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Modeling stomatal and nonstomatal effects of water deficits on CO,
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[1] The confidence with which we can model water deficit effects on grassland
productivity is limited by uncertainty about the mechanisms, stomatal and nonstomatal, by
which soil water deficits reduce CO, uptake. We propose that these reductions can
accurately be modeled from a combination of stomatal effects on gaseous CO, diffusion
and nonstomatal effects on biochemical CO, fixation. These effects can be combined
through a solution for the intercellular CO, concentration (C;) at which rates of diffusion
and fixation are equal for each leaf surface in the canopy. In this model, both stomatal
and nonstomatal effects are driven by a common indicator of plant water status calculated
in a hydraulically-driven scheme of soil-plant-atmosphere water transfer. As part of the
ecosystem model ecosys, this combined model simulated concurrent declines in latent
heat effluxes and CO, influxes measured by eddy covariance during soil drying in a
drought-affected semiarid grassland. At the same time, the model simulated the declines in
C; at which CO, fixation occurred during soil drying as calculated from seasonal
measurements of phytomass §'°C. Alternative model formulations based on stomatal or
nonstomatal effects alone simulated these declines in CO, influxes and in C; less
accurately than did the formulation in which these effects were combined. We conclude
that modeling water deficit effects on CO, fixation requires the concurrent simulation of

stomatal and nonstomatal effects. As part of a larger ecosystem model, this combined
model can be used to assess climate effects on grassland productivity.
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1. Introduction

[2] The net ecosystem productivity (NVEP) of grasslands in
the Great Plains region of North America is strongly con-
trolled by ecosystem water status which is in turn controlled
by the relationship between precipitation and potential
evapotranspiration (E7),). NEP of these grasslands is usually
positive (net C sink) during years in which precipitation
exceeds ca. 0.5 £7), and negative (net C source) during years
in which it does not [e.g., Flanagan et al., 2002]. Changes in
NEP with precipitation occur because gross primary produc-
tivity (GPP) is comparatively more sensitive to soil water
deficits than is ecosystem respiration (R,) [Meyers, 2001;
Novick et al., 2004; Suyker et al., 2003]. These changes are of
concern because both precipitation and £7), are believed to be
changing in the Great Plains region as climate change
progresses. Of particular concern would be a return to
prolonged droughts during the 21st century such as are
believed to have been common in western Canada before
the 20th century [Sauchyn et al.,2003]. Mathematical models
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of terrestrial ecosystems are frequently used to predict the
impacts of climate change on grassland NEP [e.g., Melillo et
al., 1996]. The reliability of such predictions depends heavily
upon the accurate simulation of water deficit effects on GPP.

[3] There are two stages to modeling water deficit effects
on GPP: (1) solving for the effects of ecosystem water status
on canopy stomatal conductance (g,.), and (2) calculating the
effects of g. on ecosystem CO, uptake. There are two basic
approaches to modeling water status effects on g.. The first
approach is based on the hypothesis of Schulze [1993] that
abscisic acid (ABA), produced by drying root tips and trans-
ported through the xylem, causes g. to decline. This hypoth-
esis was developed from earlier work by Gollan et al. [1986],
who found that declines in leaf stomatal conductance (g;)
occurred independently of leaf water potential (y;). In this
approach, water deficit effects on g, are functions of soil water
potential (w,) or soil water content (0) [e.g., Griinhage and
Haenel, 1997]. This function may then be multiplied by
functions for atmospheric effects on g., sometimes repre-
sented by empirical functions of photosynthetically active
radiation (PAR), air temperature (7,), vapor pressure deficit
(D), and atmospheric CO, concentration (C,) [Kimball et al.,
1997], but more commonly represented by a Ball-Woodrow-
Berry function of D [Ball et al., 1987], CO, fixation, and C,
[e.g., Goldberg and Bernhofer, 2001; King et al., 1997, Wang
and Jarvis, 1990]. In this way, soil and atmospheric water
deficits interact multiplicatively on g.. However, Tardieu and
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Davies [1993] found that sensitivity of g; to ABA depended
on y, so that both ABA and hydraulic signals were required
to model g; robustly. Certain models [e.g., Nikolov, 1997]
attempt to represent chemical (ABA) as well as hydraulic
signals from roots to stomates as proposed by Tardieu and
Davies [1993], but quantitative hypotheses for these signals
are not yet well developed.

[4] The second approach to modeling water status effects
on g. is based on hypotheses about soil-plant-atmosphere
hydraulics that allow a value for canopy water potential (v.)
to be found at which canopy transpiration equilibrates with
root water uptake. In this approach, water deficit effects on
g, are functions of v, [e.g., Tuzet et al., 2003; Williams et
al., 1996] or turgor potential (y,) [e.g., Li et al., 2004;
Zhang et al., 2005], so that a direct effect of soil water status
on g. is not simulated. However, during soil drying,
declining v, and root water potentials (y,) cause soil and
root hydraulic resistances to rise, so that y. and hence g,
decline more rapidly with rises in transpirational demand.
Therefore this approach incorporates an indirect but influ-
ential soil effect when calculating g...

[5] Forboth approaches to modeling g, the formulation of
g. appears to be the most critical algorithm causing differ-
ences among ecosystem models in predicted fluxes of water
and CO, [Kramer et al., 2002]. However, both approaches
also rely on the accurate simulation of root water uptake to
calculate root zone water contents from which soil water
deficit effects on g, are derived. The modeling of root water
uptake is much less developed than is that of canopy
transpiration, and in some models it is omitted [e.g., Wang
and Jarvis, 1990]. In the ABA approach, g. is an empirical
function of w; or 6, so that these variables directly limit
transpiration and hence root water uptake. Alternatively,
potential root water uptake may sometimes be calculated
from normalized values of root mass and 0 [Grote et al.,
1998] or hydraulic conductance weighted by soil layer, and
used to limit canopy transpiration.

[6] In the hydraulic approach to modeling g., the most
detailed models calculate root water uptake from water
potentials and hydraulic resistances along a soil — root —
canopy pathway from single [7Tuzet et al., 2003; Williams et
al., 1996] or multiple [Li et al., 2004; Zhang et al., 2005]
soil layers to single [Li et al., 2004; Tuzet et al., 2003;
Zhang et al., 2005] or multiple [Williams et al., 1996]
canopy layers. In these models, soil hydraulic resistances
are strongly nonlinear functions of y or § and of root length
densities, while root hydraulic resistances are functions of
root surface areas and axis lengths [e.g., Grant, 1998].
Modeling these resistances have been found necessary to
the simulation of seasonal precipitation effects on mass and
energy exchange [Williams et al., 1998].

[7] The second stage in modeling water deficit effects on
CO, uptake, the effects of g. on CO, fixation, is less
developed than is the modeling of water deficit effects on
g.. In some models, transpiration and net primary produc-
tivity (NPP) are directly affected by soil and/or atmospheric
water status, avoiding the simulation of g. entirely [e.g.,
Zhai et al., 2004], so that interactions between soil and
atmospheric water deficits on NPP are not simulated. In
models in which g is calculated from Ball-Woodrow-Berry
or related functions, water deficit effects on CO, fixation
are sometimes assumed to be entirely nonstomatal (i.e.
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water deficits act directly on CO, fixation). In these models,
CO, fixation is multiplied by scaling factors derived from
V. [Zhang et al., 2005] or € when calculating g.. In other
models, water deficit effects on CO, fixation are assumed to
be entirely stomatal [Williams et al., 1996], or both stomatal
and nonstomatal [Li et al., 2004], so that CO, fixation
arises from a solution for intercellular CO, concentration
(C)) at which diffusive and biochemical CO, fluxes are
equal. Although water deficit effects on CO, fixation are
known to be exerted through both stomatal and nonstomatal
processes, there is not yet a consensus about how these
processes should be combined in ecosystem models.

[8] Medrano et al. [2002] found from a meta-analysis of
CO, fixation measurements under water stress that many
nonstomatal processes, such as electron transport rates, CO,-
and light-saturated carboxylation rates and carboxylation
efficiencies, were better correlated with g. than with plant
water status. This correlation between stomatal and non-
stomatal effects on CO, fixation was found in a wide range
of C5 species, possibly through their joint effects on C,. This
correlation suggests that both effects could be modeled
concurrently from related functions of a common indicator
of soil or plant water status. If this correlation is robust, as
indicated in the meta-analysis of Medrano et al. [2002], then
such a model should be able accurately to simulate concur-
rent changes in C; and in CO, and energy exchange by plants
during the development and alleviation of soil water deficits.

