelled grid cells laterally
exchanged water over a specified distance (L) (Fig. 2-1). Shallower modelled WTD than the
specified WTDx from the driest to the wettest years yielded hydraulic gradients between
modelled WTD and the WTDx that generated higher lateral discharge using Darcy’s law (Fig. 2-

3).
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Gradually deeper growing season (May-August) water table (WT) in the boreal peatland
from 2004 to 2009 was also simulated predominantly from decreasing P to ET ratio (Figs. 4-6
and 4-7). This drying trend from 2004 to 2009 also caused deepening of regional WT that caused
gradually reduced lateral water gain from the upper catchment areas (Fig. 4-7). This
phenomenon was simulated by using three specified levels of WTDy i.e. shallow (=0.19 m) for
the wetter years (2003-2005), intermediate (=0.35 m) for the regular years (2006-2007) and deep
(=0.72 m) for the drier years (2008-2009) to generate hydraulic gradients that yielded net lateral

recharge in the wetter years and net lateral discharge in the drier years (Fig. 4-2).

Although ecosys successfully simulated the seasonal and interannual variations in peat
water content in the tropical peatland, it substantially underestimated the peat water contents in
the boreal peatland (Figs. 2-2b and 4-3a). The soil moisture retention algorithm in ecosys which
calculates soil water matric potentials () as functions of soil water content (6) uses a modified
Campbell model (MCM) (Egs. 4-1 to 4-4) (Fig. 4-1) (Campbell 1974) that was unable to
simulate higher near saturation water retention before rapid drainage when wm fell below a
threshold i.e. air-entry potential (ye) (Figs. 4-1 and 4-3). This was solved by using a van
Genuchten (VGM) (Egs.4-5 and 4-6) (Fig. 4-1) (Van Genuchten 1980) type logistic soil moisture
retention curve. However, it required an additional input for yi at inflection point (i) for each
layer to calculate VGM shape parameters » and o (Eq. 4-6) (Figs. 4-1 and 4-2). To test the
versatility of VGM in modelling contrasting peat water retention, we further applied this
algorithm for the tropical peatland by using the additional input for i, leaving everything else
unchanged (Fig. 6-1). Peat water contents simulated by VGM vs. MCM suggested that the VGM

similarly well simulated peat water contents from 0-0.2 m depth of the hummock as did the
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MCM over a wetting period from 2002 to 2005 in the tropical peatland (Fig. 6-2a-d). Seasonal
and interannual variations in WTD as simulated with the use of VGM moisture retention were
also as good as that using MCM (Fig. 6-2e-h). Therefore, VGM algorithm in ecosys better
simulated peat moisture retention in the boreal fen and similarly well simulated that in the
tropical bog with respect to the MCM at the expense of one additional input of w4, for each peat
layer. It can therefore be suggested that VGM could be a better model to simulate wide range of
peat water retention in process-based modelling of peatland eco-hydrology. The advantage of
VGM in simulating peat water retention was also reported in various field, laboratory and
hydrological modelling studies that achieved better fits of measured soil moisture retention with
the VGM in different peats (Silins and Rothwell 1998, Weiss et al. 1998, Schwirzel et al. 2006,

Gnatowski et al. 2010, Dettmann et al. 2014).

6-2. Modelling effects of WTD variations on surface energy exchange of two contrasting
peatlands

After successful simulation of seasonal and interannual variations in WTD and peat water
contents, ecosys went on to reasonably well simulate the effects of these variations on surface
energy exchange and vegetation water stress in the tropical and the boreal peatlands. Ecosys
successfully modelled late dry season (August-October) water stress due to WTD drawdown
from early to late dry seasons causing declines in ET and rises in mid-day Bowen ration f
[=sensible heat (H)/latent heat (LE)] (10:00 — 14:00 local time) in the drier years 2002-2004 in
the tropical bog peatland (Figs. 2-5a, d). However, ecosys also simulated the absence of late dry
season water stress and consequent absence of decline in E7 in the wettest dry season of 2005

(Figs. 2-5a, d). This simulation of interannual variation in late dry season plant water stress and
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surface energy exchange was achieved by adequately modelling (1) vertical root water uptake
profiles from vertical root distribution from differential root O, availability governed by root-
WTD interactions and (2) equilibrium between root water uptake and plant water loss via
transpiration through a series of water potentials (e.g. ws=soil water potential, y=root water
potential, and w.=canopy water potential) and hydraulic resistances (e.g. (2=soil hydraulic
resistance, (2=root hydraulic resistance, r.=canopy stomatal resistance) in a soil-plant-

atmosphere moisture continuum.

WTD drawdown from early (May-July) to late (August-October) dry seasons caused
improved root O availability and hence enhanced deeper root growth and root water uptake
from wetter deeper peat layers (Fig. 2-10). However, when WTD fell below a threshold of ~1.0
m below the hollow surface, near surface peat desiccation occurred due to inadequate capillary
recharge from the deep WT in the drier dry seasons of 2002-2004. This desiccation suppressed
root water uptake from these near surface layers by reducing ys and increasing £X%. These near
surface peat layers were colonized by most of the tree roots due to relatively better O2
availability in these layers that remain unsaturated even in the wet season (Fig. 2-10).
Suppression of root water uptake from these near surface peat layers in dry seasons thus
exceeded the increase in deeper root water uptake enabled by deeper rooting , thereby causing a
net decline in root water uptake in drier dry seasons of 2002-2004 with deep WT. This decline in
root water uptake caused a reduction in . (Fig. 2-9a) and canopy conductance (gc=1/r¢) (Fig. 2-
9b) thereby reducing transpiration and increasing £ in the model corroborated by EC-gap filled
site data (Figs. 2-5a, d and 2-6). However, lack of near surface peat desiccation in the wettest dry

season of 2005 due to better vertical recharge of these than the other late dry seasons (2002-
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2004) sustained root water uptake from these layers and prevented plant water stress (Figs. 2-5a,

d and 2-9a, b).

The algorithms in ecosys representing balance between transpiration and root water
uptake in a soil-plant-atmosphere moisture scheme also enabled us to model late growing season
(mid-July to mid-August) reductions in ET and rises in £ (2 hours before and after solar noon)
when WT fell below a threshold of ~0.35 m below the hollow surface during drier years 2008
and 2009 than other years 2004-2007 in the boreal fen peatland (Figs. 4-11a, b, c¢). This late
growing season ecosystem drying in 2008 and 2009 was modelled predominantly from the
reduction in evaporation (E) from non-vascular (moss) canopies. Modelled mosses had shallow
rhizoids due to higher intraspecific competition for light and nutrients (nitrogen and phosphorus)
from larger population. These shallow rhizoids mostly colonized near surface peat layers with
less saturation and higher O: availability throughout the year. In the drier late growing seasons of
2008 and 2009 when WT fell below the threshold of ~0.35 m below the hollow surface,
inadequate capillary recharge of these near surface peat layers from deeper WT caused
reductions in moss water uptake, and hence moss . and moss E (Figs. 4-9a and 4-10c). Unlike
mosses, deeper root growth and root water uptake from deeper peat layers facilitated by
improved root oxygenation during these deep WT periods enabled the vascular plants to sustain
root water uptake and hence ., gc and transpiration (Figs. 4-9a and 4-10b). However, reduction
in moss E was greater than the sustained vascular transpiration thereby contributing to overall
reduction in ecosystem ET and rise in f when WTD fell below the threshold of ~0.35 m below
the hollow surface in the late growing seasons of 2008 and 2009 (Figs. 4-9a, b and 4-10a).

Despite the successful modelling of WTD threshold effect on ecosystem drying in drier late
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growing seasons, our eco-hydrology modelling could not attribute large declines in May-June ET
and rise in May-June £ from 2007 to 2008 that were apparent in EC-gap filled site data as a

WTD drawdown and consequent peat drying effect (Fig. 4-11d, e, f) (Table 4-2) (Sect. 4-4.4).

6-3. Modelling WTD effects on ecosystem net CO: exchange of the two contrasting
peatlands

After successful simulation of the effects of seasonal and interannual variations in WTD
and peat moisture contents on surface energy exchange of the tropical and the boreal peatland
(Sects. 6-1 and 6-2), our modelling with ecosys went on to further simulate how these variations
affected net ecosystem CO; exchanges of these peatlands. In the tropical peatland, shallow WTD
i.e. 0-0.3 m below the hollow surface during the rainy seasons (November-April) caused lower
gross primary productivity (GPP) and hence reduced net ecosystem productivity (NEP) (Figs. 3-
2 to 3-8). This GPP suppression due to shallow WTD was simulated from poor aeration under
wet soils that impaired root and microbial O, availability, hindered root growth and nutrient
mineralization and hence caused poor root nutrient availability and uptake and consequent poor
foliar nutrient status (mainly Phosphorus) thereby slowing CO; fixation. WTD drawdown from
shallow (rainy seasons) to intermediate (early dry seasons, May-July) WTD, i.e. 0.3-0.8 m below
the hollow surface, raised GPP and caused no change or little decrease in ecosystem respiration
(Re), thereby causing an increase in NEP (Figs. 3-2 to 3-8). This increased GPP was modelled
through the improvement of foliar nutrient status enhanced by improved root and microbial O
availability facilitated by the WTD drawdown. Improved microbial O availability during the
intermediate WTD period raised deeper peat respiration in the model which was fully or more
than fully offset by the reduction in surface and near surface desiccated peat decomposition

thereby causing no increase or slight decrease in R.. Continued WTD drawdown from the early
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to late dry seasons (August-October) caused WT to fall below a threshold of ~1.0 m below the
hollow surface. This deep WTD caused increases in R. and reductions in GPP thereby reducing
NEP (Figs. 3-2 to 3-8). This reduction in NEP during the deep WTD period was, however, more
prominent in the drier dry seasons of 2002-2004 than the wetter dry season of 2005 when WT
seldom deepened below the threshold (Figs. 3-2 to 3-8). Modelled GPP in this deep WTD period
in the drier years of 2002-2004 was limited by plant water stress mainly due to near surface peat
drying (Sect. 6-2). However, reduction in modelled GPP was not prominent in the wetter dry
season of 2005. Increases in modelled deeper peat decomposition in the deep WTD periods
stimulated by enhanced aeration and microbial O; availability (Fig. 3-11) raised deeper peat
respiration to an extent that exceeded the reduction in desiccated surface and near surface peat

decomposition thereby causing a large increase in R. (Figs. 3-2 to 3-5, 3-7 and 3-8)

Overall the tropical peatland was a large source of C throughout the study period i.e.
2002-2005 as indicated by large negative modelled and EC-gap filled NEP. Since this peatland
was drained in 1997, we assumed that this would have been an artifact of unusually deep WT
due to the drainage. To examine the drainage effect, we performed an undrained simulation
raising the reference external WTD (WTDx) by 0.6 m leaving everything else unchanged. Our
undrained simulation predicted that the WTD in this tropical peatland would have been ~0.5 m
shallower if it was not drained and this trend was also corroborated by WTD measurements from
a nearby similar undrained tropical peatland (Fig. 3-9). This drained vs. undrained simulation
also suggested that this tropical peatland would have been a smaller source of C if it was not
drained which was also supported by EC-gap filled drained vs. undrained tropical peatland C
balance study by Hirano et al. (2012) (Fig. 6-3). Hirano et al. (2012) in their study included EC-

gap filled estimates of NEP and measured WTD from 2002-03 to 2008-09 in the same drained
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site as in our study and NEP and WTD from 2004-05 to 2008-09 in a nearby similar undrained
site (Fig. 6-3). Our drained vs. undrained simulation was consistent with the EC-gap filled study
by Hirano et al. (2012), which further suggested that whether drained or not this tropical peatland
was an increasingly large source of C with WTD drawdown due to increased intensity and
duration of dry seasons (Fig. 6-3). The undrained model projection along with EC-gap filled
estimates by Hirano et al. (2012) in a nearby undrained site also suggested that a WT very close
to or above the hollow surface is required to bring this tropical peatland ecosystem at least to C
neutrality (Fig. 6-3). Increased frequencies of recent climate extremes like EI-Nifio and
consequent less precipitation and deeper WT than the long-term normal shifted this tropical
peatland from a long-term C sink for last 26,000 years to a large C source in recent decades

(Takahashi et al. 2004, Dommain et al. 2011).

