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Abstract

I present the results from a six-year investigation of hydrologic processes and
surface water chemistry. The study occurred in peatland-dominated boreal forest basins
spanning poorly- to well-drained soils on glacial till with discontinuous permafrost. The
first in the series of studies investigated the impacts of fire on lake water chemistry,
phytoplankton communities and hydrology, the second details hydrologic processes in six
study catchments, and the third investigates hydrologic and chemistry impacts from
experimental emulation silviculture. The primary results:

» Elevated nutrient concentrations were apparent in lake waters from burnt drain-
ages. These changes were unprecedented in the fire literature for phosphorus and
dissolved organic carbon.

* Recovery to pre disturbance conditions spanned decades.

* Lakes with drainage basin to lake volume ratios less then ten were particularly
sensitive to fire impacts.

* Enhanced phosphorus and carbon loading from burnt organic soils cauased nitro-
gen and light limitation of phytoplankton growth.

* Phytoplankton species richness was reduced in lakes impacted by forest fire.

* Emulation silviculture impacted water yield and chemical flux from well drained
and poorly drained catchments.

The studies occurred on traditional lands of the Little Red River Cree and
proffered a unique opportunity to include Indigenous knowledge (IK). IK identified
important management issues, ecosystem relationships and several impacts that could be
quantified with further investigation. The overriding hypothesis of IK was that forestry
and fire negatively impact hydrology and water quality because debris caused poor
drainage. Subsequent shrub growth amplified impacts on animals, such as moose and

buffalo, and on LRRTC relationships with the landscape. Variable and conflicting
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responses arose from differences in experience that could be linked to site-specific
ecology. As in empirical science, IK generalizes from facts but fails to explain them with
precision. The context of IK data should be used to investigate the basis for different
responses to similar themes in the same manner we search for ecological factors to
explain model residuals. Shared information and the diversity of responses by the
LRRTC enabled a comprehensive tableau of ecosystem concepts to emerge forming the

basis for a deeper but complementary understanding of ecosystem linkages.
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Chapter 1: Introduction and overview

Forest fire is a disturbance that modifies catchment biogeochemistry and surface
water quality. Changes in vegetation, soil and water following a wild fire are sufficiently
extensive that many researchers conclude fire is the fundamental dynamic shaping boreal
forest ecology (Wright 1983; Kimmins 1984). Evolution of boreal ecology to the repeated
disturbance of fires over the last 8000 years has lead to a management model based on
disturbance termed emulation silviculture (McRae et al. 2001). Emulation silviculture
presupposes that the functional benefits of fire can be attained by logging in patterns
similar to burnscapes or, at the least, the impacts of logging can be naturally ameliorated
within the benchmarks set by fire (Hunter 1993). The supposition that harvesting entire
drainage basins produces acceptable changes in surface water chemistry derives from
studies that have been unable to detect impacts in lake water chemistry following forest
fire rather than evidence demonstrating that emulation silviculture is appropriate for
water quality management. Most Canadian provinces are now considering emulation
silviculture as a tool that provides greater flexibility in planning cutblock sizes and
locations. Clear evidence and tools are required that assess impacts of emulation silvicul-
ture across the diverse boreal landscape. Otherwise we risk unleashing a chimera, an
impossible beast cobbled together from disparate components, a lion’s head, a goat’s
body, a serpent’s tail - an affront to biology.

Fire impact studies suggest the effects on water quality are fire- and region-
specific and depend on the fire’s severity, the locale’s organic soil characteristics, and the
watershed’s hydrologic regime. Conclusions of minimal water quality impacts from
forest fire derive from a knowledge base developed primarily in southern forests with
thin (< 10 cm) organic soils and long growing seasons. Recent data suggest instead that

fire can have large impacts on lake water chemistry and biota in Canadian boreal lakes
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where organic soils play a large role in hydrology and nutrient processing (Carignan et al.
2000). The impacts of fire on lakes may include increases in eutrophying nutrients and
deleterious metals. These changes are not considered desirable in the management of
aquatic systems and likely should not to be emulated across a landscape.