[v] Recent developments in theory and instrumentation
now permit well constrained model tests of C; and of CO,
and energy exchange. Farquhar et al. [1989] showed that the
ratio of C; to C, during CO, uptake by plants could be
calculated from stable isotope compositions (6'°C) of leaf
tissue and the atmosphere. Values of leaf §'°C recorded over
time would therefore allow estimates of the C; at which
cumulative CO, uptake had occurred from the start of plant
growth to the time of measurement, assuming &'°C of
respiration is the same as that of phytomass [Klumpp et al.,
2005]. Continuous rates of CO, and energy exchange during
plant growth can now routinely be measured by eddy covari-
ance (EC). Concurrent measurements of phytomass 6'°C and
of CO, and energy exchange during soil drying would
therefore provide strongly constrained tests of changes in C;
and CO, uptake modeled from stomatal versus nonstomatal
effects. These measurements have been taken during several
water deficit periods in a semiarid grassland near Lethbridge,
Alberta, Canada [Flanagan et al., 2002; Flanagan and
Johnson, 2005; Ponton et al., 2006]. In earlier work [Li et
al., 2004], we simulated changes in CO, and energy exchange
during soil drying with the ecosystem model ecosys in which
CO, fixation was modeled from combined stomatal and
nonstomatal effects calculated from related functions of w..
We now extend this testing to include changes in CO, and
energy exchange measured during more recent water deficits,
with further constraint provided by changes in C; calculated
from measurements of leaf §'>C. We contrast the accuracy of
this combined model with alternative models based on
stomatal or nonstomatal effects alone.

2. Model Development

[10] A detailed description of ecosys can be found in
earlier publications [e.g., Grant et al., 1999, 2006a]. Algo-
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rithms of particular relevance to the modeling of stomatal
and nonstomatal effects on GPP and NEP are given below,
and a list of variables with definitions and units is given in
Appendix A.

2.1. Energy Exchange

[11] Energy exchanges between the atmosphere and ter-
restrial surfaces are resolved in ecosys into those between
the atmosphere and the leaf and stem surfaces of each
population (e.g. species or cohort) within the plant commu-
nity, and that between the atmosphere and each of the
surfaces (soil, plant residue, snow) of the ground beneath
[Grant et al., 1999]. Total energy exchange between the
atmosphere and terrestrial surfaces is calculated as the sum
of exchanges with all plant and ground surfaces. Surface
energy exchange is coupled with soil heat and water trans-
fers, including runoff (Manning), infiltration (Green-Ampt),
macropore flow (Poiseuille) and micropore flow (Richards).

[12] Canopy energy exchange in ecosys is calculated from
an hourly two-stage convergence solution for the transfer of
water and heat through a multi-layered multi-population
soil-root-canopy system (equations (Al)—(A15) in Grant et
al. [1999]). The first stage of this solution requires conver-
gence to a value of canopy temperature (7,) for each plant
population at which the first-order closure of the canopy
energy balance (net radiation, sensible heat flux, latent heat
flux and change in heat storage) is achieved. These fluxes
are controlled by aerodynamic (7,) and stomatal () resis-
tances. Two controlling mechanisms are postulated for r..:

[13] 1. At the leaf level, a minimum leaf resistance (7,
in s m~") is calculated for each leaf surface defined by
population 7, branch or tiller j, node &, layer /, azimuth m,
inclination #n, and exposure (sunlit versus shaded) o. This
resistance allows a set ratio of intercellular to canopy
boundary CO, concentration C;:C, to be maintained at
carboxylation rates V. (umol m~? s~') [Farquhar et al.,
1980] calculated from chloroplast CO, concentration (C. in
uM, the aqueous counterpart of C; in gmol mol ') under
ambient irradiance, 7, C, and full turgor (y. = 0 MPa):

Flming g pmno = (Cb - Cﬁ,)/ V., (1)

ik dmo

C,, is calculated from C,, r,, and the sum of all net CO,
exchange by canopy, residue and soil surfaces. V.. is then
used with Ci:C,, at full turgor to calculate 7y, (equation (1))
which is then aggregated by leaf surface area to canopy
minimum 7, (Femin iN S mfl) for use in the energy balance
convergence scheme (equations (A38)—(A47) in Grant et al.
[1999]). Carboxylation rates at ambient w. and C; (V. in
pmol m~% s~ ) are solved at a later stage in the calculations
as described in CO, Fixation (equation (5) below).

[14] 2. At leaf and canopy levels, 7, and r.. are then raised
from 7y, and 7emin at full turgor through an exponential
function of canopy turgor potential y, in MPa:

) (2a)

Tljgammno = Viming g 1o T (r Imax; — 7 Imin,,.x.z.m.n.u)e(

~Br) (2b)

Te; = Femin; T (chaxi - rcmin,)e(
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The value of 3 in equation (2a) retains the value of 5 MPa ™!
used in earlier studies [e.g., Li et al., 2004; Grant et al.,
1999, based on Zur and Jones, 1981]. The value of v, is
determined from . and osmotic water potential
generated during convergence for transpiration versus water
uptake (equation (3) under Water Relations below). There is
no direct response of r. to D in ecosys, although such a
response is included in most other models of r.. However,
larger D raises transpiration, forcing lower y,. and w, to
be calculated from soil and root hydraulic resistances
during convergence for transpiration versus water uptake.
The exponential function used to calculate r. from w,
(equation (2)) causes 7. to become more sensitive to v, as
v, and y, decline. In wet soil, y, may be high enough that r,.
is not very sensitive to diurnal variation in D, as has been
found experimentally by Garcia et al. [1998]. However, in
drying soil with lower y,, r. becomes more sensitive to D,
as found experimentally by Wever et al. [2002].

2.2. Water Relations

[15] After convergence for T, is achieved, the difference
between canopy transpiration from the energy balance (from
the difference between vapor pressure of the atmosphere e,
and canopy e in m® m~>) and total water uptake from all
rooted layers in the soil (soil-canopy y gradient divided ny
soil and root hydraulic resistances €2, and €2, (MPa s m )
in each rooted soil layer /) is tested against the difference
between canopy water content (product of canopy mass M,
and water concentration 6,.) between the current and previ-
ous hour (all fluxes in m®> m 2 s™') [Grant et al., 1999]:

(ea - ec,»m>/(rai + rq) - EIZZ (l//c, - Ws,)/(QSi./.: + Qrij.z

+Z«VQH:.I.:.;) = Mc([)g - Mc(ffl)ec (3)

Ciyeir) Tyci(i-1)

These differences are minimized by adjusting y,. which
determines each term in equation (3). For transpiration,
determines v, and hence 7. (equation (2)) through its effect
on v (equations (A24) and (A25) in Grant et al. [1999]). For
root uptake, the difference between w. and y, establishes
potential differences across €2, + €2,.in each rooted soil layer /
(equations (A32)—(A37) in Grant et al. [1999]). Values of €)
are calculated from radial water flow from soil to root
surfaces [Cowan, 1965; Herkelrath et al., 1977]. Values of §2,.
are calculated from a pipe model based on Poiseuille
relationships using root radial and axial resistivities [ Doussan
et al., 1998] with lengths and surface areas of primary and
secondary root axes from a root system submodel [Grant,
1998]. Changes in 6, are determined from those in .
according to M, and y. — 0. relationships. Because 7. and T,
both drive transpiration, the canopy energy balance described
under Energy Exchange above is recalculated for each
adjusted value of y.. during convergence.