Gradually deeper WT from 2004 to 2009 in the boreal fen peatland caused increases in
both R. and GPP (Figs. 5-6 and 5-7). Similar increases in R. and GPP left no net WTD
drawdown effect on NEP in this peatland (Fig. 5-7). The increase in R. with WTD drawdown
was modelled through improved microbial energy yields enhanced by improved microbial O
availability due to increased peat oxygenation caused by rapid peat pore drainage in deeper WT
periods thereby facilitating rapid peat decomposition. However, when WT fell below ~0.3 m
from the hollow surface, surface and near surface peat desiccation due to inadequate vertical
recharge through capillary rise from the WT reduced surface and near surface peat
decomposition. This reduction in surface and near surface peat decomposition more than fully
offset increased deeper peat decomposition due to improved aeration thereby caused a reduction

in Re (Figs. 5-6¢, 5-7c and 5-84d).
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Increase in microbial decomposition due to improved aeration also enhanced rates of
mineralization that increased nutrient (mainly nitrogen) availability for vascular roots. Higher
root nutrient availability along with improved root O availability in deeper WT periods
enhanced root growth and uptake thereby raising vascular GPP with WTD drawdown (Figs. 5-
6b,f and 5-7b,e). However, when modelled WT fell below ~0.10 m from the hollow surface,
modelled non-vascular (moss) GPP started to decline because of inadequate rhizoid water uptake
from near surface peat layers that were desiccated due to inadequate vertical recharge through
capillary rise from the WT (Figs. 5-9b,d). But this decline in modelled moss GPP was more than
fully offset by increased vascular GPP thereby contributing to overall increase in ecosystem GPP

with WTD drawdown (Figs. 5-6b, f and 5-9c¢).

Our modelled drainage projection, however, showed that the resilience of current C
accumulation function of this peatland might be disrupted with further drawdown of WT. When
the projected WT fell below ~0.6 m from the hollow surface, modelled vascular GPP started to
decline due to supressed root water uptake from peat drying and consequent plant water stress
thereby contributing to overall decline in ecosystem GPP (Figs. 5-8b, c, e, f and 5-9c, e).
Increased deeper Rn from peat decomposition due to improved aeration in this period was larger
than the suppression of R, from surface and near surface peat decomposition due to desiccation
thereby causing overall increase in Re (Fig. 5-8g). Decline in GPP and increase in R thereby
caused decline in modelled NEP when the projected WT fell below ~0.45 m from the hollow
surface (Fig. 5-8b, e). This short-term modelled drainage effect of declining NEP due to
increasing R. and decreasing GPP was also found in measurements and modelling of our drained
tropical peatland site thereby further indicating the significance and adequacy of our modelling

of WTD drawdown effects on peatland C balance (Fig. 6-3) (Table 3-4).
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6-4. Concluding remarks

Our objective of simulating WTD effects on net ecosystem CO; exchange of the two
contrasting peatlands — the tropical drained bog and the boreal pristine fen have been achieved.
This simulation is achieved by adequately modelling and coupling the processes representing
WTD dynamics, soil moisture retention, root and microbial redox reactions as affected by WTD
and soil moisture retention, root nutrient availability and uptake, and equilibrium between
root/thizoidal water uptake and vascular/non-vascular transpiration/evaporation in a soil-
microbe-plant-atmosphere carbon, water, energy and nutrient (nitrogen and phosphorus) scheme.
Using the same set of algorithms in ecosys representing these processes, when fed with site
specific inputs for peat physical, chemical, and biological properties; vegetation characteristics;
and weather conditions (Figs. 2-1, 4-2, 5-1) (Table 3-1) (Sects. 2-2.2.3, 3-2.2.3,4-2.23, 5-2.2.3),
enabled us to simulate WTD feedbacks to peatland NEP, GPP and R. in these two peatlands
differing vastly in climate, peat type and peat forming vegetation. This indicated that this type of
modelling is reproducible across peatlands with different peat types i.e. bog vs. fen, and
vegetation i.e. trees/shrubs vs. mosses developed under wide range of climates i.e. from boreal to
tropical. Along with weather driven WTD drawdown, our modelling could also simulate
drainage induced WTD drawdown effects on C processes in these two peatlands. This is an
additional improvement in our predictive capacity of how peatland C stocks are vulnerable to
artificial drainage to promote agriculture that is a common human intervention across peatlands
in the world. Besides, this type of modelling can also be scaled up from site to global scale and
hourly to century scale by inputting climatic, edaphic and ecological characteristics (Figs. 2-1, 4-
2, 5-1) (Table 3-1) (Sects. 2-2.2.3, 3-2.2.3,4-2.23, 5-2.2.3) and not parameterizing the model

algorithms. This provides a platform for launching a regional, national, continental and/or global
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scale modelling for predicting how drier and warmer future climate and disturbance (e.g.
drainage) driven WTD drawdown would affect the C stocks peatlands, lack of which is thus far
limiting our predictive capacity on such issues. The insight gained from this modelling study is
thus a significant contribution to our understanding and apprehension of how peatlands would

behave with changing hydrology under future drier and warmer climates.
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Fig. 6-1. Experimental modelling layout in ecosys and key inputs for soil physical and hydrological properties representative of a
drainage affected tropical peat swamp forest at Palangkaraya, Indonesia. Figure was not drawn to scale. Dyumm = depth to the bottom
of a layer from the hummock surface; Dnon = depth to the bottom of a layer from the hollow surface; pvary = dry bulk density (Takakai
et al. 2006, Jauhiainen et al. 2012b); 6y = volumetric soil water content at field capacity (-0.01 MPa) and 6y, = volumetric soil
water content at wilting point (-1.5 MPa) (Kurnain et al. 2001); Ksmat = saturated hydraulic conductivity of soil matrix (Ong and
Yogeswaran 1991); Gmac = volumetric macropore fractions; WTDx = average water table depth of the adjacent ecosystem; L; =
distance from modelled grid cells to the adjacent watershed over which lateral discharge/recharge occurs; win= matric water potential
at the inflection point; 6; = residual soil water content; n and o=van Genuchten model (VGM) shape parameters
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Fig. 6-2. (a-d) Hourly observed, van Genuchten model (VGM) (Van Genuchten 1980) simulated and modified Campbell model
(MCM) (Campbell 1974) simulated soil water contents () from 0-0.2 m depth of a hummock and (e-h) monthly and daily observed
and daily VGM and MCM simulated water table depths (WTD) from 2002-2005 in a drainage affected tropical peat swamp forest at
Palangkaraya, Indonesia. Negative values of WTD mean depths below the hollow surface
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Fig. 6-3. Relationships between simulated drained/undrained (Sects. 2-2.2.5 and 3-2.2.6) net
ecosystem productivity (NEP) and drained/undrained water table depths (WTD) during 2002-
2005; and EC-gap filled drained NEP and observed drained WTD during 2002-03 to 2008-09
(Hirano et al. 2012) in a drainage affected tropical peat swamp forest at Palangkaraya, Indonesia;
and EC-gap filled undrained NEP and observed undrained WTD during 2004-05 to 2008-09 in a
undrained nearby tropical peat swamp forest (Hirano et al. 2012). Negative values of WTD mean
depths below the hollow surface. Negative values of NEP mean the ecosystem is a C source and
positive values of NEP mean the ecosystem is a C sink
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Supplementary Material

Appendix A: Soil C, N and P transformations
Decomposition

Dsijic=D'sijic Miagic fier(Siic/ Giic)

Dzijic=D'zijicMigic fi(Ziic! Giic)

Dyisc =D sisc Miaic fig(Aine/ Giic)

Sitc =% Sijuc

Ziic =% Zijic

Giic = Sic + Ziic + Adigc

Miaic = Migic+qm Migic Giic — Mivaic Giic)/(Giict Giic)

M,a,l,C =2, M,n,a,l,C

D'sijic = {Dsicl[Sijicl}/{[Sijic] + Kmp(1.0 +[EZM; 4, c]/Kip)}
D'zijic = {DzclZijicl} A Zijicl + Kmp(1.0 +[Miaic)/Kin)}
D' yijc = {DaclAiicl}/{[Aiic] + Kmp(1.0 +[M;q;c)/Kip)}

OSijkic/Ot = By (Uinic — Ruint ) (Sijkic! S'ijic) {(S%.0¢/Sijic)/( Sijic/Siji.c + Kis)}

decomposition of litter, POC,
humus

decomposition of microbial
residues

decomposition of adsorbed SOC

total C in all kinetic components
of litter, POC, humus

total C in all kinetic components
of microbial residues

total C in substrate-microbe
complexes

redistribution of active microbial
biomass from each substrate-
microbe complex i to other
substrate-microbe complexes ix
according to concentration
differences (priming)

substrate and water constraint on
D from colonized litter, POC and
humus, microbial residues and
adsorbed SOC

colonized litter determined by
microbial growth into uncolonized
litter

[Ala]
[Alb]
[Alc]
[A2a]
[A2b]
[A2c]
[A3a]

[A3b]

[Ada]
[Adb]

[Adc]

[AS]
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o = Tu{elB~HaRTIY /] 4 ol(Har = STYI(RT)] 4 ol(STy - Han( Tl
Dsijine = Dsijic(SijiNe/Sijic)

Dzijine = Dziji.c(Zijine/Zijic)

Duignpe = Daigc(Aignp/Aiic)

Yiic = kis(Gic Fi[Oiicl? — Xiic)

Yiunpe = Yic(Quinpe/Qiic)

Yine = Yinc(Xiinp/Xi 1)

Microbial growth

Ry =22 .2 iRuini

Ry = R'1y min{Cnipn1,a/ ONjy Cpinia/ Crj}

Rv'ini = Minaic {Ruini [Qiicl}/{(Kmoc HQirc])} figt fret
Ruin1 = R 10,1 (Uo2in i/ U 02i,1)

Sva =1.0-6.67(1.0 - eMys/(RTs)

U'02in1 = 2.67Rw i1

Uozin1 = U 02in,1{O2mign, 1)/ ([O2min1] + Ko,)

=4nn Mina1c Dsou[Fmrwi/ (Fwi — Fm) | ([O2si] =[O2mini]
Rmi,n,j,[ = RmM,n,j,l,Nﬁm[

ot = €Ty =298.16)]
Rgi,n,l = Rhi,n,l - 2j Rmi,n,j,l

Uinic =min(Ruipt, X Rminji) + Reini (1 + AGY/Em)

Arrhenius function for D and Ry

N and P coupled with C during D

Freundlich sorption of DOC

(Yiic>0) adsorption of
DON, DOP

(Yiic<0) desorption of
DON, DOP

Ry, constrained by microbial N, P
Ry, constrained by substrate DOC
Ry, constrained by O»

ws constraints on microbial growth
O, demand driven by potential Ry

active uptake coupled with radial
diffusion of O,

DOC uptake driven by R,

[A6]
[A7a]
[A7b]
[A7c]

[A8]

[A9]

[A10]

[A11]
[A12]
[A13]
[A14]
[A15]
[A16]
[A17a]
[A17b]
[A18]
[A19]
[A20]

[A21]
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Uininpg = UiniQiinpe/Qiic
Dysinjic= DyijMinjcfig
Dysinjnp = DyijMinjiNp figl fainiNp

SM,n,j,l,C/St = F} Ui,n,lC - F}Rhi,n,l - DMi,n,/',l,C
SM,n,j,l,C/St = F} Ui,n,lC - Rmi,n,j,l - DMi,n,/',l,C
Microbial nutrient exchange
Unnding1 = Minjic ONj— Minjin)

Unnging =min{(M;njic ONj — Minjin),
U’NH4 ai,n,j,l ([NH4+i,n,j,1]—[NH4+mn])/([NH4+i,n,j,[]—[NH4+mn] + KNH4)}