Chapters two, three and four of my thesis present the results from a study investi-
gating the impacts of fire on lake-water chemistry, algal communities and hydrology.
Chapter five provides a detailed investigation of hydrologic processes in six study catch-
ments in Canada’s western boreal forest. These peatland-dominated catchments represent
a range from poorly drained to well drained soils, in a region where deep organic soils
have developed on glacial till and discontinuous permafrost. Chapter five sets the stage
for an investigation into hydrologic and chemistry impacts from experimental emulation
silviculture on stream waters presented in Chapter six. The studies occurred on traditional
lands of the Little Red River Cree and Tallcree First Nations, which proffered a unique
opportunity to include a larger historic and ecosystem scope through input by Aboriginal
people. In this northern boreal setting the deep organic soils, discontinuous permafrost,
short growing season and magnitude of disturbance were expected to exaggerate the
impacts of both forest fire and logging on surface water quality. The physical setting for
experimental work and long oral tradition offered an extreme test of emulation silvicul-
ture not presented elsewhere.

An understanding of fire impacts is essential to build a landscape management
tool or even to determine if and where emulation silviculture is appropriate for aquatic
ecosystems. A general model representing current understanding of fire impacts would
predict increased base cation and nutrient concentrations in surface waters from mineral-
ization and changes in base cation-exchange capacity of burnt organic soil. However, the
magnitude of ion flux from catchments is a function of fire severity, with low potential
for changes in flux rates when organic soil-layer damage is moderate (e.g., Richter 1982;

MacLean 1983; Vitt 1984) and high potential for changes in flux rates when fires are

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



severe (McColl 1975; Bayley et al. 1992; Minshall 1997). When organic soil damage is
high, enhanced nutrient-flux should be transmitted to lake biota. Increased nutrient
concentrations should augment phytoplankton biomass as well as suspended organic and
inorganic lacustrine seston. In Chapter two, I investigate changes in lake water chemistry,
seston and phytoplankton biomass following an opportune forest fire where peatland-
dominated drainage basins in a discontinuous permafrost region were burnt. Damage to
organic soils was variable; however, the hypothesis that flux rates of nutrients increase as
a result of fire was confirmed at magnitudes unprecedented in other lake studies. Nutrient
concentrations in burnt-drainage lakes were elevated several-fold while lake water nutri-
ent concentrations remained elevated in burn-impacted lakes over a 40-y history. A model
was constructed that combined spatial and temporal impacts of fire on lake water chemis-
try and is the first study in lakes to demonstrate impacts that extend for decades post fire.
Past limnological surveys have compared water chemistry, light penetration and
phytoplankton-community characteristics in lakes from disturbed and undisturbed
catchments (e.g., Paterson et al. 1998; Rask 1998; Carignan et al. 2000; Planas et al.
2000). The Gordian knot in such surveys is controlling for hydrologic variation among
catchments. This variation can obscure changes in water chemistry due to catchment
disturbance. While catchment features such as slope and vegetation have been widely
used to examine landscape relationships to water chemistry (e.g., Prepas et al. 2001),
analysis of direct hydrologic patterns has often been hindered by the paucity of runoff
data in remote areas of Canada’s boreal forests. Incorporation of hydrologic indices into
lake surveys may reduce unaccounted variation in water chemistry and resolve mecha-
nisms transmitting disturbance to water quality impacts (e.g., Gibson et al. 2002). Chap-
ter three reviews the application of stable-isotope mass-balance methods to determine
hydrologic indices and presents an analysis of the hydrology/water-chemistry linkages for
the 24 lakes introduced in Chapter two. Chapter three confirms the hypothesis that con-

tributing areas have a preponderant influence on runoff chemistry (e.g., Beven and
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Kirkby 1979; Hill 1993). Chapter three demonstrates the poor connectivity of contribut-
ing areas in peatland dominated catchments like the Caribou Mountains and presents a
novel method for calculating both contributing-area and effective contributing-area to
surface waters.