2.3. Gross Primary Productivity

[16] After successful convergence for 7. and w.
(equation (3)), leaf carboxylation rates V. under ambient
v, (equations (A38)—(A47) in Grant et al. [1999]) are
reduced from those under full v, (V. in equation (1)) by
both stomatal and nonstomatal effects of canopy water
status. Stomatal effects are caused by the increase in 7,
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from rp,i, at full v, (equation (2)) to that at ambient y,
(from . in equation (3)). A function for nonstomatal
effects on V. (f,,) is derived from the nonlinear relationship
with stomatal effects presented by Medrano et al. [2002]:

g X
/l//“,_k_/‘,,,_,,‘,; = (r]mini././\.[.m.n.u/rlt,/./nl.m.n.a) (4)

where x = 0.5. Equation (4) is not intended to indicate that
nonstomatal effects are a function of stomatal effects, but
rather that both are functions of canopy water status (in this
case ¥, which is itself a function of ., through equation (2)).
However, nonstomatal effects in equation (4) are less
sensitive to canopy water status than are stomatal effects, as
found experimentally by Ennahli and Earl [2005]. The
value of f}, is used to constrain both CO,-limited and light-
limited reaction rates used to calculate V. under ambient y,
(equation (5)). At this stage of model development, this
constraint is assumed to be the same for both rates, although
some experimental evidence suggests that the light-limited
rate may be more affected [Kellomaki and Wang, 1996].
Stomatal and nonstomatal effects are combined by calculat-
ing V. from a convergence solution for C; in gmol mol ' at
which the diffusion of gaseous CO, in pmol m 2> s~!
between C, and C; through r; (equation (5a)) equals the
minimum of the carboxylation rates of aqueous CO, at
ambient C,. (the aqueous counterpart in M of C;) and
irradiance (from electron transport J in gmol m 2 s~ ' and
carboxylation efficiency ¥in gmol umol ') (equation (5b)),
constrained by f,,, and by functions of temperature f7. and
nutrient status fy:

V.

Cijkdmno

= (Cb - Cfi./.k./.m.n.n)/ Tk tmmo
= mln{ Vb max; k (CCA;/./«'.IJn.u.o - Fi,/}k) / (CCK-,/-"J-M-N-“) + KC‘ )7
(5a)

Ji,/,kj.mﬁ,o Yi,/,k,l,m,no }fy/ll,‘/\,_,m_,m4ch,pr,' (Sb)
where J is a hyperbolic function of irradiance / in pmol
m % s~! and quantum yield ¢ in gmol pmol ™', modified
by a shape parameter a (0.8):

2
Jz}/ﬂk,l,m,n,o = (gli,l,m,n,u +Jmaxi:j,k - ((5 ]i,l,m.n,a +JmaxiJ,k)

- 4a5Ii.,/.,m.,n,oJmaxi.j‘k)oj)/(Za) (SC)
I is calculated for each leaf surface from the sum of flux
densities absorbed by leaves of known optical properties
through direct interception from sun and sky, through
forward scattering from canopy layers above, and through
reflection and backscattering from canopy layers below.
[17] V. in equation (5) is driven by the products of
specific activities (umol g~ ' s~') and areal concentrations
(g m~?) of rubisco and chlorophyll (Vpmax and Jyay in zzmol
m 2 s~ "). Specific activities are inhibited by increases in the
nonstructural C pool o, to which V. is added [e.g., Stitt,
1991]. This pool accumulates when water status or when
nonstructural N or P limit the use of o. for phytomass
biosynthesis, so that V. is fully coupled to rates of o,
removal as controlled by plant water and nutrient status.
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Areal concentrations are set from leaf structural N and P
concentrations which are determined by leaf nonstructural
N:C and P:C ratios controlled by CO, fixation versus N and
P uptake during growth. The calculation of V. in equation
(5) is identical to that of V.. in equation (1), except that C;
and C, replace C; and C, in equation (5a), and f,, appears in
equation (5b).

[18] The V. at convergence is added for each leaf surface in
the canopy to arrive at a value for gross primary productivity
(GPP = %; X X ) Xy By X Vci,/’,k,l,m,n,a) by each plant
population (i.e. species or cohort) in the model.

2.4. Autotrophic Respiration

[19] V, is added to nonstructural C pools o, (g C m ?) in
each tiller. These pools exchange nonstructural C with o, in
each root layer according to concentration gradients of o,
driven by production V. in tillers versus respiration R. in
tillers and roots [Grant, 1998]. These o pools undergo first-
order oxidation (R, = 0.015 h™' at 25°C) to meet autotro-
phic respiration requirements in tillers (equation (6a)) and
roots (equation (6b)):

RC:J - R/co-ci:,fTa,' (63)

R,. = RZUC[./.szﬂ,J (6b)
R. is first used to meet requirements for maintenance
respiration R,,, a temperature-dependent function (Qq¢ =
2.25) of structural N content (specific rate = 0.1125 g C g
N~" h™' at 25°C), then any excess is used for growth
respiration R, to drive biosynthesis according to organ-
specific growth yields [e.g., Penning de Vries, 1982]. Low
0. may cause R, to become less than R,,, in which case the
shortfall is made up through respiration of remobilizable
protein C (R, in equation (7)) withdrawn from lamina and
sheath C at each node proceeding upwards (equation (7a)),
or root axis (equation (7b)), until R,, requirements are met:

RS’ -

1]

min{0.0, R, — Ry, } (7a)

R,. = —min{0.0,R;, — Ry, (7b)

Silz
Upon exhaustion of the remobilizable protein C in each
lamina, sheath, or root, the remaining structural C is
dropped from the plant and added to the soil surface or soil
profile as litter. Environmental constraints such as water,
heat or nutrient stress (f,,, fz. or fy in equation (5b)) that
reduce V,, o. and hence R, with respect to R,, will therefore
hasten litterfall from the plant. Autotrophic respiration (R,
in equation (8)) is the sum of R, and R, in shoots and roots:

Rai = EJ (RCU + R.\‘i.,') + X2 (RCI.[.: + R.\‘i.t.z) (8)

[20] NPP is calculated as the difference between GPP
(from canopy-aggregated V. in equation (5)) and R,
(equation (8)).

2.5. Heterotrophic Respiration

[21] Soil organic transformations in ecosys occur in five
organic matter—microbe complexes i (coarse woody litter,
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fine nonwoody litter, animal manure, particulate organic
matter (POM), and humus) in surface residues and in each
soil layer /. Each complex consists of five organic states:
solid organic matter S, dissolved organic matter DOC,
sorbed organic matter, mlcroblal biomass M, and microbial
residues, all in g C m~ 2. Coarse woody and fine nonwoody
litterfall are partitioned into components j including carbo-
hydrate, protein, cellulose, and lignin, each of which is of
differing vulnerability to hydrolysis by heterotrophic decom-
posers. These components are further resolved into elemen-
tal contents C, N and P. Hydrolysis rates D, (g C m > h™")
in each i are driven by the active biomass M, of all
heterotrophic microbial functional types n (obligately aero-
bic, facultatively anaerobic (denitrifiers), obligately anaero-
bic (fermenters and acetotrophic methanogens), and
nonsymbiotic diazotrophs) in each organic matter—microbe
complex:

Dy, = D\, SuM, frm 9)

Sijl

Specific hydrolysis rates D, (g S g M~ ' h™") are nonlinear
functions of a maximum rate D, and the concentration of
S ([S] = S/soil mass in g C Mg ') undergoing hydrolysis:

DL, = {00, 180 }/{[Suia] + Ko (10 + 50 [My, ) /K )
(10)

D, is controlled by soil temperature 7; through an
Arrhenius function f7 in equation (9), and by 6 through
its effect on agueous microbial concentrations ([M,] = M,/
0 1n g C m™") through an inhibition constant (K; in g C
m ) based on kinetics proposed by Lizama and Suzuki
[1990]. Most Dy, (nonlignin hydrolysis product) is
released as D05 Used for heterotrophic growth and
respiration (equation (11)). Dy - combines with some

y to form POM

(]

mmﬁ?téféﬁéphw resplratlon (R, ing Cm?h" ) is
conducted by M, of each n in each i of each / consuming
DoC accordlng to Michaelis-Menten kinetics (K,,,,,. = 36 g
C m* [from McGill et al., 1981]) (equation (11)). R), is
driven by maximum spec1ﬁc rate R), (= 0.15g g ' h™'at
25°C) and constrained by DOC concentration ([DOC] =
DOC/A in g C m™>), and by microbial N and P concen-
trations Cyy and Cp with respect to maximum values Cy and
Cp

Ry, = Mp,, I{R;I [DOC' 1} }/{( mpoc [DOCU])}

. mll’l{CNi_w’_[,'/C//\(,7 CPl.n:/.]/CP/‘ }mel (1 ])
Cy and Cp are determined by the availability of DON +
NH; + NOj3 versus DOC. CO, emission from the soil
surface is driven by R, = %; ¥, ¥; R;,  and by belowground
R, (equation (8)) through volatilization and diffusion.
Further details about the calculation of R, may be found
in Grant et al. [1993a, 1993b]. There are also autotrophic
microbial functional types in the model including nitrifiers,
methanogens and methanotrophs that take up CO, at low
rates. Microbial decomposition products are partitioned
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between humus and microbial residues according to soil
clay content.