Unosingi = min{(Minjic CNj— (Minjin + UNngingl) »
U’N03 Qi ([NO{,‘,,,J;]]—[N03_mn])/([NO{,‘,,,,],[]—[NOs_mn] + KNO3)}
Urosinj1 = Minjic Coj— Minjip)

Urosipnji =min{(M;n.c Cvj - Minjip),
U’roy A inji (H2PO4 71— [H2PO4 ] )/ ([H2POs ™ 11— H2PO4 mn] + Kroy)}

D=1 = max{0, Mi =1 1cCNy — M n=rjin — max{0, Ui =N} }
Raoin—rj1 =Eo D;p—j1
OMinjin/0t = FjUinix + Unny;, o+ Unoy; i1+ @inrit = DitingiiN

OMinip/dt = FjUinip + Uroy,, ) = Duinjip

M,n,a,l,C = M,n,j=labi/e,l,C + M,n,j=resis[ant,l,CFr/Fl

Humification

H; jtignini.c = Dsij=lignin,i.C

DON,DOP uptake driven by Ui, ic
first-order decay of microbial C,
partial release of microbial N, P
[Rhini> Rminj1]  growth

[Rhini < Rminji]  senescence

Unn, <0 mineralization

Unn, >0 immobilizatio
n

UNO3 > O . iy .
immobilizatio
n

Upo, <0 mineralization

Uro, >0 immobilizatio
n

No fixation driven by N deficit of
diazotrophic population

growth vs. losses of microbial N, P

decomposition products of litter

[A22]
[A23]
[A24]
[A25a]

[A25b]

[A26a]

[A26b]

[A26c]

[A26d]
[A26¢]
[A27]
[A28]
[A29a]

[A29b]

[A30a]

[A31]
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Hsi j=tigniniN.p = Dsi j=lignin,N,p added to POC depending on lignin [A32]
Hys; jtignin,1,c = Hsi j=lignin..,c L [A33]
Hi j#tignin Np = Hsij#lignin.c Siinp/Siic [A34]
Huyiinji.c = Duinjic Fn decomposition products of [A35]
microbes added to humus
Hyiinjinpe = HyinjicMinjinpe/Minjic depending on clay [A36]
Definition of variables in appendix A
Variable Definition Unit Equation Value Reference
Subscripts

i substrate-microbe complex: coarse woody litter, fine non-

woody litter, POC, humus
j kinetic component: labile /, resistant r, active a
/ soil or litter layer
n microbial functional type: heterotrophic (bacteria, fungi),

autotrophic (nitrifiers, methanotrophs), diazotrophic, obligate

aerobe, facultative anaerobes (denitrifiers), obligate anaerobes

(methanogens)

Variables

Airc mass of adsorbed SOC gCm? [Alc,A2c]
[4ic] concentration of adsorbed SOC in soil g CMg! [Adc]
a microbial surface area m? m? [A26]
B parameter such that fi; = 1.0 at 7;=298.15 K [A6] 26.230
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B

CN,Pi,n,a,l

Cnpj

Dy

Dugingjic
DysinjiNp

Dso

Dyiic

Dyic

Dij, iNp

D'4ij1c

Freundlich exponent for sorption isotherm

specific colonization rate of uncolonized substrate
ratio of M, anp to My ac

maximum ratio of M ,;np to M;,;c maintained by M, c

specific decomposition rate of M;,; at 30°C

decomposition rate of M, .c
decomposition rate of M, i p

aqueous dispersivity—diffusivity of O, during microbial
uptake in soil

decomposition rate of 4;;c by Miic producing Q in [A13]

specific decomposition rate of 4;;c by Miauc at 25°C and
saturating[4; ]

decomposition rate of A;;np by Miauc

specific decomposition rate of S;;;.c by Z,M; .1 at 25°C

gNorPgC!

gNorPgC!

gCgC'h!

[A8] 0.85
[A5] 2.5
[A12]

[A12,A26,A27]  0.22 and 0.13

(N), 0.022 and
0.013 (P) forj =
labile and
resistant,
respectively

[A23,A24] 0.0125 and
0.00035 forj =
labile and
resistant,
respectively

[A23,A25,A35]

[A24,A29]

[A17]

[Alc,A7c,A31c]

[Adc] 0.025

[A7c]

[Ala,Adc]

(Grant et al.
1993b, a)

(Grant et al. 2010)

(Grant et al.
1993b, a)

(Grant et al.
1993b, a)

(Grant et al.
1993, a)
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Dsijic

Dg;c

Dsij inp
D'sijic
Dyzijic
Dzijnp

Dz

D'zijic

AGx

Em

Eo

decomposition rate of Sij;c by ,M; . producing QO in [A13]

specific decomposition rate of S;;;c by Z,M; 41 at 25°C and
saturating[Si;c]

decomposition rate of Sijinp by ZiMinai

specific decomposition rate of S;;;c by Z,Minq; at 25°C
decomposition rate of Z;;c by XM 4 producing Q in [A13]
decomposition rate of Z;;n,p by Z,Minai

specific decomposition rate of Z;j;c by Z,M; . at 25°C and
saturating[Z; ;c]

specific decomposition rate of Z;j;c by £,M; 4 at 25°C

energy yield of C oxidation with different reductants x

energy requirement for growth of M.

energy requirement for non-symbiotic N, fixation by
heterotrophic diazotrophs (n = f)

fraction of products from microbial decomposition that are
humified (function of clay content)

gCm?2h!

gCgC'h!

gNorPm?2h!
gCgC'h!
gCm2h!
gNorPm2h!

gCgC'h!

gCgC'h'!

klgC!

klgC!

gCgN!

[Ala,A7a,A31a]

[Ada]

[A7a, A32]
[Ala,Ada]
[Alb,A7b]
[A7b]

[Adb]

[Alb,Adb]

[A21]

[A21]

[A28]

[A35]

1.0, 1.0, 0.15, and

0.025 forj =
protein,
carbohydrate,
cellulose, and
lignin

0.25 and 0.05 for
j = labile and
resistant biomass

37.5 (x=0y);
4.43 (x=DOC)
25

5

0.167 +
0.167*clay

(Grant et al.
1993b, a)

(Grant et al.
1993, a)

(Waring and
Running 1998)
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Fr

Fs

f(‘ii,n,lN,P

ﬁgl

ﬁml
f vl

D=1

Giic
[H2PO4T]

H,

fraction of microbial growth allocated to labile component
Mi,n,l

fraction of microbial growth allocated to resistant component
Mi,n,r

equilibrium ratio between Q;;c and H;;c

fraction of N or P released with Dyyin j1,c during
decomposition

temperature function for microbial growth respiration

temperature function for maintenance respiration

soil water potential function for microbial, root or
mycorrhizal growth respiration

non-symbiotic N, fixation by heterotrophic diazotrophs (n =

)]

total C in substrate-microbe complex
concentration of H,PO4™ in soil solution
energy of activation

energy of high temperature deactivation

dimensionless

dimensionless

dimensionless

dimensionless

gNm?h!

gCMg!
gPm3

J mol™

J mol™

[A25,A29,A30]

[A25,A29,A30]

[A1,A6,A13,
A23,A24]

[A18,A19]

[A13,A15]

[A27,A28,A29]

[Al,A2c,A3a,A8]

[A26]
[A6,C10]

[A6,C10]

0.55

0.45

0.33 Unpa >0
1.00 Unua <0
0.33 Upos>0

1.00 Upos <0

65 x 10°

225 x 10°

(Grant et al.
1993b, a)

(Grant et al.
1993b, a)

(Pirt 1975)

(Addiscott 1983)
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Ha
Huyinjic
Huytipnjinp

Hsijic

Hsijinp
Kis
Knu,
Ko,
Kro,
Kip
Kmp

KmQC

ks

energy of low temperature deactivation
transfer of microbial C decomposition products to humus
transfer of microbial N or P decomposition products to humus

transfer of C hydrolysis products to particulate OM

transfer of N or P hydrolysis products to particulate OM
inhibition constant for microbial colonization of substrate
M-M constant for NH4* uptake at microbial surfaces
M-M constant for NO;~ uptake at microbial surfaces
M-M constant for HyPO4~ uptake at microbial surfaces
inhibition constant for [M;,.]on Sic, Zic
Michaelis—Menten constant for Ds;jc

Michaelis—Menten constant for R'w;,, on [Qic]

Michaelis—Menten constant for reduction of O, by microbes,
roots and mycorrhizae

equilibrium rate constant for sorption

J mol™!
gCmm?h!
gNorPm?2h!

gCm?2h!

gNorPm?2h!

gNm
gNm
gPm
gCmr
gCMg™

gCm

g0, m3

h—l

[A6,C10] 198 x 10°
[A35,A36]
[A36]

[A31,A32,A33,

A34]

[A32,A34]

[AS] 0.5 (Grant et al. 2010)

[A26] 0.40

[A26] 0.35

[A26] 0.125

[A4] 25 (Lizama and
Suzuki 1991,

[A4] 75 Grant et al.
1993b, a)

[A13] 36

[A17] 0.064 (Griffin 1972)

[A8] 0.01 (Grant et al.
1993b, a)

279



M
Miaic

M,n,j,l,C

M,ﬂ,j, IN

M,ﬂ,j, LP

M,n,a,l,C

[M,n,a, 1,C ]
[NH4"i0,.1]

[NH4+mn]

[NO3_i, nj, 1]

[NO3_mn]

[H2POysin i)

ratio of nonlignin to lignin components in humified
hydrolysis products

molecular mass of water
heterotrophic microbial C used for decomposition

microbial C

microbial N

microbial P

active microbial C from heterotrophic population » associated
with G;; ¢

concentration of M;, , in soil water = M, 41.c /6,
concentration of NH4* at microbial surfaces

concentration of NH4* at microbial surfaces below which
UNH4 = 0

concentration of NH4* at microbial surfaces

concentration of NO;~ at microbial surfaces below which
UN()3 = 0

concentration of H,POy4 at microbial surfaces

g mol!

[A33] 0.10, 0.05, and
0.05 forj =
protein,
carbohydrate, and
cellulose,
respectively

[A15] 18
[Al,A32,A4]

[A13,A17A23,A2
5,A26, A30,A36]

[A18,A27,A29]

[A24,A29,A26,
A36]

[A3,A13,A17,
A30]

[A3, AS]
[A26]

[A26] 0.0125

[A26]

[A26] 0.03

[A26]

(Schulten and
Schnitzer 1997)
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[HZP 04-mn]

[O2mini]
[Oa4]
Oiic
[Qiuc]
QiiNp

qm

R

Rajn=j,

Rgi,n,l

Ruini

Ry

!
Rhn

concentration of HyPO4 at microbial surfaces below which
UP04 =0

O, concentration at heterotrophic microsites

O, concentration in soil solution

DOC from products of Ds;jic [A3] and Dzijic) [AS]
solution concentration of Q; ;¢

DON and DOP from products of (Ds;jinp + DzijiNp)
constant for reallocating M 41.c to Miaic

gas constant

respiration for non-symbiotic N, fixation by heterotrophic
diazotrophs (n =f)

growth respiration of M, .; on Q;;c under nonlimiting O, and
nutrients

total heterotrophic respiration of all M;, ,; under ambient
DOC, O, nutrients, 6 and temperature

heterotrophic respiration of M, ,; under ambient DOC, O,
nutrients, @ and temperature

specific heterotrophic respiration of M;, ., under nonlimiting
0, DOC, @and 25°C

specific heterotrophic respiration of M, ,; under nonlimiting
DOC, O,, nutrients, 8 and 25°C

gNm3

g0, m>
g0, m>
gCm
g CMg!

gNor P m

Jmol™!' K!

gCm?h!

gCgC'h!

gCm2h!

gCm?2h!

gCgC'h!

gCgC'h!