If nutrient concentrations increase in lake water following drainage basin distur-
bances such as forest fire, these impacts should be transmitted to phytoplankton, where
success of groups or individual species are partly determined by water chemistry (e.g.,
Kilham and Kilham 1984; Tilman 1986). However, few studies have linked changes in
phytoplankton diversity or productivity commensurate with intense anthropogenic nutri-
ent loading (e.g., Edmondson 1991) to the consequences of fire or logging. On Canada’s
western Boreal Plain, soils are nitrogen deficient and result in naturally low nitrogen-to-
phosphorus (N:P) ratios in lake water. Low N:P ratios result in cyanobacterial blooms in
lakes, particularly of nitrogen-fixing Nostocales (e.g., Riley and Prepas 1984). In Alberta,
Nostocales blooms are associated with high dissolved oxygen-depletion rates during
winter and degraded water quality (Riley and Prepas 1984). Lakes with low N:P ratios
may be particularly sensitive to eutrophication following forest fire or logging activities
in regions where internal and external phosphorus-loading is high relative to nitrogen
loading. Strong nitrogen retention in organic soil, reduced lake water N:P ratio and
increased lake water colour were consequences of fire in the Caribou Mountains. Chapter
two indicated that lakes in burnt catchments had lower N:P ratios and higher colour than
lakes in unburnt catchments. Chapter four characterizes the phytoplankton communities
in the same group of lakes to determine if phytoplankton biomass was nitrogen limited
when N:P ratios were generally below 12 in lake waters as a consequence of forest fire.
The concomitant impact of nitrogen limitation on lake phytoplankton communities is also
presented. Hypotheses were subsequently tested: that nitrogen- and light-limitation of
phytoplankton would prevail, that phytoplankton community richness would be dimin-

ished, and that species adapted to low-nitrogen and light conditions would dominate in
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burn-impacted lakes. Nitrogen limitation and reduced community richness was confirmed
for burn-impacted lakes. Enhanced dominance by Nostocales in burn-impacted lakes was
not detected because Nostocales dominated the phytoplankton community in all Caribou
Mountain lakes. However, phytoplankton communities in burn-impacted lakes were
dominated by Aphanizomenon sp. while unimpacted lakes were dominated by Anabaena
spp. In Chapter four, I provide further evidence that increased nitrate concentrations in
burn-impacted lakes may be an important factor limiting increased success of Nostocales.
To understand how fire influences processes that control surface-water chemistry
and ecology requires identification of the source-area dynamics and timing of runoff-
generation in impacted drainage basins. The prediction of flow paths and flow rates for
runoff routed through peatlands is complicated by the anisotropic nature of peat soils and
the variable storage capacity of peatlands (Schwartz and Milne-Home 1982; Holecek
1988). Frost and permafrost within northern peatlands amplifies the complexity of model-
ing water flow through these systems (Pietroniro et al. 1996). In the study area, the forest
developed over deep glacial tills where elucidation of recharge, flow, and discharge from
local and regional groundwater aquifers is encumbered by variable hydrologic properties
that change seasonally (Devito et al. 2000; Evans et al. 2000). Several detailed hydrologic
investigations of peatland systems can be assembled to form a picture of seasonal pat-
terns occurring at the catchment scale in my study region. Runoff should be pronounced
in the spring when snowmelt encounters low soil-permeability and flows over ice to fill
depressions and wetlands (Woo and Winter 1993). As spring progresses, there is a dimin-
ishing probability for overland-flow from infiltration-excess because infiltration rates of
the aerobic peat layer (acrotelm) increases (Ingram 1983). The glacial tills regnant
throughout the study have variable hydraulic conductivities (Evans et al. 2000) ranging
from clays (107® cm/s) to sand and gravel lenses (10 cm/s). Water, infiltrating from
overlaying peat, moves as pipe-flow along the peat-mineral interface if clays are encoun-

tered (Hill 1993; Evans et al. 1999) but infiltrates down to aquifers through lenses of high
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hydraulic conductivity (Evans et al. 2000). Groundwater discharges in peatland catch-
ments as return-flows through fens or as pipe-flows along peat-mineral interfaces (Evans
et al. 1999). Return-flow through peat, even within riparian areas, can be restricted to the
peat-mineral interface by hydraulic conductivities below 107 in overlaying compact,
anaerobic peat of the catotelm (Evans et al. 1999) and the concrete layer of frost sub-
sumed in the peat well into midsummer (Woo and Winter 1993). Lateral flow through
peat often discharges at depressional storage areas such as fens as the final path to surface
runoff (e.g., Branfireun and Roulet 1998; Metcalfe and Buttle 2001).