[23] NEP is calculated as GPP (equation (5)) — R,
(equation (8)) — Ry, (equation (11)). Values for all input
parameters in equations (1)—(11) remain unchanged from
those used in earlier studies (see Appendix A in Grant et al.
[2006a]).

3. Field Experiment
3.1. Description of Field Site

[24] The field site was established in June 1998 approx-
imately 1.5 km west of Lethbridge, Alberta, Canada
(49.43°N, 112.56°W, 951 masl) on 64 ha of an Orthic
Dark-Brown Chernozem (Table 1) under an ungrazed,
mixed grass prairiec dominated by Agropyron spp. with a
variety of other species present including Vicia americana,
Koleria cristata, Eurotia lanata, Stipa comata, Achillea
millefolium, Artemisia frigida, Carex spp., Tragopogon
dubius, and Bouteloua gracilis. The long-term mean annual
precipitation (1908 —-1999) was 401 mm, often with a single
peak early in the summer followed by moderate to severe
water deficits. Average annual potential evapotranspiration
is 681 mm, so that the site is classified as semiarid.

3.2. Measurement of Energy and CO, Fluxes

[25] Eddy covariance (EC) has been used to measure CO,
and energy exchange on a continuous basis since June 1998
[Flanagan and Johnson, 2005; Flanagan et al., 2002;
Wever et al., 2002]. A three-dimensional ultrasonic ane-
mometer (Solent 1012, Gill Instruments Ltd., Lymington,
England) was mounted on a one meter boom placed on top
of a 6 meter tower and oriented in the prevalent wind
direction (west) to measure wind speed, direction and air
temperature. Changes in CO, and water vapor concentration
were measured with a closed path, fast response infrared gas
analyzer (IRGA) (LI-6262, LI-COR Inc., Lincoln,
Nebraska) housed in an insulated instrument hut. Air for
CO, and water vapor measurements was drawn at 8 L min~"
through 15 m of tubing (3 mm inner diameter Bev-A-
Line IV Tubing, LABCOR, Concord, Ontario) by a dia-
phragm pump (Capex V2X 12 VDC, Charles Austen Pumps
Ltd., Surrey, England, or KNF UN828 KNI, KNF Neuberger
Inc, Trenton, New Jersey) placed downstream from the
IRGA. Fluxes of water vapor, CO,, and sensible heat were
computed using the University of Edinburgh EdiSol soft-
ware [Moncrieff et al., 1997]. Protocols for screening and
gap-filling CO, fluxes are described in Barr et al. [2004]
and Flanagan and Johnson [2005]. Gross CO, uptake
(=GPP) was calculated by adding estimated daytime eco-
system respiration to measured and gap-filled daytime CO,
fluxes.

3.3. Measurement of Leaf Carbon Isotope
Composition (5"°C)

[26] Six replicate samples of live aboveground phyto-
mass, collected at two-weekly intervals as described earlier,
were dried in an oven at 60°C for at least 24 hours, and then
frozen in liquid N and ground. A 1-2 mg subsample of
ground material was sealed in a tin capsule and loaded into
an elemental analyzer for combustion (Carla Erba). The
carbon dioxide generated from the combustion was purified
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Table 1. Properties of the Orthic Brown Chernozem at Lethbridge, Alberta as Used in ecosys®

Depth of Layers, m 0.01 0.03 0.05 0.11 0.21 0.30 0.40 0.50 0.70 0.90 1.20
Pp, Mg m— 1.24 1.24 1.24 1.24 1.27 1.27 1.32 1.3 1.37 1.4 1.4
0 m m— 0.32 0.32 0.32 0.32 0.38 0.38 0.32 0.35 0.28 0.27 0.27
Orups m m> 0.17 0.17 0.17 0.17 0.24 0.24 0.19 0.20 0.15 0.13 0.13
Kyq, mm h™! 12.0 12.0 12.0 12.0 2.0 2.0 3.7 3.7 5.4 5.4 5.4
Sand content, g kg~ 288 288 288 288 274 274 330 260 385 410 410
Silt content, g kg™ 400 400 400 400 296 296 333 383 365 370 370
pH 7.1 7.1 7.1 7.1 7.3 7.3 7.4 7.4 7.6 7.5 7.5
Organic C, g C kg™ ! 61.1 472 31.1 19.2 14.4 15.3 3.0 2.1 1.4 0.7 0
Organic N, g N Mg~ 4800 3800 2600 1600 1100 1200 275 187 125 63 0

#Soil texture, organic matter content and pH of A (0 to 0.11 m) and B horizons (0.11 to 0.30 m) were measured at the field site, and those of lower layers
were extracted from AGRASID (http://www.agric.gov.ab.ca/agdex/000/agrasid.html). p,, 0y, 0., and K, were calculated from soil texture [Saxton et al.,

1986].

in a gas chromatographic column and passed directly to the
inlet of a gas isotope ratio mass spectrometer (Delta Plus,
Finnigan Mat, San Jose, CA, USA). The carbon isotope
ratios of the samples were expressed as 6'>C values in %o:

§ = |:Rmmple - 1:|

12
Rstd ( )

where R is the molar ratio in %o of heavy to light isotope in
the sample and in the international standard Pee Dee
Belemnite (PDB). The §'>C values were used to calculate
the time-integrated C; at which the C in the phytomass
samples had been fixed during growth:

883 Clegr = 6°Co —a— (b—a) e Ci/C, (13)
where 6'°C, is the §"°C value of atmospheric source CO,
relative to PDB (—8%o), a is the discrimination against
diffusion of '*CO, relative to '?CO, (4.4%o), and b is the
discrimination against '*CO, during C; carboxylation
(27%o). C,, in equation (13) was taken to be 370 gmol mol "

3.4. Other Site Measurements

[27] Along with the EC instrumentation, a weather station
was established to provide meteorological data at '.-hourly
intervals. Net radiation and photosynthetic photon flux
density (PPFD, 400—700 nm wave band) were measured
by a net radiometer (REBS Q*7.1, Radiation Energy
Balance System, Seattle, Washington) and a LI-COR Quan-
tum Sensor (LI-190SA, LI-COR, Lincoln, Nebraska)
mounted on a nearby 3 m tower. Relative humidity and
air temperature were measured using a shielded thermistor
and a capacitance humidity probe (207 Temperature and
Relative Humidity Probe, Campbell Scientific Ltd., Edmon-
ton, Alberta) placed 2 meters above the ground. Mean soil
heat flux was calculated from two soil heat flux transducers
(REBS HFT-3.1, Radiation Energy Balance System, Seattle,
Washington), placed about 2 cm below the soil surface.
Total precipitation was recorded in 15-minute intervals by a
tipping bucket rain gauge (TE525, Texas Electronics, Inc.,
Dallas, Texas) positioned 1 meter above ground approxi-
mately 6 m from the EC tower. Because we were not
equipped to measure precipitation in the form of snow,
precipitation data from the Lethbridge Research Centre

(Agriculture and Agri-food Canada) about 10 km away
were used from October 1 to April 30. Precipitation data
from the LRS were also used when meteorological data
from the site were missing.

[28] Aboveground phytomass, leaf area (LI-3100 Area
Meter, LI-COR, Lincoln, Nebraska) and surface litter were
measured from six replicate samples collected at approxi-
mately 2-week intervals within a 20 cm by 50 cm quadrat
placed in randomly selected 1 x 1.5 m subplots located
within two larger 20 x 20 m plots, one northeast and the
other southeast of the instrument hut. Soil water contents
were measured gravimetrically once per week from six
replicates (0—10 cm in 2001 and 0—15 cm in 2002 and
2003). In 2001, these measurements were converted to
volumetric values, averages of which were compared with
depth-weighted 6 simulated in the upper four soil layers
(Table 1). In 2002 and 2003, these measurements were
used to calibrate four soil water reflectometers (0—15 cm)
(CS-615, Campbell Scientific, Edmonton, Canada), '/>-hourly
averages of which were compared with depth-weighted
average ¢ simulated in the upper five soil layers.