[A26]

[A17]

[A17]
[A8,A13,A22]
[A8,A13]
[A9,A22]
[A3a]
[A6,A15,C10]

[A28]

[A20]

[Al1]

[A5,A11,A14,A2

0, A21,A25]

[A12,A13]

[A12]

0.002

0.5

8.3143

0.125

(Shields et al.
1973)
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Ry'ini

R

Runingji

Fwi

rwi

[Sijicl

Sijic

S'ijic
SijINp
Tsl

Uinic

Uinnp

Unudinj 1

heterotrophic respiration of M;, ,; under nonlimiting O, and
ambient DOC, nutrients, 8 and temperature

specific maintenance respiration at 25°C

maintenance respiration by M, ,,;;

radius of r, + water film at current water content
radius of heterotrophic microsite
thickness of water films

change in entropy

concentration of Sj;;c in soil

mass of colonized litter, POC or humus C

mass of uncolonized litter, POC or humus C
mass of litter, POC or humus N or P

soil temperature

uptake of Q;;c by X,M; 4 under limiting nutrient availability

uptake of Q;;n,p by XM . under limiting nutrient
availability

NH;4" uptake by microbes

gCm?2h!

gCgN'h'!

gCm?h!

Jmol ' K!

gCMg!

gCm

gCm™?

gNor P m

gCm2h!

gNorPm?2h!

gNm?h!

[A13,A14,A16]
[A18]
[A18,A20,A21,A
25]

[A17]

[A17]

[A17]

[A6,C10]

[Ada]

[A2a,A5,A7a,A3
3]

[AS]
[A72,A33]
[A6,A15.A19]

[AS5,A21,A22,A2
5]

[A22,A29]

[A26, A27,A29]

0.0115

2.5x%10°°

710

(Barnes et al.
1997)

(Sharpe and
DeMichele 1977)
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U'nny
UnNo3ingi
U'no,
Uozin
U'02in
Upo4ingi
U'vo,
Xiic
XiiNp

y

Vs

Yiic
Yiinp
[Zijucl
Zijic

ZijINP

maximum Uny, at 25 °C and non-limiting NH4*
NO;™~ uptake by microbes

maximum Uno, at 25 °C and non-limiting NO3~
O, uptake by M, . under ambient O

O, uptake by M, . under nonlimiting O,
H,POy4 uptake by microbes

maximum Upo, at 25 °C and non-limiting HoPO4
adsorbed C hydrolysis products

adsorbed N or P hydrolysis products

selected to give a Qo for fim 0f 2.25

soil or residue water potential

sorption of C hydrolysis products

sorption of N or P hydrolysis products
concentration of Z; ;¢ in soil

mass of microbial residue C in soil

mass of microbial residue N or P in soil

Appendix B: Soil-plant water relations

Canopy transpiration

gNm?h!
g N m?h'!
g N m?h!
gm2h!
gm2h!
gNm?h!
gNm?h!
g CMg!

gP Mg

MPa
gCm2h!

gPm?h!

[A26]
[A26,A27,A29]
[A26]
[A14,A17]
[A14,A16,A17]
[A26,A27,A29]
[A26]
[A8,A10]
[A10]

[A19]

[A15]
[A8,A9,A10]
[A9,A10]
[A4b]
[A2b,A7b]

[A7b]

5.0x 107

5.0x 107

5.0x 107

0.081
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Rnei+ LE; + Hi + G =0
LE;=L (ea - eci(TCiy l//ci))/rai
LEi= L (ea— ecir; v.)/(rai + 1i) - LE¢; from [B1D]

H = pCp(Ta — Tci)/rai
Femini = 0.64 (Cb — Ci'i)/ VC ’,‘

Vei = Femini T (rcmaxi — chini) e('ﬂ l//‘i)

7ai = {(In((zu — za))/zei)? /(K? ua)}/(1 — 10 Ri)
Ri={g (zu—z)/(us® To)} (Ta— T¢)

Wi= YWei - Wni

Root and mycorrhizal water uptake
Uwi =21 % Uwi,r,l

Usiri= (Wi - W'D/ Qsirit irit Zx oirix)

Wi = W +0.01 zy

W' =y —0.01 z

1= In{(dirt/7ir1)/ (27 Li i Kir))} Gt O

Q= vinlLiri

oirin=1 = Qaiezi {nirs1 Firr )Y + 7820 20 00001 (Por 116 it (MG 1) /M
Quirix=2 = Chip (Liri2 Min12) {niri2 (Firi2 /7)) *}

SLiv 11/t = Mipy1 18t v, 1H{pr (1= 6pir) (T rins )}

Canopy water potential
(ea— eir )/ (rai + 1ei) [B1] = Xy Z(wes - W'D Q2sinit ipit+ L Cniin) + XeiSWei/ O

canopy energy balance

LE from canopy evaporation
LE from canopy transpiration
H from canopy energy balance

rc driven by rates of carboxylation
vs. diffusion

re constrained by water status

ra driven by windspeed, surface

ra adjusted for stability vs.
buoyancy

Uy along hydraulic gradient

¥, solved when transpiration from
[B1-B4] (LHS) equals uptake from
[B5-B13] + change in storage
(RHS)

[B5]
[B6]
[B7]
(B3]
[B9]
[B10]
[B11]
[B12]

[B13]

[B14]
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Definition of variables in appendix B

Variable Definition Unit Equation Value Reference
Subscripts
1 plant species or functional type: coniferous, deciduous,
annual, perennial, C3, C4, monocot, dicot etc.
J branch or tiller
K Node
L soil or canopy layer
M leaf azimuth
n leaf inclination
0 leaf exposure (sunlit vs. shaded)
r root or mycorrhizae
Variables
B stomatal resistance shape parameter MPa'! [B2b,C4,C9] -5.0 (Grant and
Flanagan 2007)
G [CO3] in canopy air pumol mol! [B2,C2,C5]
G [CO2] in canopy leaves at y¢; = 0 MPa umol mol! [B2] 0.70 Gy (Larcher 2003)
diyi half distance between adjacent roots m [B9]
E canopy transpiration m3 m2h! [B1,B14]
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€a

Cci(Te; Vei)

LE, ci

Li,r,l

M,r,l
Nirilx

g ai,r

Qai, rlx

atmospheric vapor density at 7, and ambient humidity

canopy vapor density at 7c; and y;
canopy storage heat flux
canopy sensible heat flux

von Karman’s constant
hydraulic conductivity between soil and root surface

scaling factor for bole axial resistance from primary root axial
resistance

latent heat of evaporation
latent heat flux between canopy and atmosphere

length of roots or mycorrhizae

mass of roots or mycorrhizae
number of primary (x = 1) or secondary (x = 2) axes

axial resistivity to water transport along root or mycorrhizal
axes

axial resistance to water transport along axes of primary (x =
1) or secondary (x = 2) roots or mycorrhizae

W m?

W m?

m? MPa! h'!

Jg

W m™

MPa h m*

MPahm'!

[B1]
[B1]
[B1]
[B1]
[B3a] 0.41
[B9]
[B11] 1.6 x 104 (Grant et al. 2007)
[B1] 2460
[B1]
[B9,B10,B12,B13
]
[B11,B13]
[B11,B12]
[B11,B12] 4.0x 10° (Larcher 2003)
deciduous
1.0 x 1010
coniferous

[B6,B11,B12]
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.(2' ri,r

-Qri, rl

Qsi, rl

Femaxi

Vemini

Virlx

radial resistivity to water transport from surface to axis of
roots or mycorrhizae

radial resistance to water transport from surface to axis of
roots or mycorrhizae

radial resistance to water transport from soil to surface of
roots or mycorrhizae

soil water content
soil porosity
root porosity

Richarson number

canopy net radiation
aerodynamic resistance to vapor flux from canopy

radius of bole at ambient We;
radius of bole at y; =0 MPa

canopy stomatal resistance to vapor flux
canopy cuticular resistance to vapor flux

minimum r¢; at yg; =0 MPa

radius of primary (x=1) or secondary (x=2) roots or
mycorrhizae at ambient yx, ;

MPa h m?

MPa h m

MPa hm!

W m™

sm

sm
sm

sm

[B10]

[B6,B10]

[B6,B9]

[BI]
[BY]
[B13]

[B3a,B3b]

[B1]
[B1,B3a]

[B11]

[B11]

[B1,B2b]
[B2b]

[B2,B2b]

[B9,B11,B12,B13
]

1.0x 10

5.0x10°

(Doussan et al.
1998)

(Van Bavel and
Hillel 1976)

(Larcher 2003)
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rir

Pr

T:
Uwi

Uw[,r,l

Ua

Vc ’i

Vr

Wri
Wsi

Wsi

radius of secondary roots or mycorrhizae at y; ;. =0 MPa

root specific density

air temperature

canopy temperature

total water uptake from all rooted soil layers

water uptake by root and mycorrhizal surfaces in each soil
layer

wind speed measured at z,

potential canopy CO fixation rate at y¢; = 0 MPa

root specific volume

canopy capacitance

canopy water potential

Wi T canopy gravitational potential
canopy osmotic potential

soil water potential

we + soil gravitational potential

m

gCgFW!

m>m?h’!

m> m?2h!

pumol m? 5!
m’® g FW-!
m’ m? MPa’!
MPa

MPa

MPa

MPa

MPa

[B11,B12] 2.0 x 104 tree
1.0 x 10*bush

0.05x 10
mycorrhizae

[B13] 0.05
[B3b]

[B3b]

[B5,B14]

[BS,B6]

[B3a,B3b]

[B2]

[B13] 106
[B14]

[B4,B7,B14]

[B6,B7]

[B4]

[B8]

[B6,B8]

(Grant 1998)

(Grant 1998)
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Wi canopy turgor potential MPa [B2b,B4] 1.25at y.=0

Zbi length of bole from soil surface to top of canopy m [B7,B11]

Zdi canopy zero-plane displacement height m [B3a] (Perrier 1982)
Z) depth of soil layer below surface m [B8,B11]

Zr canopy surface roughness m [B3a,B3b] (Perrier 1982)
Zu height of wind speed measurement m [B3a,B3b]

Appendix C: Gross primary productivity and autotrophic respiration

Cs gross primary productivity

GPP=% ij,k1m,n,0 (Vci,j,k,l,m,n,o = Vgi,j,k,],m,n,o) A ij.k,mn,0 solve for Cii,j,k,l,m,n,o at which [Cl]
Vci,j,k,l,m,n,o = Vgi,j,k,l,m,n,o
Vg[,j,k,l,m,n,a = (Cb - Cii,j,k,],m,n,o)/rli,j,k,],m,n,o diffusion [C2]
Vc[,j,k,l,m,n,o =min { Vbi,j,k,l,m,n,oy Vji,j,k,l,m,n,o} carboxylation [C3]
PlijkLmno = FiminijkLmno + (Fimaxi = FiminijkLmn,o0) e(-Pwi) riis leaf-level equivalent of re [C4]
Piminijikimno = (Co = G Ve'ijkimno minimum 7y is driven by [C5]
carboxylation
Vbi,j,k,l,m,n,o = meaxi,j,k(cci,j,k,],m,n,o = i,j,k)/(cci,j,k,l,m,n,o) + Kci)f\u i,j,k,l,m,n,0 fi'Ci COZa water, temperature and [C6a]
nutrient constraints on Vb
" = Vo', Fraviseo, M, A, foi [COb]
bmaxiJ’k bi rublscoi ij.kprot ik ftbt
Céc
Fi,j,k =0.5 Oc Vomaxl-,j‘k Kci /(meaxi,j,k Koi) [ ]
[C6d]
Vomaxi,j,k = Vo'iFrubiscoi A/Ii,j,k,prot/Ai,j,k ﬁoi
[C6e]

Kci = Kci ﬁkci (l + O/ (Koiﬁkoi))

I/}i,j,k,l,m,n,o = Ji,j,k,l,m,n,o Yi,j,k,l,m,n,ofw i,j,k,l,m,n,0 ﬁCi Water’ temperature and nutrient [C7]
constraints on V
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Jiz/‘,k,l,m,n,o = (g Ii,l,m,n,o + Jmaxiz/’,k - ((3 Ii,l,m,n,o + Jmaxiz/’,k)z = 4a€ Ii,l,m,n,o Jmaxi,j,k)o.s)/(za)