Storm discharge from fens and other saturated peatlands often occurs as piston-
flow where precipitation forces previously infiltrated water from soils. Older water
produces discharge with the distinct chemistry of peatlands (Branfireun and Roulet
1998). Thus elevated mineral-ion concentrations can be produced during all but the
heaviest storms as old water is preferentially discharged (Cirmo and McDonnell 1997).
Intersection of water at the peat-mineral interface may produce ion rich water even from
ombotrophic peatlands where surface pore-waters are chemically dilute (Vitt and Chee
1990). If piston-flow is the predominant process generating water discharge from
peatlands, stream-water chemistry should be dominated by groundwater of mineral or
peat origin. The importance of mineral-versus-peat sources should depend on the avail-
ability of highly conductive lenses in mineral soils, slope characteristics for producing
return flow, and watertable fluctuations within peatlands. The degree to which overland
runoff is chemically similar to precipitation should depend on the distribution of wetlands
and should occur only when the watertable is exceptionally high. Chapter five investi-
gates hydrology and water chemistry data in six boreal forest catchments and combines
data from groundwater wells with stream samples to determine the relative contributions
of overland flow and groundwater from organic or mineral soils to catchment water
discharge. Chapter five demonstrates that snowmelt proffers the highest discharge rates

and the greatest proportion to annual total discharge in the study catchments. This chapter
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also specifies the degree to which snowmelt-runoff flows overland or through shallow
soil pathways, reveals the importance of piston-flow from groundwater, and quantifies
how these hydrologic processes differ between sloped catchments and flat catchments.
Finally, Chapter five examines the strategic role of peatlands in determining runoff
response to storm events and stream chemistry. The focus of Chapter five is to define the
role of hydrologic source areas for streams draining northern boreal forests where
peatlands and permafrost influence surface water chemistry.

Emulation silviculture provides a model wherein trees are harvested over large
contiguous areas that include riparian stands. Emulation silviculture does not protect
riparian features such as peatlands from equipment traffic. Chapter five identified the
importance of peatlands in controlling solute flux to surface waters (see also Vitt et al.
1994; Prepas et al. 2001) suggesting that even exiguous changes in hydrologic processes
could confer significant changes in the flux of nutrients to surface waters (e.g., Evans et
al. 2000; Prepas et al. 2001). Quantifying changes in surface water chemistry following
catchment disturbance can be difficult and may require long time series to detect change
due to high variability in surface and soil water chemistry. However, analytical tools exist
that are sensitive to ecosystem change over relatively short time periods that have as yet
not been applied to timber harvesting. Chapter six combines End Member Mixing Analy-
sis (EMMA, Neal 1990; Muller 1993) with Randomized Intervention Analysis (RIA,
Carpenter et al. 1989) into a novel method for detecting forest disturbance impacts on
hydrologic processes and biogeochemistry. EMMA provides inference for stream source-
waters from diverse catchment soils, commensurately addressing uncertainties in hydrol-
ogy that often confound interpretation of catchment-scale studies. RIA offers a robust
technique for testing that changes observed following an intervention are non-random
and therefore the result of a disturbance.

The hypotheses addressing transport of waters and solutes examined in Chapter

five were reexamined in Chapter six after timber harvesting to quantify the potential
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impacts of emulation silviculture on surface waters. Based on the dominant hydrologic
processes identified in sloped and lowland catchments in Chapter five, several predictions
were proposed for the post harvesting condition. Anticipated changes in catchments with
moderate slope were: the rapid discharge of meltwater would intensify, peak discharge
would be elevated during snowmelt and summer storms, and total water yield would
increase. However, total elemental flux from the sloped basins would remain relatively
unchanged because enhanced water yield would derive from rapid discharge of dilute
surface runoff. Conversely, in lowland basins where a large proportion of surface soils
were saturated: discharge of meltwater would remain unchanged in duration and peak,
watertables would rise, total water yield would also increase but over the entire ice-free
season and runoff would be increasingly dominated by water derived from organic soils
and peatlands. Nitrogen and mineral ion export from mineral soils would decline while
concentrations of elements from organic soils, such as organic carbon, would increase
following harvesting in lowland areas. I speculated that the total flux of all elements from
lowlands would be amplified because more discharge would be routed through soil
pathways. The study catchments did not all respond as predicted and Chapter six identi-
fies how physical characteristics of slope, percent peatland cover, aspect, differences in
timber harvesting and other features in each catchment interacted to nullify or amplify the
hypothesized hydrological and biogeochemical diatheses.