4. Model Experiment
4.1. Model Testing

[20] Ecosys was initialized with the physical properties of
the Orthic Dark-Brown Chernozem (Table 1) and the
biological properties of C; and C,4 grass functional types
[Grant et al., 2001, 2004] seeded at 200 and 5 plants m 2
respectively during the first year of the model run to
approximate the composition of the Lethbridge grassland.
The model was then run at C, = 370 umol mol™' through
twelve cycles of a 14-year weather data sequence recorded
at Lethbridge from 1991 to 2004 (= 168 years with average
annual precipitation of 395 mm). Differing precipitation
during 2001, 2002 and 2003 (216, 585 and 273 mm
respectively) allowed model behaviour to be evaluated
during different degrees of soil water deficits. Therefore
during the 124th, 125th and 126th year of the run, in which
weather data from 2001, 2002 and 2003 respectively were
used, CO, and energy fluxes from the model were com-
pared with those measured by EC. The modeled impact of
soil water deficits on CO, fixation was further corroborated
b?/ comparing C; calculated from seasonal measurements of
6'3C values in aboveground phytomass (equation (13)) with
the average C; at which cumulative CO, fixation occurred in
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Figure 1. (a) Soil water content (6), (b) canopy water

potential (v.) and stomatal conductance (g.) modeled (lines)
and measured (symbols — average + SE of 6 replicates) in a
mixed grassland at Lethbridge during 2001. Vertical dashed
lines indicate flux comparison period shown in Figure 2.

the model up to any day d during a growing season (C; ),
calculated as:

Ciy = ZaZiZ Tk T Zm 00 (Veyyismno Ci
[Ea S Sk B S En S0 Ve s

(14)

4.2. Sensitivity to Model Parameterization of Water
Deficit Effects on CO, Fixation

[30] Earlier work with ecosys has shown only a limited
sensitivity of stomatal effects on CO, uptake to the value of
0 in equation (2), because larger (smaller) G caused lower
(higher) r., hence lower (higher) v (equation (3)), v;, and
higher (lower) 7. (equation (2)), thereby offsetting the direct
effect of 3 on r.. Thus variation of £20% in [ caused
variation of only £2% in annual net CO, exchange [Li et al.,
2004]. We have retained the value of this parameter used in
carlier studies of water deficit effects on CO, fixation [e.g.,
Li et al., 2004; Grant et al., 2004, 2006b] because it
appeared to give a stomatal sensitivity to plant water status
that was consistent with results of more detailed experi-
ments [e.g., Zur and Jones, 1981].

[31] The sensitivity of nonstomatal effects to the param-
eterization of equation (4) was tested by changing y from
0.5 to 1 (nonstomatal effects and stomatal effects limit CO,
fixation equally) or O (eliminating nonstomatal effects
entirely as found experimentally by Mederski et al.
[1975]). The first alternative parameterization created a
model comparable to ones in which nonstomatal effects
on CO, fixation are first solved from soil or plant water
status, and then CO, fixation is used to calculate g. [e.g.,
Zhang et al., 2005]. The second alternative parameterization
created a model comparable to ones in which CO, fixation
is calculated from stomatal effects alone [e.g., Williams et
al., 1996]. The 124th, 125th and 126th years of the model
run under 2001, 2002 and 2003 weather were re-executed
with both these alternatives, and results for CO, fluxes

G03011

(equation (5)) and C;, (equation (14)) were compared with
measured values during soil drying.

5. Results and Discussion

5.1. Hourly CO, and Energy Exchange During Soil
Drying

[32] Low precipitation during 2001 (216 mm), following
low precipitation during 2000 (276 mm), caused 6 (0—
10 cm) to remain low during spring, and to decline below
wilting point (6,,, in Table 1) by late June (Figure la).
Declines in 6 forced declines in g, rises in €2 and €2, and
hence rapid declines in y,. (equation (3)) and g. (= r. ")
(equation (2)) (Figure 1b). Lower g, reduced LE versus H
(Figure 2a), indicating strong stomatal limitations to tran-
spiration (equation (3)), especially in July when 6 < 6,,,,.
The strongly nonlinear responses of g. (equation (2)) and f,,
(equation (4)) to declining . forced V. (GPP with stomatal
and nonstomatal effects in equation (5)) to decline from V.
(GPP without water deficit effects in equation (1)), as water
deficits continued (Figure 2b). These declines in V. were
consistent with those in gross CO, uptake calculated from
EC fluxes. Declining V.. caused modeled CO, influxes to
remain small and midday declines in modeled CO, influxes
to begin earlier each day that water deficits continued

LI L N AL ALY & B AL BN BLELELE B B |
175 176 177 178 179 195 196 197 198 199 200
Day of Year

Figure 2. (a) Energy fluxes, (b) gross primary productivity
(GPP) with (V,) and without (V7)) stomatal and nonstomatal
effects, and (c) net ecosystem productivity (NEP) modeled
(lines), measured (solid symbols), or gap-filled (open
symbols) over a mixed grassland at Lethbridge during June
and July 2001. Downward fluxes are positive, upward
fluxes are negative.
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Figure 3. (a) Soil water content (6), (b) canopy water
potential (w,.) and stomatal conductance (g.) modeled
(lines) and measured (symbols — average of 4 replicates)
in a mixed grassland at Lethbridge during 2002. Vertical
dashed lines indicate flux comparison period shown in
Figure 4.

(Figure 2c¢). Declining CO, influxes reduced o, and hence R,
(equations (6)—(8)), while declining ¢ raised [M; ] and
thereby slowed D; (equations (9) and (10)) and Ry,
(equation (11)), so that CO, effluxes also declined as water
deficits continued (Figure 2c). However, declines in CO,
influxes were greater than those in effluxes, so that NEP also
declined as water deficits continued. The grassland became a
net source of CO, after DOY 190.

[33] More frequent precipitation during 2002 (585 mm)
maintained ¢ (0—15 cm) above 6,,, during the entire
growing season (Figure 3a), allowing high w. and g,
(Figure 3b), except during rainy periods (e.g. DOY 151—
152, 161162 or 171—-172) when low radiation caused CO,
fixation and hence g. to decline (low V', in equation (1)).
High y. and g. enabled LE to exceed H (Figure 4a), indicating
limited stomatal effects on transpiration (equation (3)). Con-
sequently ¥, remained close to V', (Figure 4b), as suggested
by the consistently rapid gross CO, uptake calculated from EC
measurements, and CO, influxes remained high (Figure 4c),
exceeding effluxes during the entire growing season. Maxi-
mum CO, effluxes in the model were larger than gap-filled EC
values (Figure 4c), but were similar to ones of 9 ymolm 2s ™"
recorded from surface chambers in 2002 by Flanagan and
Johnson [2005].

[34] Precipitation during spring 2003, following high
precipitation during 2002, maintained 6 (0—15 cm) above
0.,,, until early July, but low precipitation thereafter caused 0
to decline below 0, (Figure 5a), forcing concurrent
declines in v, and g. (Figure 5b). These declines forced
LE to decline below H (Figure 6a), indicating a growing
stomatal limitation to transpiration (equation (3)) that,
combined with a growing nonstomatal limitation (equation
(4)), forced V. to decline from V. (Figure 6b). This decline
was corroborated by declining gross CO, uptake calculated
from the EC measurements, and caused CO, influxes to
decline with respect to CO, effluxes (Figure 6¢) as water
deficits continued from late June through mid-July.
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[35] Early soil drylng during 2001(Figure la) followmg
low precipitation in 2000, caused phytomass 6'°C to rise,
wh11e high 6 during 2002 (Figure 3a) caused phytomass
6'3C to remain low (Figure 7a). Later soil drying in 2003
(Figure Sa) followmg high prec1p1tat1on in 2002 caused only
a sllght rlse in phytomass 6'*C. Consequently C; calculated
from §'*C (equation (13)) declined during 2001 and to a
lesser extent during 2003, but remained high during 2002
(Figure 7b). In the model, soil drying forced lower . and g,
during 2001 and to a lesser extent during 2003 (Figures 1b
and 5b), causing C; (equation (14)) to be solved at progres-
sively lower values (Figure 7b). These lower values resulted
from the combined effects of rising r; (equation (2)) and
declining f,, (equation (4)) on V. and C; (equation (5)).
Higher v and g. modeled during 2002 (Figure 3b) allowed
C, to remain near C; because 7, remained near 7;;, (equation
(2)) and f,, remained near 1.0 (equation (4)), so that V. and
C; approached V. and C; (equation (5)). Temporal trends in
modeled C; were consistent with those in C; calculated from
8'3C values (Figure 7b).