/4,

Jmaxi,j,k = VJ 'i Fchlorophylll. M. ik

i,j,k,prot i

.. = . 0.5
f“" ijklLmn,o (rlmmi,j,k,l,m,n,o / rli,j,k,l,m,n,n)

fioi =exp[By — Ho/(RTe))/{1 + exp[(Ha — ST)/(RTe)] + exp[(STe — Han) (RT:)]}
fooi = exp[Bo — Hao/(RT:))/{1 + exp[(Ha — STe)/(RTe)] + exp[(STei — Han)/(RT:)]]
fii = exp[Bj — Hai/(RTe))/ {1 + exp[(Hai — STe))/(RTe))] + exp[(STei — Han)/(RT:1)]}
fikei = exp[Bie — Hake/(RT¢;)]

ﬁkoi = eXp[Bko - Hako/(RTC,')]
Sfici = min{onij/(onij+ ocij/Kicy), ovijl(ovij+ ocij Kicp)}

oMy,

Rijk

Autotrophic respiration

Ra=2ZZ;(Reijt Rsij) T ZZZ:(Reiri + Rsip1) + ENp (Untairi + Unosir + Uposirl )

Rci,j :Rc'GCi,j ftai
Reiri =R 'ociri fait (Uoziri /U 02ir1)
Uoziri = U'02ir1 [O2ir1)/([O2iir1] + Ko,)

= le-,” [OZS]] + 2TCLi,r,l Dyon ([0251] _[OZri,r,l]) ln{(rsl + rri,r,l)/ rri,r,l}
+ 2nL; 1 Dro2 ([O2gi 1] =[Oz i 1]) In(rgiri)/ 7rir1)

U'02i71=2.67 Rdir
RS,'J' =-min {00, RC[J - RmiJ}

/ot = 5ML,-’J-’ /Ot min{[NV'iear + (Vieat - N'teat) fici]/Nprot, [Pteat + (Preat - Pteat) fici]/Pprot }

non-stomatal effect related to
stomatal effect

Arrhenius functions for
carboxylation, oxygenation and
electron transport

temperature sensitivity of K, Ko,

product inhibition of V4, V; from
owv and op vs. oc in shoots
leaf structural protein growth

total autotrophic respiration

O, constraint on root respiration
from active uptake coupled with
diffusion of O, from soil as for
heterotrophic respiration in [A17],
and from active uptake coupled
with diffusion of O, from roots

remobilization when Ry, > R

[C8a]

[C8b]

[CI]
[C10a]
[C10b]
[C10c]
[C10d]

[C10e]
[C11]

[C12]

[C13]
[Cl4a]
[C14b]
[Cl4c]

[C14d]

[Clde]
[C15]
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Rmij= Z:(Nijz: Rm" fimi)

Rgij = max{0.0, min{(Rcij — Rmij) min{1.0, max{0.0, wi - wi'}}

Growth and senescence
lijzc= Rsij MLNi,j / MLRI;/

lijzN= lijzc Nprot (1.0 — Xmx finij)
Lijzp= lijzc Pprot (1.0 — Xmx fxpi)

Jiij = ocijl/(oci; + oni/KxN)

Jxvij = ocijl(ocij + ovij /Kxp)
5MB[J‘/5f = ZZ [Rg,‘J' (1 - Yg,‘,z)/Yg[,Z] — RS[J' — l[,j,(:

OMR; i/ Ot = [Rgiri (1 - Ygir)/ Ygir] — Rsiri — liricC

5AL,'J,1(,1/5I =X (ML,'J',/‘,] /)1,')70‘33 5ML,'J,1(,1/5I min{l, max{O, Whi - l//t,}

SLi 118t = (8Mirs1 /80)/vi vy 1 {py (1 = Opir ) (7 Frirs s 2)}

SLi 1 2/8t = (8Mi12 /5) Vi /{py (1 - Opiy ) (T Friys22)}

Jrai = Tei{exp[Bv — Hav/(RT)]}/{1 + exp[(Ha — STc:)/(RT:)] + exp[(STei — Han)/(RTc)]}

*, . —
fimi = QOSI(T, 298.15))

Root and mycorrhizal nutrient uptake

maintenance respiration

growth when Ry, < R.

senescence drives litterfall of non-
remobilizable material

litterfall of N and P is driven by
that of C but reduced by
translocation to to on and op
according to ratios of o and op
withoc

branch growth driven by R,

root growth driven by R,

leaf expansion driven by leaf mass
growth

root extension of primary and
secondary axes driven by root
mass growth

Arrhenius function for R,

temperature function for R

[C16]

[C17]

[C18]
[C19a]
[C19b]
[C19¢]

[C19d]

[C20a]

[C20b]
[C21a]

[C21b]

[C21c]
[C22a]

[C22b]
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Unndiri= {Uwir [NHa*] + 20L; . iDennyy ([NHa ™) = [NHg"30]) / In(diri (Prira) } root N and P uptake from mass [C23a]

flow + diffusion coupled with [C23b]
= U'Nny (U0t U ' 02i1) At ((NHa*i1] — [NH mn] )/(INHa" 1] — [NHa mn] + KNny) £, fiNirt active uptake Otj NHa4", NOs™ and
B i B B H,PO4~ constrained by O, uptake, [C23c]
Unosirt= {Uwipt [NO37(] + 21Li 1 Denos; (INO37(] — [NO37y4]) / In(di i /7vi0) } as for microbial N and P uptake in [C23d]
[A26]
= U'Noz (Uo2ir1 /U "02i,1) Airt (INO37i 1] — [NO3™mn] )/(INO3 ;1] — [NO3™mn] + Knoj) fr,) finint [C23¢]
Urosi 1= {Uwir,i [H2PO4™1] + 21L; 1 iDepo,, ([H2PO4™1] — [HaPO4™4]) / In(diri /7vir 1)} product inhibition of Unna, Uno3 [C23f]
and Upos determined by oy and op [C23g]
= U'roy (Uozirt /U '02ir1) At ([H2POg 1] — [H2PO& mal)([H2POs 1] — [H2POs mnl + Kpoy) fiyy fipirt  VS: OC in roots [C23h]
SiNirt = Ocirnil(Ocirn T ONiri/King)
Sipiri = Ociril(OCiri + Opiri/Kipc)
Definition of variables in appendix C
Variable Definition Unit Equation Value Reference

Subscripts

i species or functional type: evergreen,
coniferous, deciduous, annual, perennial,
Cs, C4, monocot, dicot, legume etc.

j branch or tiller

k Node

/ soil or canopy layer

m leaf azimuth

n leaf inclination

o leaf exposure (sunlit vs. shaded)
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B;
B
Bxo
B,
By

Gy

Ceva)

Cc(m4)

Ce

organ including leaf, stem, root,
mycorrhizae

leaf, root or mycorrhizalsurface area

shape parameter for stomatal effects on CO, diffusion and
non-stomatal effects on carboxylation

parameter such that ff=1.0 at 7. =298.15 K
parameter such that fij; = 1.0 at 7,=298.15 K
parameter such that fi; = 1.0 at 7.=298.15 K
parameter such that fio; = 1.0 at 7.=298.15 K
parameter such that fii = 1.0 at 7.=298.15 K

parameter such that fi,; = 1.0 at 7. =298.15 K

[CO2] in canopy air

[CO2] in C4 bundle sheath

[CO2] in C4 mesophyll in equilibrium with Ciij x7mn,0

[CO2] in canopy chloroplasts in equilibrium with Cijj 1mn0

Variables

MPa’!

umol mol!

uM

uM

uM

[C1,C6b,C6d,C8b,
C21,C23,C32,C33
,C47]

[C4 C27,C35,]

[C36]
[C10c]
[C10d]
[C10¢]
[C10b]
[C10a, C22]

[C2,C5 C25,C28]

[C38,C39,C42,C4
4]

[C29,C39]

[C6]

17.533

17.363

22.187

8.067

24.221

26.238

(Grant and
Flanagan 2007)
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Ciima'

Citma)
Cijz=i
G’

G
Denny,
Dexoy,

Deroy,

Dio2

DSO2

di,r,l

Enp

>

Jees)

Joma

[CO2] in C4 mesophyll air when w; =0

[CO2] in C4 mesophyll air

C content of leaf (z =)

[CO2] in canopy leaves when ;=0

[CO2] in canopy leaves

effective dispersivity-diffusivity of NH4* during root uptake
effective dispersivity-diffusivity of NOs~ during root uptake

effective dispersivity-diffusivity of HPO4~ during root
uptake

aqueous diffusivity of O, from root aerenchyma to root or
mycorrhizal surfaces

aqueous diffusivity of O, from soil to root or mycorrhizal
surfaces

half distance between adjacent roots assumed equal to
uptake path length

energy cost of nutrient uptake

C; product inhibition of RuBP carboxylation activity in C4
bundle sheath or C3 mesophyll

C4 product inhibition of PEP carboxylation activity in Cs4
mesophyll

umol mol!

umol mol!
gCm?
umol mol!
umol mol!
m? h!

m? h!

m? h!

m? h'!

mz h—l

gCgN'orP!

[C28]

[C25]
[C18]
[C5]
[C2]
[C23]
[C23]

[C23]

[C14d]

[C14d]

[C23]

[C13]

[C47,C48,C49]

[C32,C33,C34]

0.45x Gy

0.70 x Cy (Larcher 2003)
(m L. /Az)"? (Grant 1998)
2.15 (Veen 1981)
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Frubisco
Jaa
Jio
Jre

SN

fraction of leaf protein in chlorophyll

N,P inhibition on carboxylation, leaf structural N,P growth
N inhibition on root N uptake

P inhibition on root P uptake

fraction of leaf protein in rubisco

temperature effect on Ra;;

temperature effect on carboxylation

temperature function for root or mycorrhizal growth
respiration

temperature effect on electron transport

temperature effect on K,

temperature effect on Ko,

temperature effect on R

temperature effect on oxygenation

temperature effect on carboxylation

fraction of Xmx N translocated out of leaf or root during
senescence

dimensionless

[C8b] 0.025
[C6a,C7,C11,C12]

[C23g]

[C23h]

[C6b,d] 0.125
[C14, C22]
[C6b,C10a]

[C23]

[C8b,C10c]

[C6e,C10d] (Bernacchi et al.

2001, 2003)

[C6e,C10¢e] (Bernacchi et al.

2001, 2003)

[C16, C22b] Qio=2.25

[C6d,C10b]

[C32,C33,C36,C4
7,C48]

[C19a,c]
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S

Sui

Jui

H,

Haj

H. ake

H. ako

HaO

HaV

fraction of Xmx P translocated out of leaf or root during

senescence

non-stomatal water effect on carboxylation

non-stomatal water effect on carboxylation

energy of activation

energy of activation for electron transport

parameter for temperature sensitivity of K,

parameter for temperature sensitivity of Ko,

energy of activation for oxygenation

energy of activation for carboxylation

energy of high temperature deactivation

energy of high temperature deactivation

energy of low temperature deactivation

energy of low temperature deactivation

J mol™!

J mol™!

J mol™!

J mol™!

J mol™!

J mol™!

J mol™!

J mol™!

J mol™!

J mol™!

[C19b.d]

[C6a,C7,C9]

[C32,C33,C35C47
,C48]

[C36]

[C10c]

[C10d]

[C10¢]

[C10b, C22]

[C10a, C22]

[C10, C22]

[C36]

[C10, C22]

[C36]

(Medrano et al.

2002)
57.5x 103
43 x 103 (Bernacchi et al.
2001, 2003)
55x 103 (Bernacchi et al.
2001, 2003)
X ernacchi et al.
20 x 10° (B hi et al
2001, 2003)
X ernacchi et al.
60 x 103 (B hi et al
2001, 2003)
65x 103 (Bernacchi et al.
2001, 2003)
222.5x 103
220 x 10°
198.0x 103
190 x 10°
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Jv4)

J(ma)

’
Jmax

Jmax(b4)

Ji max(m4)

Jmax

Kepa)

Kema

K.