The previous chapters provided a scientific investigation of the hydrologic,
biogeochemical, and surface-water quality purlieu with a focus on forest management
from a natural disturbance ambit. Chapter seven provides an analyses of human interac-
tion in the study region as described by Indigenous people who have sustained them-
selves through a precise understanding of ecology. Chapter seven adds breadth to the
interplay between fire, human disturbance, and the forest ecosystem with the unique
historical and observation-based perspective of Indigenous knowledge. However, inclu-

sion of Indigenous knowledge into a physical science thesis is rare because scientific
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culture does not readily accept other forms of knowledge (Franklin 1995; Stevenson
1996). Hence, Chapter seven presents a framework for scientists to grasp the significance
of Indigenous knowledge and subsequently presents the knowledge shared by local
people. The first intention in Chapter seven is to create a forum for discourse between
Indigenous knowledge and science and, thus broaden the scope of the thesis with an
historic analysis provided by local knowledge.

In Chapter seven, I provide a working definition of Indigenous knowledge and
propose that this knowledge be approached at two levels: first, as general theory, and
second, as context assessment. Like empirical models in ecology, theories from Indig-
enous knowledge can be interpreted as representative of mean conditions that have been
simplified from complex and detailed information. If properly formulated, these theories
can speak to scientists as general relationships between ecosystem parameters. However,
as demonstrated in Chapter six, ecosystems do not respond uniformly to environmental
changes and will not rigorously adhere to a given set of empirically derived hypotheses.
Addressing why certain systems do not follow general expectations (based on our under-
standing) can be achieved by examining details, which I define as the physical context
specific to the system. In addition to describing general ecosystem relationships, Indig-
enous knowledge is location specific and has evolved through generations of observing
ecosystem responses to disturbances such as forest fire. Assessment of the physical
context from which individuals draw their knowledge can help describe the fuil range of
potential responses to environmental fluctuations or disturbances. Contextual and indi-
vidual perceptions are analogous to ecological variation; close examination should reveal
intricate substrata. Context assessment can supplement the knowledge base and help
modify general theories so they more accurately reflect the dynamics of a specific eco-
system. Chapter seven illustrates how ecologists can view Indigenous knowledge through

the lens of statistical power, details the pitfalls of including local knowledge, and at-
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tempts to bridge the chasm between ecological science and non-scientific understanding
by proposing a model that identifies similarities in language and culture between the two.

The ultimate goal of Chapter seven is to include the perspectives and knowledge
of the Little Red River and Tallcree First Nations, two Indigenous Cree nations of north-
ern Alberta. Their Indigenous knowledge of ecosystem dynamics is presented, particu-
larly in regard to the relationship between anthropogenic activities and water quantity and
quality in a local watersheds. Interviews were conducted with individuals to gather
empirical “data” from their personal experience and broader knowledge that identified
relationships among water and the local climate, vegetation, and animal behavior. Little
Red River and Tallcree perceptions of water quality perturbations and water quantity
fluxes from natural and anthropogenic sources are explored to signal prominent features
and values important to local use of their land-water resources.

The thesis is summarized in Chapter eight. The individual studies are assembled
into a construct that segues from the broad impacts of forest fire on lake water chemistry
into the general then specific impacts on hydrology and aquatic ecology. Changes in
hydrology and water chemistry following emulation silviculture are then compared to
those from forest fire. The results suggest that discretionary acceptance of emulation
silviculture is required. The summary reemphasizes the sensitivity of the study-catch-
ments to disturbance but acknowledges the variability in response due to physical fea-
tures. Several factors promote sensitivity to disturbance and these are summarized: small
catchment-area-to-lake-volume ratios, connectivity patterns among extensive peatlands,
and sloped compared to lowland or flat catchments. Lowland catchments may be more

sensitive to nutrient perturbations following emulation silviculture, whereas sloped
catchments may be more sensitive to the timing and magnitude of runoff generation.
Although there are challenges to including information of people intimately connected to
the local environment, there are also benefits from the larger perspective that could only

be provided by local input. Knowledge derived from longterm observation of the land
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provides a longer thread to weave the temporally limited scientific studies of my thesis
into a combined and more complete tapestry. With this historical perspective, the sum-
mary suggests timber harvesting practices may produce similar changes in water quality,
vegetation, and animal behavior as does fire but with negative impacts over longer
periods of time.

References

Bayley, S. E., D. W. Schindler, K. G. Beaty, B. R. Parker and M. Phosphorus. Stainton
(1992). Effects of multiple fires on nutrient yields from streams draining boreal
forest and fen watersheds nitrogen and phosphorus. Can. J. Fish. Aquat. Sci.
49(3): 584-596.