5.2. Hourly CO, and Energy Exchange: Modeled
Versus Measured

[36] Agreement between modeled and measured R, is
given in Table 2a. Agreement between modeled and mea-

-
o
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Figure 4. (a) Energy fluxes, (b) gross primary productivity
(GPP) with (V,) and without (V) stomatal and nonstomatal
effects, and (c) net ecosystem productivity (NEP) modeled
(lines), measured (solid symbols), or gap-filled (open
symbols) over a mixed grassland at Lethbridge during June
and July 2002. Downward fluxes are positive, upward
fluxes are negative.
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Figure 5. (a) Soil water content (6), (b) canopy water
potential (w.) and stomatal conductance (g.) modeled
(lines) and measured (symbols — average of 4 replicates)
in a mixed grassland at Lethbridge during 2003. Vertical
dashed lines indicate flux comparison period shown in
Figure 6.

sured LE and H during three full years with differing
precipitation at Lethbridge (R? = 0.7—0.8 in Tables 2b and
2¢) was comparable to that achieved during 1-3 week
intervals over grasslands elsewhere [e.g., Falge et al.,
2005]. Differences between modeled and measured LE
(RSMD ca. 20 W m™2) and H (RSMD ca. 40 W m ™ ?) were
about three times the random error in LE and H of 6 and 18
W m 2 respectively estimated by Richardson et al. [2006]
for the grassland at Lethbridge, but were comparable to
standard differences in LE and H of 38 and 21 W m
respectively among different EC systems measured by
Twine et al. [2000] over grassland. These comparable differ-
ences indicate that there may be only limited opportunity to
improve agreement between modeled and measured fluxes
from that in Tables 2b and 2c.

[37] During years with lower precipitation (2001 and
2003), LE tended to be smaller with respect to H in the
model than in the EC measurements (b;z < bz in Table 2b
versus Table 2c¢; also see Figures 2a and 6a). A lower LE
attributed in the model to lower transpiration rather than
evaporation could indicate a possible overestimation of
r. (equation (2b)) arising from an overestimation of any of
the €2 terms in equation (3). However, transpiration and
evaporation cannot be resolved in the measured LE. At an
annual time scale, total LE in the model was constrained by
annual inputs for precipitation during the two drier years
because very little water was lost in runoff or drainage, or
left in the soil profile. When precipitation was higher in
2002, LE versus H in the model was consistent with that
from EC (b;r = by =~ 1.1 in Tables 2b and 2c).

[38] Agreement between modeled and measured CO,
exchange at Lethbridge (R* = 0.7—0.8 in Table 2d) indicated
that ca. 20% of variance in CO, fluxes measured by EC
was not explained by the model (Table 2d). The lower
correlation found for 2001 was attributed to the small
diurnal variation in CO, fluxes measured and modeled
after early soil drying. Differences between modeled and
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measured CO, fluxes (RSMD ca. 1 (2001) or 2.5 (2002
and 2003) pmol m 2 s~') were two to four times the
random error in CO, fluxes of 0.4 (2001) and 0.6 (2002
and 2003) pmol m™2 s™' estimated by Richardson et al.
[2006] for the grassland at Lethbridge. Twine et al.
[2000] estimated that uncertainty in CO, flux measure-
ments by EC over grassland varied between 10% and
30% during a growing season. There may therefore be
some opportunity to improve agreement between modeled
and measured fluxes in this study.

[39] Under very low precipitation in 2001, CO, fluxes
tended to be larger relative to LE in the model than in the EC
measurements (bcp, > by in Table 2d versus Table 2b). This
indicated that C; in the model may have declined more than
in the field during soil drying, although C; in the model
compared well with that derived from 6'*C values (Figure 7b).
Under higher precipitation in 2002 and 2003, the relation-
ship between CO, and LE in the model was more consistent
with that from EC (bco, = by =~ 0.9), corroborating
modeled versus measured C; (Figure 7b).

[40] Agreement between modeled and measured CO,
fluxes was affected by negative intercepts (a in Table 2d)
from regressions of modeled on measured values. These
negative @ were caused by larger CO, effluxes modeled
(equations (8) and (11)) versus measured or gap-filled
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Figure 6. (a) Energy fluxes, (b) gross primary productivity

(GPP) with (V) and without (V,) stomatal and nonstomatal
effects, and (c) net ecosystem productivity (NEP) modeled
(lines), measured (solid symbols), or gap-filled (open
symbols) over a mixed grassland at Lethbridge during June
and July 2003. Downward fluxes are positive, upward
fluxes are negative.
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during July and early August in all three years of this study.
However, CO, effluxes modeled before or after this period
were in closer agreement with measured or gap-filled values
in all three years (e.g. DOY 175—180 versus DOY 195—
200 in 2002 in Figure 4c).

5.3. Stomatal Versus Nonstomatal Effects on CO,
Fixation During Soil Drying

[41] The simulation of water deficit effects on CO, ex-
change in this study depended on modeling both stomatal
(equation (2)) and nonstomatal (equation (4)) effects on CO,
fixation (equations (5a) and (5b), respectively). Stomatal
effects were tested against £C measurements of changing

Table 2a. Intercept a, Slope b, Correlation Coefficient R* and Root
Mean Square for Difference RMSD From the Regressions of Hourly
Net Radiation (R,,) From Eddy Covariance Measurements on Fluxes
Modeled During 2001, 2002 and 2003

R, 2001 2002 2003
AW m? 1 7 9

B 1.08 1.10 1.03
R? 0.86 0.91 0.89
RMSD,” W m~2 58 46 55
N 8758 8615 8442

# Intercepts and slopes from y = a + bx, where y = modeled hourly flux
and x = measured hourly-averaged flux (excluding gap-filled values).

® Root mean square for differences from y = a + bx, where y = measured
hourly-averaged flux (excluding gap-filled values) and x = modeled hourly
flux.
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Table 2b. Intercept a, Slope b, Correlation Coefficient R* and
Root Mean Square for Difference RMSD From the Regressions of
Hourly Latent Heat (LE) From Eddy Covariance Measurements on
Fluxes Modeled During 2001, 2002 and 2003

LE 2001 2002 2003
AW m? -5 —-16 -7
B 0.81 1.15 0.75
R? 0.72 0.84 0.81
RMSD.,” W m~2 18 21 25
N 8287 7999 7736

# Intercepts and slopes from y = a + bx, where y = modeled hourly flux
and x = measured hourly-averaged flux (excluding gap-filled values).

® Root mean square for differences from y = a + bx, where y = measured
hourly-averaged flux (excluding gap-filled values) and x = modeled hourly
flux.

LE versus H during soil drying (Figures 2a, 4a, and 6a).
Nonstomatal effects were tested against CO, uptake during
stomatal limitation (Figures 2b, 4b, and 6b), and against the
C; at which this uptake occurred (Figure 7b). The alternative
parameterizations of nonstomatal effects in equation (4)
(changing x from 0.5 to 1 or 0) did not directly affect 7. in
equation (3) so that energy exchange modeled with each
alternative remained indistinguishable from that in Figures 2a,
4a, and 6a. However, when nonstomatal effects were set
equal to stomatal effects (y = 1), CO, uptake in the model
declined more rapidly during soil drying than was measured
by EC in both 2001 (Figure 8a) and 2003 (Figure 8c).
Conversely when nonstomatal effects were eliminated (y = 0),
CO, uptake in the model declined more slowly. These
alternative parameterizations had little effect on CO, fluxes
modeled under higher precipitation in 2002 (Figure 8b).
[42] The alternative parameterizations of nonstomatal
effects altered CO, uptake through their effects on C;. When
nonstomatal effects were set equal to stomatal effects, the C;
at which CO, uptake occurred in the model did not decline
during soil drying in 2001 (Figure 9a) and 2003 (Figure 9c¢)
although declines in C; were apparent in the §'°C values.
Modeled C; did not decline with this parameterization
because gaseous CO, diffusion (equation (5a)) and bio-
chemical CO, fixation (equation (5b)) were constrained
equally by water deficits, so that C; and C. were always
solved at values that approached C; and C.. However,
when nonstomatal effects were eliminated, C; in the model
was solved at values that declined more rapidly than did
those indicated by ¢'*C values during soil drying in 2001
(Figure 9a) and 2003 (Figure 9c¢). The rapid decline in C;

Table 2c¢. Intercept a, Slope b, Correlation Coefficient R? and
Root Mean Square for Difference RMSD From the Regressions of
Hourly Sensible Heat (H) From Eddy Covariance Measurements
on Fluxes Modeled During 2001, 2002 and 2003

H 2001 2002 2003
AW m? 21 -23 -29
B 1.08 1.11 1.10
R? 0.81 0.72 0.79
RMSD,” W m 2 44 37 39

N 8329 8099 7758

# Intercepts and slopes from y = a + bx, where y = modeled hourly flux
and x = measured hourly-averaged flux (excluding gap-filled values).