Kicy

Irradiance

electron transport rate in C4 bundle sheath

electron transport rate in C4 mesophyll

electron transport rate in C3 mesophyll

specific electron transport rate at non-limiting 7 and 25°C
when y;; = 0 and nutrients are nonlimiting

electron transport rate in C4 bundle sheath at non-limiting /

electron transport rate in C4 mesophyll at non-limiting /

electron transport rate at non-limiting 7, y;, temperature and
N,P

Michaelis-Menten constant for carboxylation in C4 bundle
sheath

Michaelis-Menten constant for carboxylation in Cy4
mesophyll

Michaelis-Menten constant for carboxylation at zero O

Michaelis-Menten constant for carboxylation at ambient O,

inhibition constant for growth in shoots from oc vs. ox

umol m? ™!
umol m? 5!

umol m? 5!

umol m? ™!

umol g'!' 57!

umol m? ™!

umol m? s!

umol m? s!

uM

uM

uM

uM

gCgN'!

[C8a,]

[C45,C46]

[C30,C31]

[C7,C8a]

[C33,C48]

[C46,C48]

[C31,C33]

[C8a,C8b]

[C44]

[C29]

[C6e,C6e]

[C6e]

[C11]

400

30.0 at 25°C and
zero O;

3.0 at 25°C

12.5 at25 °C

100

(Lawlor 1993)

(Lawlor 1993)

(Farquhar et al.
1980)

(Grant 1998)
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KiCP

KIXC4(b4)

KIXC4(m4)

Kivp

K

KiNC

I(iPC

KNH4

Ko,

KPO4

inhibition constant for growth in shoots from oc vs. op

constant for CO; product inhibition of C4 decarboxylation in
C4 bundle sheath

constant for C4 product inhibition of PEP carboxylation
activity in C4 mesophyll

constant for C3 product inhibition of RuBP carboxylation
activity in C4 bundle sheath or C3 mesophyll caused by

[wisi,]

constant for Cs product inhibition of RuBP carboxylation
activity in C4 bundle sheath or C3 mesophyll caused by

[7mei,]
inhibition constant for N uptake in roots from og;; vs. on;

inhibition constant for P uptake in roots from oc;; vs. opi;
roots

M-M constant for NH4* uptake at root or mycorrhizal
surfaces

M-M constant for NO;~ uptake at root or mycorrhizal
surfaces

M-M constant for H,PO4~ uptake root or mycorrhizal
surfaces

gCgP!

uM

uM

gCgN'!

gCgP!

gNgC!

gPgC!

gNm

gNm?

gPm

[C11]

[C38]

[C34]

[C49]

[C49]

[C23]

[C23]

[C23]

[C23]

[C23]

1000 (Grant 1998)
1000.0

5x10°

100

1000

0.1 (Grant 1998)
0.01 (Grant 1998)
0.40 (Barber and

Silberbush 1984)

0.35 (Barber and
Silberbush 1984)

0.125 (Barber and
Silberbush 1984)
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Ko,

Ko

K xN

K xP

lc

ZN,P

My

Mu, My,

iprot

N,P
Nprot

[NH4%;1]

Michaelis-Menten constant for root or mycorrhizal O,
uptake

inhibition constant for O, in carboxylation

inhibition constant for remobilization of leaf or root N
during senescence

inhibition constant for remobilization of leaf or root P
during senescence

root length
C litterfall from leaf or root

N or P litterfall from leaf or root

branch C phytomass
leaf C phytomass

non-remobilizable, remobilizable leaf C phytomass

root C phytomass

leaf protein phytomass calculated from leaf N, P contents

N or P content of organ z
N content of protein remobilized from leaf or root

concentration of NH4" at root or mycorrizal surfaces

uM

gNgcC!

gPgC!

gCm?h'!

gCm?h!

gCm
gCm?

gCm

gCm?

g N m?

gNm
gNC!

gNm

[Cl4c] 0.064
[C6c,C6e] 500 at 25 °C
[C19¢] 0.1

[C19d] 0.01
[C14d,C21b,C23]

[C18,C19a,b,C20]

[C19a,b]

[C20]
[C12,C21]

[C12,C18]

[C20,C21]

[C6b,C6d,C8b,C1
2]

[C16, C19]
[C12,C19a] 0.4

[C23]

(Griffin 1972)

(Farquhar et al.

1980)
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[NH4+mn]

[NO37;1]

[NO3_mn]

[H2POyir1]

[H2P04_mn]

N leaf

N ’leaf

Nie

[Nenia)]’

[Neni(may]’

[N pep(m4] '

[Nrubva)]”

02q

concentration of NH4" at root or mycorrizal surfaces below
which UNH4 =0

concentration of NH4" at root or mycorrizal surfaces

concentration of NOs™ at root or mycorrizal surfaces below
which UNo3 =0

concentration of H,PO4™ root or mycorrizal surfaces

concentration of HoPOy4™ at root or mycorrizal surfaces below

which Upo4 =0
maximum leaf structural N content

minimum leaf structural N content

total leaf N

ratio of chlorophyll N in C4 bundle sheath to total leaf N
ratio of chlorophyll N in C4 mesophyll to total leaf N
ratio of PEP carboxylase N in C4 mesophyll to total leaf N

ratio of RuBP carboxylase N in C4 bundle sheath to total
leaf N

aqueous O, concentration in root or mycorrhizal
aerenchyma

aqueous O, concentration at root or mycorrhizal surfaces

gNm3

gNgC!

gNgC!

g N m?leaf

gNgN!
gNgN!
gNgN!

gNgN!

[C23]

[C23]

[C23]

[C23]

[C23]

[C12]

[C12]

[C32,C33,C47,C4
8]

[C48]

[C33]

[C32]

[C47]

[Cldc,d]

[Cl4c,d]

0.0125

0.03

0.002

0.10

033 x Nieaf

0.05

0.05

0.025

0.025

(Barber and
Silberbush 1984)

(Barber and
Silberbush 1984)

(Barber and
Silberbush 1984)
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025

O

Prear

P 'leaf

P prot
[ 7]

Op

Ra
R)'

R’

rf

¥ifmaxi

aqueous O, concentration in soil solution

[O2] in canopy chloroplasts in equilibrium with O3 i atm.
maximum leaf structural P content

minimum leaf structural P content

P content of protein remobilized from leaf or root

concentration of nonstructural root P uptake product in leaf

root or mycorrhizal porosity

gas constant

gas constant
total autotrophic respiration

R, under nonlimiting O,

specific autotrophic respiration of oc;; at T; = 25 °C

autotrophic respiration of oc;;or i

growth respiration

leaf stomatal resistance

leaf cuticular resistance

gm
uM
gPgC!
gPgC!

gPC!

J mol™' K~!
gCm?2h'!

gCm?2h'!
gCgC'h!
gCm?2h'!
gCm?2h'!
sm

sm

[Cl4c,d]
[C6e,C6e]

[C12]
[C12]

[C12,C19b]

[C49]

[C21b]

[C10, C22]

[C36]
[C13]
[C14]
[C14]

[C13,C14,C17,
C15]

[C17,C20]

[C25,C27,C39]

[C27]

0.10

0.33 X Preaf

0.04

0.1-0.5

8.3143

8.3143

0.015
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rlfmini,j, k,ILm,n,o
Vi j k1, m,n,0
Fimaxi

rlmini,j, k,ILm,n,o

Ru'

Rmi,j
¥ qi,r,l

Frirl

Rsi,j

Vs

Pr

oc

leaf stomatal resistance when yg; =0
leaf stomatal resistance
leaf cuticular resistance
leaf stomatal resistance when ;=0

specific maintenance respiration of oc;; at Tc; =25 °C

above-ground maintenance respiration
radius of root aerenchyma

root or mycorrhizal radius

respiration from remobilization of leaf C

thickness of soil water films

dry matter content of root biomass

change in entropy

change in entropy

nonstructural C product of CO, fixation

sm
sm
sm
sm

gCgN'h'!

gCm?h'!

gg

Jmol™!' K!

Jmol™!' K!

gCgcC!

[C27,C28,C35
[C2,C4,C9]
[C4]
[C4,C5,C9]

[C16]

[C16,C17,C15]

[C14d]

[C14d,C21b,c,C23

a,c,e]

[C13,C15,C18,

C20]
[C14d]

[C21b]

[C10, C22]

[C36]

[C11, C19¢.d,
C23gh]

0.0115 (Barnes et al.
1997)

1.0 x 10~ or 5.0 x

1076

0.125

710 (Sharpe and
DeMichele 1977)

710
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T:

Te
Unudiri

!,
U'nn,

Unosiri

’
U NO3

Uroudiri

’
U'ro,

Uo2iri
U'02iir

Uy,

irl

V soayi ik

nonstructural N product of root uptake

nonstructural P product of root uptake

canopy temperature

canopy temperature
NH4* uptake by roots or mycorrhizae

maximum Ung, at 25 °C and non-limiting NH4*

NO;™ uptake by roots or mycorrhizae

maximum Uno, at 25 °C and non-limiting NO3~

H,PO4 uptake by roots or mycorrhizae

maximum Upo, at 25 °C and non-limiting H,PO4

O, uptake by roots and mycorrhizae under ambient O,
O, uptake by roots and mycorrhizae under nonlimiting O»

root water uptake

CO; leakage from C4 bundle sheath to C4 mesophyll

gNgcC!

gPgC!

°C
gNm?h!

gNm?h!

gNm?h!

gNm?h'!

gNm?h!

gNm?h!

gOm?h!
gOm?h'!

m> m?2h’!

gCm?h!

[C11, C19c,
C23g,h]

[C11, C19d,
C23g,h]

[C10, C22]

[C36]
[C23]

[C23] 5.0x 107

[C23]

[C23] 5.0x 107

[C23]

[C23] 5.0x 107

[C14b,c,C23b,d,f]
[C14b,c,C23b,d,f]

[C14d,C23]

[C39,C42]

(Barber and
Silberbush 1984)

(Barber and
Silberbush 1984)

(Barber and
Silberbush 1984)
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%

Vowayijk

Vo(mayijktmno

Vbi,j,k, ILm,n,0

Vomaxv4)”

Vomax(v4)ij k

meax(m4) '

Vomax(mdij k

meaxi,j,k

Veoayijktomno

Vemayijiklmn,o

Veo(may i m,n,o

Vci,j, k,,m,n,0

specific rubisco carboxylation at 25 °C

COg-limited carboxylation rate in C4 bundle sheath

CO2-limited carboxylation rate in C4 mesophyll

COg-limited leaf carboxylation rate

RuBP carboxylase specific activity in C4 bundle sheath at
25°C when w; = 0 and nutrients are nonlimiting

COz-nonlimited carboxylation rate in C4 bundle sheath

PEP carboxylase specific activity in C4 mesophyll at 25°C
when y; = 0 and nutrients are nonlimiting

CO2-nonlimited carboxylation rate in C4 mesophyll

leaf carboxylation rate at non-limiting CO2, y, 7. and N,P

CO; fixation rate in C4 bundle sheath

CO, fixation rate in C4 mesophyll

CO, fixation rate in C4 mesophyll when y;; = 0 MPa

leaf CO; fixation rate

umol g ! rubisco
S—l

umol m? 5!
1

umol m? s-

umol m? ™!

umol g'!' !

umol m? s!

umol g'!' !

umol m? s!
umol m? s°!

umol m?2 st

umol m? s!

umol m? s°!

umol m? s!

[C6b] 45

[C43,C44]

[C26]

[C3,C6]

[C47] 75

[C44,C47]

(C32] 150

[C29,C32]

[C6a,C6b,C6e]

[C43]

[C24,C26,C40,C4
1]

[C28]

[C1,C3]

(Farquhar et al.