Beven, K. J. and M. J. Kirkby (1979). A physically based, variable contributing area
model of basin hydrology. Hydrol. Sci. Bull. 24(43-69).

Branfireun, B. A. and N. T. Roulet (1998). The baseflow and storm flow hydrology of a
Precambrian Shield headwater peatland. Hydrol. Process. 12(1): 57-72.

Carignan, R., P. D’Arcy and S. Lamontagne (2000). Comparative impacts of fire and
forest harvesting on water quality in Boreal Shield lakes. Can. J. Fish. Aquat. Sci.
57(Supp/2): 105-117.

Carpenter, S. R., T. M. Frost, D. Heisey and T. K. Kratz (1989). Randomized intervention
analysis and the interpretation of whole-ecosystem experiments. Ecology 70(4):
1142-1152.

Cirmo, C. M. and McDonnell, J. J. (1997). Linking the hydrologic and biochemical
controls of nitrogen transport in near-stream zones of temperate-forested
catchments: A review. J. Hydrol. 199: 88-120.

Devito, K. J., LF. Creed, R. L. Rothwell, and E.E. Prepas (2000). Landscape controls on
phosphorus loading to boreal lakes: Implications for the potential impacts of
forest harvesting. Can. J. Fish. Aquat. Sci., 57: 1977-1984.

Edmondson, W. T. (1991). The uses of ecology : Lake Washington and beyond. Seattle,
University of Washington Press.

Evans, J. E., E. E. Prepas, K. J. Devito and B. G. Kotak (2000). Phosphorus dynamics in
shallow subsurface waters in an uncut and cut subcatchment of a lake on the
Boreal Plain. Can. J. Fish. Aquat. Sci. 57(Supp. 2): 60-72.

Evans, M. G., T. P. Burt, J. Holden and J. K. Adamson (1999). Runoff generation and
water table fluctuations in blanket peat: evidence from UK data spanning the dry
summer of 1995. J. Hydrol. 221(3-4): 141-160.

Franklin, S. (1995). Science as culture, cultures of science. Annual Review Anthropol. 24
163-184.

Gibson, J.J., E. E. Prepas and P. McEachern (2002). Quantitative comparison of lake
throughflow, residency and catchment runoff using stable isotopes: Modeling and
results from a regional survey of Boreal lakes. J. Hydrol. 262: 128-144.

Hill, R. A. (1993). Base cation chemistry of storm runoff in a Forested Headwater Wet-
land. Water Resour. Res. 29: 2663-2673.

11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Holecek, G. (1988). Storage-Effective Drainage Runoff Model. J. Hydrol. 98: 295-314.

Hunter, M. L. J. (1993). Natural fire regimes as spatial models for managing boreal
forests. Biological Conserv. 65: 115-120.

Ingram, H. A. P. (1983). Hydrology. Ecosystems of the world 4A. Mires: Swamp. bog,
fen and moor. A. J. Gore (Ed.). Oxford, Elsevier: 67-158.

Kilham, S. S. and P. Kilham (1984). The importance of resource supply rates in determin-
ing phytoplankton community structure. In: Trophic interactions within aguatic
ecosystems. D.G. Meyers, J.R. Strickler (eds.) AAAS Selected Symposium 1985.
Pg 7-27.

Kimmins, J. P. (1984). Forest Ecology: a foundation for sustainable management.
Prentice-Hall, New York. 287-303.

Larsen, C. P. S. and G. M. MacDonald (1998). An 840-year record of fire and vegetation
in a boreal white spruce forest. Ecology 79: 106-118.

MacLean, D. A. (1983). Fire and nutrient cycling. In: The role of fire in northern circum-
polar ecosystems. R. W. Wien & D. A. MacLean (Eds.). J. Wiley & Sons Ltd..
111-132.

McColl, J. G. (1975). Forest fire: Effects on phosphorus movement to lakes. Science 188:
1109-1111.

McRae, D. J., L. C. Duchesne, B. Freedman, T. J. Lynham and S. Woodley (2001).
Comparisons between wildfire and forest harvesting and their implications in
forest management. Environ. Rev. 9: 223-260.

Metcalfe, R. A. and J. M. Buttle (2001). Soil partitioning and surface store controls on
spring runoff from a boreal forest peatland basin in north-central Manitoba,
Canada. Hydrol. Process. 15: 2305-2324.