® Root mean square for differences from y = a + bx, where y = measured
hourly-averaged flux (excluding gap-filled values) and x = modeled hourly
flux.
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Table 2d. Intercept a, Slope b, Correlation Coefficient R* and
Root Mean Square for Difference RMSD From the Regressions of
Hourly CO, Fluxes From Eddy Covariance Measurements on
Fluxes Modeled During 2001, 2002 and 2003

CO, 2001 2002 2003
A ymol m~2 7! -03 —0.4 —0.8
B* 1.28 0.92 0.81
R? 0.73 0.80 0.82
RMSD,® mol m™2 s~ 0.9 2.6 2.4
N 5898 2963 2557

# Intercepts and slopes from y = a + bx, where y = modeled hourly flux
and x = measured hourly-averaged flux (excluding gap-filled values).

® Root mean square for differences from y = a + bx, where y = measured
hourly-averaged flux (excluding gap-filled values) and x = modeled hourly
flux.

with this parameterization occurred when gaseous CO,
diffusion (equation (5a)) was constrained by water deficits
but biochemical CO, fixation was not (equation (5b)),
forcing C; and C. to be solved at values much lower than
C/ and C.. These alternative parameterizations had little
effect on C; modeled under higher precipitation in 2002
when declines in C; were neither modeled nor measured
(Figure 9b). No declines in C; were modeled in 2002
because in the absence of water deficit constraints on
diffusion and fixation, C; and C,. were solved at values
that approached C; and C,.

[43] As soil drying progressed during 2001 and 2003,
CO, fixation modeled with alternative parameterizations of
nonstomatal effects diverged more strongly, and their
comparative accuracy could be more clearly distinguished
(Figure 9). This divergence indicated that models in which
stomatal and nonstomatal effects are assumed equal (x = 1)
could overestimate declines in CO, fluxes with respect
to those in LE during water deficits [e.g., Ferreyra et al.,
2003]. Such overestimates are apparent in these models
when bcp, < b g in regressions of modeled on measured
fluxes during water deficits [e.g., Zhang et al, 2005].
Conversely, models in which nonstomatal effects are
absent (x = 0) could underestimate declines in CO, fluxes
with respect to those in LE during water deficits [e.g.,
Williams et al., 1998]. These findings indicate the need to
represent both stomatal and nonstomatal effects when
modeling CO, fixation, especially during severe water
deficits. Declining C; calculated from 6'°C values during
soil drying indicated that nonstomatal effects were less
sensitive to plant water status than were stomatal effects.
Therefore nonstomatal effects could be represented by a
parameterization such as that in equation (4) (0 < x < 1)
based on the meta-analyses of Medrano et al. [2002].

5.4. Annual Primary Productivity

[44] The accurate parameterization of nonstomatal effects
on CO, fixation was necessary to the simulation of water
deficit effects on annual GPP. Low residual soil water from
2000 plus low rainfall during 2001 caused GPP modeled
and derived from gap-filled £C measurements to be severely
limited by soil water deficits (Figure la). These deficits
lowered plant water status (Figure 1b), LE versus H
(Figure 2a), and hence gross and net CO, uptake (Figures 2b
and 2c), so that the grassland became a net C source after
the end of June. Cool spring temperatures during 2002
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delayed leafout and lowered early season GPP. Frequent
rainfall thereafter (Figure 3a) maintained plant water status
(Figure 3b), LE versus H (Figure 4a), and hence CO, uptake
(Figure 4b), raising GPP so that the modeled and measured
grassland remained a large net C sink until September.
Residual soil water from 2002 plus spring rainfall in 2003
delayed the onset of soil water deficits (Figure 5a) and hence
the decline of plant water status (Figure 5b), LE versus H
(Figure 6a), and CO, uptake (Figure 6b). These delays
allowed rapid early-season GPP that enabled the grassland
to remain a net C sink until late July.

[45] Daily totals of GPP from modeled versus gap-filled
EC CO, fluxes (e.g. Figures 2b, 4b, and 6b) reached higher
values in early summer with greater spring precipitation in
2002 and 2003 versus 2001, and declined earlier with
summer drought in 2001 and 2003 versus 2002 (Figure 10).
GPP modeled during June and July was frequently larger
than gap-filled GPP because modeled CO, effluxes were
frequently larger than gap-filled EC effluxes while modeled
CO, influxes were similar to EC CO, influxes (e.g. Figure 4c).
Annual modeled versus gap-filled GPP rose with precipi-
tation from 397 versus 280 g C m ™2 in 2001, to 844 versus
816 g C m 2 in 2002 and 636 versus 685 g C m ™2 in 2003.
These rises in GPP drove rises in NPP, thereby increasing
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Figure 8. Net ecosystem productivity (NEP) modeled
(lines), measured (solid symbols), or gap-filled (open
symbols for CO,) over a mixed grassland at Lethbridge
during 2001, 2002 and 2003 for three alternative para-
meterizations of nonstomatal effects on CO, fixation
(equation (4) in text).
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Figure 9. C; calculated from 6'°C values in aboveground
phytomass (symbols) versus weighted average C; of
cumulative modeled CO, fixation (lines) by C; grass in a
mixed grassland at Lethbridge during 2001, 2002 and 2003
for three alternative parameterizations of nonstomatal
effects on CO, fixation (equation (4) in text).

LAI (Figure 11a) and shoot mass (Figure 11b), although
shoot mass modeled during the wettest year 2002 was
greater than that measured. Much of the GPP in the model
was invested below ground so that root NPP was 0.7 of total
NPP while root mass was 2—3 times larger than shoot mass,
except under high precipitation in 2002 (Figure 11c¢). These
results were consistent with root:total NPP ratios for tem-
perate dry grasslands in the meta-analysis of Hui and
Jackson [2006], and indicated the large contribution of
roots to C transformation and exchange in grassland eco-
systems. This contribution was important to modeling the
rise in 7; and the decline in V. during soil drying in 2001 and
2003 (Figures 1 and 5), because r; was determined by €
and €2, (equation (3)) modeled from root density through the
soil profile. Values of €2 and €, were reduced in the deeper
soil during drying of the upper soil by increasing the
allocation of C in the model to root versus shoot growth
(2001 and 2003 versus 2002 in Figures 11b and 11¢), and to
deeper versus shallower root growth (2001 and 2003 versus
2002 in Figures 12a—12d) through equation (6b). This
allocation hastened water uptake from the deeper soil to
sustain LE during soil drying.

5.5. Centennial Ecosystem Productivity

[46] The modeled effects of soil water deficit on CO,
fixation determined the modeled effects of precipitation on
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long-term ecosystem productivity. Precipitation rates varied
from 216 to 639 mm y ' during the 14-year hourly weather
record (1991-2004) currently available from the Lethbridge
site (Figure 13a), causing NEP in the model (= X, 365
Yp=124 [GPP (equation (5)) — R, (equation (8)) — R,
(equation (11))]) to vary from minimum values of
—100 g C m 2 y ! (net C source) during drier years
to maximum values of +150 ¢ C m~2 y ! (net C sink)
during wetter years (Figure 13b). Interannual variation in
modeled NEP was more closely correlated with that in
GPP (R*> = 0.74) than that in R, (R* = 0.42), indicating
the importance of accurately simulating water deficit
effects on CO, fixation when simulating NEP.

[47] Changes in modeled NEP from negative values during
drier years to positive values during wetter years were
consistent with findings from other £C studies of grasslands
under variable precipitation at Lethbridge [Flanagan et al.,
2002] and elsewhere [Meyers, 2001; Novick et al., 2004;
Suyker et al., 2003]. In these studies, changes in NEP with
precipitation were attributed mostly to changes in GPP rather
than R,, as modeled here. The regression of annual NEP on
precipitation from the model run indicated that this grassland
required a precipitation rate of 352 mmy ' (ca. 0.5 of ET, ») 1o
maintain current SOC (NEP = 0). Each mm y~' of precipi-
tation above or below this rate would cause a gain or loss of
0.49 g C m ?y '. However, this regression explained only
50% of variation in modeled annual NEP because some of

(a) 2001

GPP(gCm?*d")

14 3 (c) 2003

L L L L
0 30 60 90 120 150 180 210 240 270 300 330 360
Day of Year

Figure 10. Gross primary productivity (GPP) modeled
(lines) or derived from gap-filled eddy covariance measure-
ments (symbols) over a mixed grassland at Lethbridge
during 2001, 2002 and 2003.
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this variation was attributed to stocks of soil water and plant
litterfall carried over from the previous year (e.g. a larger than
expected NEP modeled in 2003 followed higher than average
precipitation in 2002), or to seasonality of precipitation
during the current year.