1980)
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Vc'i,j,k,l,m,n,o

Vg(m4)i,j, k,Lm,n,0
Vgi,/', k.l m,n,o

Vi'

Viwoayijkt,mn,o

Vj(m4)i.j,k,l,m,n,o
Vjiv./'yk,l,m,n,a

Vo'

Vomaxi,j,k

Vocawayijk

Vycaima)

[ vie]

Vr

Witva)

leaf CO, fixation rate when y; =0

CO, diffusion rate into C4 mesophyll
leaf CO, diffusion rate

specific chlorophyll e transfer at 25 °C

irradiance-limited carboxylation rate in C4 bundle sheath

irradiance-limited carboxylation rate in C4 mesophyll
irradiance-limited leaf carboxylation rate

specific rubisco oxygenation at 25 °C

leaf oxygenation rate at non-limiting O2, e, T. and N,P

decarboxylation of C4 fixation product in C4 bundle sheath

transfer of C4 fixation product between C4 mesophyll and
bundle sheath

concentration of nonstructural root N uptake product in leaf

specific volume of root biomass

C4 bundle sheath water content

umol m? ™!

umol m? 5!
umol m? 5!

umol g !
chlorophyll s™!

umol m? s!

umol m? ™!
umol m? s!

umol g ! rubisco
1

s
umol m? ™!

gCm?2h'!

gCm?2h'!

[C5]

[C24,C25]
[C1,C2]

[C8b] 450

[C43,C45]

[C26,C30]

[C3,C7]

[C6d] 9.5

[C6e,d]

[C38,C41,C42]

[C37]

[C49]

[C21b]

[C37,C39]

(Farquhar et al.
1980)

(Farquhar et al.
1980)

305



Wigma)

Kimx

Yioe)

Yima)

Y,

1 (o4

I (ma)

C4 mesophyll water content

maximum fraction of remobilizable N or P translocated out
of leaf or root during senescence

carboxylation yield from electron transport in C4 bundle
sheath

carboxylation yield from electron transport in C4 mesophyll

fraction of oc;; used for growth expended as Rg;;- by organ z

plant population

carboxylation yield

CO2 compensation point

CO2 compensation point in C4 bundle sheath

CO2 compensation point in C4 mesophyll

shape parameter for response of J to /

shape parameter for response of Jto /

pmol CO2 pmol e

-1

pmol CO2 pmol e

-1

gCgC!

m—2

pmol CO2 pmol e

uM

uM

uM

[C37]

[C19a,b] 06

[C45]

[C30]

[C20] 0.28 (z = leaf),
0.24 (z =root and
other non-foliar),
0.20 (z = wood)

[C21]

[CT]

[C6a,C6c]

[C44]

[C29]

[C8a] 0.7

[C31,C46] 0.75

(Kimmins 2004)

(Waring and
Running 1998)
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XC4(b4)

XC4(m4)

[xe30)]

[xcama)]

KCe(bd)

W

area:mass ratio of leaf growth

non-structural C4 fixation product in C4 bundle sheath

non-structural Cy fixation product in C4 mesophyll

concentration of non-structural Cs fixation product in Cs4
bundle sheath

concentration of non-structural Cs4 fixation product in Cs4
mesophyll

quantum yield

quantum yield

conductance to CO; leakage from C4 bundle sheath

canopy turgor potential

Appendix D: Soil water, heat, gas and solute fluxes

Surface water flux
Orx(xy) = Vatro)dmey Loy

Onixy) = Veo)dmeyLary)

dxy = max(0,dwy) * ditey) = dseey)dwiep) (Awiy) T diey)

mg

g Cm?
gCm

gg

uM

pmol e pmol
quanta’!

pmol e” umol
quanta’!

h—l

MPa

[C21] 0.0125
[C37,C38,C41]

[C37,C40]

[C49]

[C34]

[C8a] 0.45
[C31,C46] 0.45

[C39] 20

[C4] 125 at pe=0

2D Manning equation in x (EW)
and y (NS) directions

surface water depth

(Grant and
Hesketh 1992)

(Farquhar et al.
1980)

(Farquhar et al.
1980)

[D1]

[D2]
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Vi) = R sxe)™ zrtx)

V) = R0'67Sy(x,y)0'5/ Zr(x,y)

Vateg) = =R 8x)" Zxtry)

Vatea) = ~R*8y0) "zt

A(dwixy)Axy) At = Orxixy) = Oreriey) + Oraey) = Orpricey) TP = By = Quzeon)
R = sidn/[2(s* + 1)0.5]

Sxey) = 2abs[(Z + ds + dw)xy — (Z + ds + dm)er1 )/ (Laey) T Lier1 )

Syey) = 2abs[(Z + ds + dm)xy — (Z + ds + dm)xy1 )/ (Lywy) + Lyeysn)

LE1 =L (ea — e1(T], y,]))/raz

LE=L (e, — es(r, )M Fas

Subsurface water flux

Ouxtryr) = K'l(Woxyz = Wsxri2)

Owyixrr) = K'v(Woryz = Woxyti.2)

Ouzryr) = K'A(Woryz = WYoxyz+1)

Abyxyd At = (Quirtry) = Owrie) T Oty = Quyrieg) T Owzey) = Owziey) T Opewd))/ Letey)
K' =2K,y K1y (Kiyz Lo (xv1p2) F Kt 132 Ley,)

=2K: )/ (Latr+1y2) T Lary.)

= 2Ker132/ (Laer 1.2 T L)

K'y=2K. K yi1/(Keyz Lycy+1.2) + Keyr1.2 Lyy.2)

= 2Ky (Lyey+1.2) F Lywy.2)

runoff velocity over E slope
runoff velocity over S slope
runoff velocity over W slope
runoff velocity over N slope

2D kinematic wave theory for
overland flow
wetted perimeter

2D slope from topography and
pooled surface water in x (EW)
and y (NS) directions

evaporation from surface litter

evaporation from soil surface

3D Richard’s or Green-Ampt

equation depending on saturation
of source or target cell in x (EW),
y (NS) and z (vertical) directions

3D water transfer plus freeze-thaw

in direction x if source and
destination cells are unsaturated
in direction x if source cell is
saturated

in direction x if destination cell is
saturated

in direction y if source and
destination cells are unsaturated
in direction y if source cell is
saturated

(D3]

[D4]
[D5a]

[D5b]

[D6a]

[D6b]

[D7]

[D8]
[D9a]

[D9b]

[D9a]

[D9b]
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= 2Kyt o/ (Lyeeyt1,2) T Lyy.)

K =2K: Ky 1/(Kiyz Laryziny + Keyzr1 Loy )
= 2K,y /(Loxyzry + Lexy,z)

= 2Ky 01/ (Laeyzvn) + Lay,n)

Exchange with water table

XX,

Qmattx(x,y,z) = Kmatx,y,z [l// ' - l//sx,y,z + 0.01(dzx,y,z - WTDX)]/(LT-‘C + 05 LX,(X,Y,Z))

Omacxy,:) =Kmacy.y: [0.01*min(0, doxy,: — Loy *(min(1, max(0, Gnac))-0.5) - WITD)]/(Ly + 0.5 Ly(xy.2)

Omacuxy,z =Kmacy,y,: [0.01*max(0, duy,: — Loy *(min(1, max(0, Gac))-0.5) - WID)/(L + 0.5 Ly (xy.2)

Heat flux
R,+LE+H+G=0

G xryr) = 2 Kyt 1on) (T = Tarrp)) Ly oyt Ly 6 192) T € Tiepz) Q)
G vy = 2 Kipanwor 1. (T = Tapr 1)/ Ly ooyt Ly cor19) T 6w T Q)
G vpr) = 2 Kayonwozt ) (T = Tzt D)/ ( Lz eyt Lz pz+n) + 0w Ty Qwery)

G xtx-102) = Gxtewn) T Goy1) = Gy T Gzt = G zwps) T LOfys) T Cpr) (T - Tww)/ A= 0

in direction y if destination cell is
saturated

in direction z if source and
destination cells are unsaturated
in direction z if source cell is
saturated

in direction z if destination cell is
saturated

if duy- < WIDx then yyy,-> ' +
0.01(dx,,- — WTD) for all depths
z from dyxy,- to WTDx

or if duy,- > WTDx then ), - >
0.01(WTDx - dy.y,2) - ' for all
depths z from WTD.to d,,-

if dyy- < WID, then Wiy > ' +
0.01(dx,,- — WTD) for all depths
z from dyxy,- to WTDx

ot if dpy- > WTDx then .- >
0.01(WTDx - dy.y,2) - ' for all
depths z from WTD.to dx,,-

for each canopy, snow, residue
and soil surface, depending on
exposure

3D conductive — convective heat
flux among snowpack, surface
residue and soil layers in x (EW), y
(NS) and z (vertical) directions

3D general heat flux equation in
snowpack, surface residue and soil
layers

[D9a]

[D9b]

[D10]

[D10a]

[D11]

[D12]

[D13]
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Gas flux

Qusixy.z = Agseyz Day (8% fapeyz [Vesloyz = [Wsluz)
Qurrryz = dgonyz Day (5 faeyz [Vl - [orlvyz)

Ogstzey 1 = Gaxy 1[4] = 12 Ves)ew 1Desvzy, 1/ Loy, 1yt axy [1613/42 Desyzey, 1y/ Ly, 1yt Gavy} }

Qusyry,1 = Agsey,1 Day (8 flayeys [6] - [Ksleyr)

Oestxxy9) = = OQwxey2) [Jeslonz T 2 Desyxconny (Wesloyz = [esler102) (L epayt L (v41,,2)

Qesryr) = = Owyura) [eslonz T 2 Desryeera) ([Feskorz - [eslow12) (Ly eyt Ly o 1.0)
Qesvatey2) = = Qwatwya) [Weslewz + 2 Dgratoyz) ([Feskorz = [slowz1)) (Lz oyt Lz yzen)

Ourratxyy= Deratrs) ([Ferlvwz - [6]Y Ziz Lz o)

Dgonry= Dy floxyz [0.5( O,z + chﬂ,y,z)]z/ epsx,y,zo'67
Dgeryey= Dey flxyz [0.5( Oy, + 9%}’+1,2)]2/ ep&wzo'm
Dgsvz(x,y,z) = D’gy ﬁgt,y,z [Os(ggxyz + egx,y,z+1)]2/9psx,y,zo'67

D erz(xy,2) = D ’gY ﬁgx,y,z epl‘x,y,z '3 A (x.y.2) /A Xy

volatilization — dissolution
between aqueous and gaseous
phases in soil and root

volatilization — dissolution
between gaseous and aqueous
phases at the soil surface (z = 1)
and the atmosphere

3D convective - conductive gas
flux among soil layers in x (EW),
(NS) and z (vertical) directions,

convective - conductive gas
flux between roots and the
atmosphere

gasous diffusivity as a function
of air-filled porosity in soil

gasous diffusivity as a function
of air-filled porosity in roots

[D14a]

[D14b]

[D15a]

[D15b]

[D16a]

[D16b]

[D16c]

[D16d]

[D17a]

[D17b]
[D17¢]

[D17d]
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Oz = min[0.0,{(44.64 Gucy-273.16/Tcy2) — Zr ([ K)o/ (S % A -M)} ]
([le /(S Ragen M Ty ([l (85 Aoy )) 8% faen oMy Ve

bubbling (-ve flux) when total of
all partial gas pressures exceeds
atmospheric pressure

[D18]

Solute flux
Osnxy = = Owxwyd) [Bloyz T2 Dopxteps) ([Bdyz = [Bler102) (Lx eyt L +102) 3D convective - dispersive solute [D19]
flux among soil layers in x (EW), y
Osry(xy = = Owywwd) [Bloyz T2 Dsyyeps) ([dez = [Kley+12) (Ly ot Ly ry+12) (NS) and z (vertical) directions
Osrz(y2)= = Owatxyz) [Blxpz T 2 Dsyaeyz) ([6)enz = [Bleyz+)) (Lz oyt Lz epze1)
Dexiyz) = Daxcey) | Owx(xy,2) |+ D% flacy- [0.5(Buxyz T Buxrry:)] T aqueous dispersivity as functions [D20]
of water flux and water-filled
Dsyyers) = Doy | Oyt |+ D%y fsiz [0.5(Ounyiz + Ouriry2)] 7 porosity
Ds“/z(x,y,z) = qu(x,y,z) | sz(x,y,z) | + D’sy ﬁsx,y,z [0~5(6wx,y,z + ewx+1,y,z)] T
Daxey) = 0.5 @( Ly eyt Lixe190)P dispersivity as a function of water [D21]
flow length
Dayixyz) = 0.5 @ ( Ly vyt Ly eyt ,Z))ﬁ
Das(xyz = 0.5 @ ( Lz (xpoyt L: (x,y,zﬂ))ﬂ
Definition of variables in appendix D
Variable Definition Unit Equation Value Reference
Subscripts
x grid cell position in west to east direction
y grid cell position in north to south direction
z grid cell position in vertical direction z =0: surface
residue, z=1to
n: soil layers
Variables
A area of landscape position m? [D17c]
A; root cross-sectional area of landscape position m? [D17c]
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El
dm
d;
ds
WTD;
dw

d,

air-water interfacial area in roots
air-water interfacial area in soil
dependence of Dq on L
dependence of Dq on L

heat capacity of soil

heat capacity of water

volatilization - dissolution transfer coefficient for gas y

gaseous diffusivity of gas y in roots
gaseous diffusivity of gas ¥ in soil
diffusivity of gas y in air at 0 °C
dispersivity

aqueous diffusivity of gas or solute ¥
diffusivity of gas y in water at 0 °C
depth of mobile surface water

depth of surface ice

maximum depth of surface water storage
external water table depth

depth of surface water

depth to mid-point of soil layer

evaporation or transpiration flux

MJ m2°C!
MJ m? °C!
m2 h-l
m2 h-l
m2 h-l

m? h!

m? h!

m?h'!

m>m?2h'!

[D14b]
[D14a,D15b]
[D21]

[D21]

[D13]

[D12]
[D14,D15a]
[D16d,D17d]
[D15a,D16a,b,c.D
17a,b,c]

[D17]
[D20,D21]
[D19,D20]
[D20]
[D1,D2,D5a,D6]
[D2]

[D2,D5b]

[D10]

[D1,D2]

[D10]

[D4,D11]

4.19

6.43 x 102 for y=
02

8.57 x 10" for y=
02

(Skopp 1985)

(Luxmoore et al.
1970a, b)
(Millington and
Quirk 1960)
(Campbell 1985)

(Campbell 1985)
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€a
et vy

€s (T, V)

S,

Je

Jis

G
G:,G,,G:;

8a

(7]
(]
[7es]
(7]

[7s]

Kmat
Kmac

Ky, Ky K-

atmospheric vapor density

surface litter vapor density at current 77 and y
soil surface vapor density at current 75 and s
temperature dependence of S%

temperature dependence of D%y

temperature dependence of D%,

soil surface heat flux

soil heat flux in x, y or z directions

boundary layer conductance

gas (H>0O, CO», Oz, CH4, NH3, N,O, N>, H») or solute (from
appendix E)

atmospheric concentration of gas ¥

gasous concentration of gas y in roots

gasous concentration of gas y in soil

aqueous concentration of gas y in roots
aqueous concentration of gas y in soil
sensible heat flux

hydraulic conductivity

soil matrix hydraulic conductivity

macropore hydraulic conductivity

hydraulic conductance in x, y or z directions

m> m?2h!
MJ m?h!

m h!

[D6]

[D6a]
[D6b]
[D14,D15b,D18]
[D17]
[D20]
[D11]
[D12,D13]
[D15a]
[D14,D15]
[D15,D16d]

[D14b,D16d]

[D14a,D15a,D16a

,D16b,D16c]
[D14b]

[D14a,D15b,D18,

D19]
[D11]

[D9]
[D10]
[D10a]

[D7,D9]

(Wilhelm et al.
1977)
(Campbell 1985)

(Campbell 1985)

(Green and Corey
1971)
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L

Le, Ly, L:

LE;

LE;

Oby:
Qary
Qasy

Or

Qurr
Oesy
Or, Oy
Os

Omat,

Omac,

thermal conductivity

distance from boundary to external water table in x or y
directions
length of landscape element in x, y or z directions

latent heat flux from surface litter
latent heat flux from soil surface
latent heat of evaporation

atomic mass of gas y
precipitation flux

bubbling flux

volatilization — dissolution of gas y between aqueous and
gaseous phases in roots

volatilization — dissolution of gas y between aqueous and
gaseous phases in soil

freeze-thaw flux (thaw +ve)

gaseous flux of gas y between roots and the atmosphere
gaseous flux of gas y in soil

surface water flow in x or y directions

aqueous flux of gas or solute y

water flux between boundary grid cell and external water table
through soil matrix in x or y directions

water flux between boundary grid cell and external water table
through macropores in x or y directions

MJ m™ h'eC!

[D6a]
[D6b]

MJ m3

g mol!

m3 m2h!
gm? !
gm? !
gm? !
m3 m2h!
gm?h!
gm?h!
m3 m2h!
gm?h!

m>m2h!

m>m2h’!

[D12]

[D10]
[D1,D5b,D8,D9,D
10,D12,D15a,D16
,D19]

MJ m? h!

MJ m? h!
[D6,D11,D13] 2460
[D18]

[D4]

[D18]

[D14b]
[D14a,D15b]
[D8,D13]

[D16d]
[D15a,D16a,b,c]
[D1,D4]

[D19]

[D10]

[D10a]

(De Vries 1963)
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Ovx, Owy, Owz
O

Onac

Eor

Cs

Sr

Sx, Sy

Zr

subsurface water flow in x, y or z directions
air-filled porosity

macropore water content

root porosity

soil porosity

water-filled porosity

ratio of cross-sectional area to perimeter of surface flow
net radiation

surface litter boundary layer resistance

Soil surface boundary layer resistance
Ostwald solubility coefficient of gas yat 30 °C
slope of channel sides during surface flow
slope in x or y directions

soil temperature

Tortuosity

velocity of surface flow in x or y directions
soil water potential at saturation

soil water potential

surface elevation

Manning's roughness coefficient

MPa

MPa

m—1/3 h

[D4,D7,D8,D12,D
16,D019,D20]
[D17a,b,c]
[D10a]

[D17d]
[D17a,b,c]
[D8,D18,D20]
[D3,D5a]

[D11]

[Dé6a]

[D6b]
[D14,D15b,D18]
[D5a]

[D3,D5b]
[D12,D18]
[D20]

[D1,D3]

[D10]

[D7,D10]

[D5b]

[D3]

dryland spp. 0.10
wetland spp. 0.20

0.0293 for y= 0,

-2.0x 107

0.01

(Luxmoore et al.
1970a, b)

(Wilhelm et al.
1977)
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Appendix E: Solute transformations

Precipitation-dissolution equilibria

AI(OH)3(S) = (A13+) +3(0OH) (amorphous Al(OH),) -33.0 [E1]!
Fe(OH),, < (Fe’ ) +3 (OH') (soil Fe) 393 [E2]
CaCo,, < (Ca” )+ (CO,") (calcite) 928  [E3]
CaSO,, < (Ca’ )+ (S0,”) (gypsum) 4.64 [E4]
AIPO,, < ( NG )+ (p043' ) (variscite) -22.1  [ES)?
FePO,, < (Fe' )+ (PO, ") (strengite) 264 [E6]
Ca(H,PO,),, < (Ca2+ ) +2(H,PO, ) (monocalcium phosphate) -1.15  [E7]3
CaHPO, < (Ca” ) + (HPO,” ) (monetite) 6.92 [ES8]
Cay(PO,),0H,, < 5(Ca” )+3 (PO, )+ (OH)  (hydroxyapatite) 582 [E9]
Cation exchange equilibria *

X-Ca+2 (NH, ) < 2 X-NH, + (Ca’ ) .00 [E10]
3X-Ca+2 (Al )= 2 X-Al+3(Ca ) 100 [El1]

! Round brackets denote solute activity. Numbers in italics denote log K (precipitation-dissolution, ion pairs), Gapon coefficient (cation exchange) or log ¢ (anion

exchange).

2 All equlilibrium reactions involving N and P are calculated for both band and non-band volumes if a banded fertilizer application has been made. These

volumes are calculated dynamically from diffusive transport of soluble N and P.
3 May only be entered as fertilizer, not considered to be naturally present in soils.
4 X- denotes surface exchange site for cation or anion adsorption.
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X-Ca+ (Mg )< X-Mg+(Ca’ )
+ 2+
X-Ca+2(Na )= 2X-Na+(Ca )

+ 2+
X-Ca+2(K )< 2X-K+(Ca )

+ 2+
X-Ca+2(H )< 2X-H+(Ca )
Anion adsorption equilibria
X-OH, < X-OH +(H')

X-OH & X-0 +(H)
X-H,PO, + H,0 <> X-OH, + (H,PO, )
X-H,PO, + (OH ) < X-OH + (H,PO, )
X-HPO, + (OH ) < X-OH + (HPO,”)
Organic acid equilibria
X-COOH < X-CO0 + (H')
Ion pair equilibria

+ +
(NH, ) & (NH,), + (H )
H,0 < (H' )+ (OH )

+ -

(CO,), + Hy0 & (H )+ (HCO;)

(HCO, ) < (H') +(C0O,")

0.60

0.16

3.00

1.00

-7.35

-8.95

-2.80

4.20

2.60

-5.00

-9.24

-14.3

-6.42

-104

[E12]
[E13]
[E14]

[E15]

[E16]

[E17]

[E18]

[E19]

[E20]

[E21]

[E22]

[E23]

[E24]

[E25]
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(AIOH™ ") & (A’ ) + (OH')
(AI(OH), ) < (AIOH" ) + (OH)
(AI(OH),") < (AI(OH), ) + (OH)
(AI(OH), ) & (AI(OH),”) + (OH )
(AISO, ) & (AI')+(80,")
(FeOH™ ) & (Fe' )+ (OH)
(Fe(OH), ) < (FeOH™ ) + (OH)
(Fe(OH),”) < (Fe(OH),") +(OH )
(Fe(OH), ) < (Fe(OH),") + (OH )
(FeSO, ) = (Fe ) +(80,7)
(CaOH ) & (Ca’ ) + (OH)
(CaC0,”) & (Ca” ) +(CO,")
(CaHCO, ) < (Ca’ ) + (HCO,)
(Cas0, ) & (Ca™ ) +(S0,7)
(MgOH ) < (Mg ) + (OH)

(MgCO,") = (Mg™ ) +(CO;")

-9.06

-10.7

-5.70

-5.10

-3.80

-12.1

-10.8

-6.94

-5.84

-4.15

-1.90

-4.38

-1.87

-2.92

-3.15

-3.52

[E26]

[E27]

[E28]

[E29]

[E30]

[E31]

[E32]

[E33]

[E34]

[E35]

[E36]

[E37]

[E38]

[E39]

[E40]

[E41]
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(MgHCO," ) & (Mg” ) + (HCO; )
(MgS0,’) = (Mg ™) +(50,”)
(NaCO; ) < (Na ) +(CO,")
(NaSO, ) = (Na') +(S0,”)
(KSO, ) (K')+(S0,7)
(H,PO,) = (H') + (H,PO, )
(H,P0, ) < (H') + (HPO,”)
(HPO,” ) = (H') + (PO, )
(FeH,PO,” ) < (Fe’ ) + (H,PO, )
(FeHPO, ) < (Fe' ) + (HPO,” )
(CaH,PO," ) & (Ca” ) + (H,PO,)
(CaHPO,’) < (Ca’ ) + (HPO,”)
(CaPO, ) < (Ca” ) + (PO, )

(MgHPO,") < (Mg”" ) + (HPO,”)

-1.17

-2.68

-3.35

-0.48

-1.30

-2.15

-7.20

-12.4

-5.43

-10.9

-1.40

-2.74

-6.46

-2.91

[E42]

[E43]

[E44]

[E45]

[E46]

[E47]

[E48]

[E49]

[E50]

[E51]

[E52]

[E53]

[E54]

[E55]
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