[48] For the precipitation rates over the period of record,
modeled NEP drove gains in SOC (0—1.2 m) that declined
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Figure 12. Vertical distribution of root length density
modeled in a mixed grassland at Lethbridge on 4 days
during the growing seasons of 2001, 2002 and 2003.
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Figure 13. (a) Annual precipitation, (b) annual net

ecosystem productivity (NEP), and (c) soil organic C
(SOC = humus + litter) modeled under repeating 14-year
sequences of weather data recorded from 1991 to 2004 over
a mixed grassland at Lethbridge. Vertical dashed lines
indicate period representing 2001-2003 from which
modeled data were taken for this study.

from 24 tol5 g C m 2 y !, although with considerable
interannual variation, during the 150 years of the model run
(Figure 13c). These gains did not account for any losses of C
from disturbance, such as grazing or fire, and so do not
represent net biome productivity (NBP) of this ecosystem.
Nonetheless, these gains were consistent with one of 28 +
4gCm 2y " (0-1.2 m) reported by Anderson [1977] for a
cool dry grassland in southern Saskatchewan, and with ones of
7-34gCm 2y ' (0-0.07 m) found by White et al. [1976] for
different grass pastures in South Dakota. The grasslands in
these studies were aggrading after disturbance, so that these
measured SOC gains may have been larger than those that
would have been measured over longer periods. A smaller
longer-term gain in SOC of 15 g Cm 2y ' (0—15 cm) was
measured with radiocarbon dating by Thuille et al. [2000]
during 200 years in dry grassland following conversion from
forest in the Italian Alps.

6. Conclusions

[49] The effects of soil drying on grassland GPP were best
modeled from the interaction of stomatal and nonstomatal
effects of plant water status on CO, fixation. Both effects could
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Table Al. List of Variables
Variable Definition Unit Equation Value Reference
o shape parameter for response of J to / - (5¢) 0.8 Grant [1989]
15) stomatal resistance shape parameter MPa~! (2a, 2b) 5.0 Grant et al.
[1999]
Cy [CO,] in canopy air pimol mol ! (1, 5a)
C. [CO,] in leaf chloroplasts at ambient C; M (5b)
C; [CO,] in leaf mesophyll at ambient . yimol mol ! (5a)
C [CO,] in leaves at . = 0 MPa pmol mol ™! (1) 0.67 C, Larcher
[2001]
Cy N:C ratio of M, gNgC! 1n
Cy maximum N:C ratio of M, gNgC' (11) 0.22 (j = labile), Grant et al.
0.13 (j = resistant) [1993a,
1993b]
Cp P:C ratio of M, gPgC! (11)
Cp maximum P:C ratio of M, gPgC! (11) 0.022 (j = labile), Grant et al.
0.013 (j = resistant) [1993a,
1993b]
[DOC] dissolved organic C concentration gm > (11)
Dy decomposition of S by M gCm?h! 9)
D, Specific decomposition of S by M at gCgC'n! (10)
25°C and saturating S
D; Specific decomposition of S by M at gCgC'n! 9, 10)
25°C and ambient S
e, Atmospheric vapor density at T, and gm™’ 3)
ambient humidity
e canopy vapor density at T, and w. gm 3)
A quantum yield pmol e (5¢) 0.45 Farquhar et
pmol quanta ! al. [1980]
I nutrient effect on V. - (5b)
Jr temperature effect on V. - (5b) Arrhenius
Jfra temperature effect on R, — (6) Arrhenius
Jrm temperature effect on Dy, R, — 9, 11) Arrhenius
F, nonstomatal effect of w, on V. - (4, 5b)
T CO, compensation point M (5b)
1 Irradiance pmol m?2s! (5¢)
J electron transport rate pmol m~2 s~ (5b, 5¢)
Jimax electron transport rate at nonlimiting pmol m—2 s~ (5¢) 400 pmol g Farquhar et
1, v, T. and N,P chlorophyll al. [1980]
sl x g
chlorophyll m—2
K. Michaelis-Menten constant for M (5b) 12.5 at 25°C Farquhar et
carboxylation and zero O, al. [1980]
K;, inhibition constant for M, on S during Dy gC m (10) 25 Grant et al.
Ko, Michaelis—Menten constant for D gCMg ! (10) 75 [1993a,
Koo Michaelis—Menten constant for R;, on gCm™ (11) 36 1993b]
[DOC]
M, heterotrophic microbial C gCm? 9, 10, 11)
M, phytomass C gCm? 3)
Q, axial resistance to water transport MPa hm™' 3)
along axes of primary (x = 1) or
secondary (x = 2) roots or mycorrhizae
Q, Radial resistance to water transport MPahm™' 3)
from surface to axis of roots or mycorrhizae
Qg Radial resistance to water transport MPahm™' 3)
from soil to surface of roots or mycorrhizae
0. canopy water content m’ g C! 3)
R, autotrophic respiration gCm?h! ®)
R. respiration of o, gCm?2h! (6,7, 8)
R. specific respiration of o, at 7, = 25°C gCgC'n! (6) 0.015 Grant [1989]
Ry heterotrophic respiration by gCm2h! (11)
M,, under ambient [DOC], O,,
nutrients, temperature
R, specific heterotrophic respiration by A, gCgC'hn! (11) 0.15 Grant et al.
under nonlimiting [DOC], O,, [1993a,
nutrients, and 25°C 1993b]
R, Maintenance respiration gCm>h! (7)
Ry respiration of remobilized leaf or root C gCm?h! (7, 8)
'y Canopy aerodynamic resistance sm! 3)
e canopy stomatal resistance sm! (2b, 3)
Femin canopy stomatal resistance at sm™! (2b)
v, =0 MPa
I leaf stomatal resistance sm”! (2a, 4, 5a)
Fimax leaf cuticular resistance sm! (2a) 5.0 x 10° Larcher [2001]
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Table Al. (continued)
Variable Definition Unit Equation Value Reference
Vimin leaf stomatal resistance at sm~! (1, 2a, 4)
v, =0 MPa
S solid or sorbed organic C in soil gCm™? (10)
o, nonstructural C g m? (6)
Vpmax leaf carboxylation rate at nonlimiting pmol m 2 s~ ! (5b) 40 pymol g Farquhar et
CO,, y., temperature and N,P rubisco ' 57! x al. [1980]
g rubisco m >
V. canopy CO, fixation rate at pmol m2 7! (5a)
ambient v,
V. potential canopy CO, fixation rate at pmol m 2 57! (1)
v. =0 MPa
Y carboxylation yield pmol CO, ymol ¢~ ! (5b)
V. canopy water potential MPa 3)
W soil water potential MPa 3)
v, canopy turgor potential MPa (2a, 2b) Ve — Vr
Subscripts Definition
i plant species, soil microbe-substrate complex
J tiller or branch of plant species, kinetic component of soil microbe-substrate complex
k node of tiller or branch
! canopy or soil layer
m azimuth class of leaf in canopy layer
n inclination class of leaf in azimuth class, microbial functional type
0 irradiance class of leaf in inclination class (sunlit or shaded)
x root order (primary or secondary)
z root or mycorrhizae

be modeled as related functions of plant water status where
nonstomatal effects were less limiting (e.g. equation (4)).
Interaction between these effects was achieved by solving
for the C; at which the diffusion of gaseous CO, constrained by
stomatal effects equaled the carboxylation of aqueous CO,
constrained by nonstomatal effects (equation (5)). This inter-
action allowed declines in modeled GPP and C; to follow those
in GPP and C; calculated from EC and §'>C values during soil
drying. Alternative parameterizations of nonstomatal effects to
that in equation (4) caused a loss in the accuracy with which
seasonal changes in GPP and C; were modeled. The accurate
simulation of these changes made an important contribution to
the simulation of climate effects on grassland NEP by a
comprehensive ecosystem model.

Appendix A

[s0] A list of variables with definitions and units is given
in Table Al.
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