Minshall, G. W. (1997). Postfire responses of lotic ecosystems in Yellowstone National
Park, US.A. Can. J. Fish. Aquat. Sci. 54: 2509-2525.

Muller, D. W., Wohlfeil, I. C., Christophersen, N., Hauhs, M, and Seip, H. M. (1993).
Chemical Reactiveness of Soil Water Pathways Investigated by Point Source
Injections of Chloride in a Peat Bog at Birkenes. J. Hydrol. 144: 101-125.

Neal, C. C., N (1990). Linking Hydrological, Geochemical, and Soil Chemical Processes
on the Catchment Scale: An Interplay Between Modeling and Field Work. Water
Resour. Res. 26: 3077-3086.

Paterson, A. M., B. F. Cumming, J. P. Smol, J. M. Blais and R. L. France (1998). Assess-
ment of the effects of logging, forest fires and drought on lakes in northwestern
Ontario: a 30-year paleolimnological perspective. Can. J. For. Res. 28:1546-1556.

Pietroniro, A., T. Prowse, L. Hamlin, N. Kouwen and E. Soulis (1996). Application of a
grouped response unit hydrological model to a northern wetland region. Hydrol.
Process. 14: 1245-1261.

Planas, D., M. Desrosiers, S.-R. Groulx, S. Paquet and R. Carignan (2000). Pelagic and
benthic algal responses in eastern Canadian Boreal Shield lakes following har-
vesting and wildfires. Can. J. Fish. Aquat. Sci. 57(Supp 2): 136-145.

Prepas, E. E., D. Planas, J. J. Gibson, D. H. Vitt, T. D. Prowse, W. P. Dinsmore, L. A.
Halsey, P. M. McEachem, S. Paquet, G. J. Scrimgeour, W. M. Tonn, C. A.
Paszkowski and K. Wolfstein (2001). Landscape variables influencing nutrients

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



and phytoplankton communities in Boreal Plain lakes of northern Alberta: A
comparison of wetland- and upland- dominated catchments. Can. J. Fish. Aquat.
Sci. 58: 1286-1299.

Rask, M. K. N., Sirkka-Lisa Markkanen (1998). Forestry in catchments: Effects on water
quality, plankton, zoobenthos and fish in small lakes. Boreal Environmental
Research 3: 75-87.

Richter, D. D. (1982). Prescribed fire: Effects on water quality and forest nutrient cycling.
Science 215(661): 663.

Riley, E. T. and E. E. Prepas (1984). Role of internal phosphorus loading in two shallow
productive lakes in Alberta, Canada. Can. J. Fish. Aquat. Sci. 41: 845-855.

Schwartz, F. W. and W. A. Milne-Home (1982). Watersheds in Muskeg Terrain. 1. The
Chemistry of Water Systems. J. Hydrol. 57(3-4): 267-290.

Stevenson, M. G. (1996). Indigenous knowledge in environmental assessment. Arctic
49(3): 278-291.

Tilman, D. (1986). Green, bluegreen and diatom algae: taxonomic differences in com-
petitive ability for phosphorous, silicon and nitrogen. Arch. Hydrobiol. 106(4):
473-485.

Vitt, D. H. (1984). The vegetation and water chemistry of four oligotrophic basin mires in
northwestern Ontario. Can. J. Bot. 62: 1485-1500.

Vitt, D. H. and W.-L. Chee (1990). The relationship of vegetation to surface water chem-
istry and peat chemistry in fens of Alberta, Canada. Vertatio 89: 87-106.

Vitt, D. H., L. A. Halsey and S. C. Zoltai ( 1994). The bog landforms of continental
western Canada in relation to climate and permafrost patterns. Arctic Alpine Res.
26(1): 1-13.

Woo,M.-K. and T. C. Winter (1993). The role of permafrost and seasonal frost in the
hydrology of northern wetlands in North America. J. Hydrol. 141: 5-31.

Wright, D. H. (1983). Species energy theory: an extension of species area theory. OIKOS
41(3): 496-506.

13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 2:
Forest fire induced impacts on phosphorus, nitrogen, and chlorophyll a
concentrations in boreal subarctic lakes of northern Alberta.

Introduction

Interest in fire as a natural disturbance impacting catchment biogeochemistry and
surface water quality is rekindling as a benchmark for anthropogenic impacts. However,
studies on the effects of fire on water quality suggest impacts are regionally or fire spe-
cific due to organic soil characteristics, severity of fire and hydrologic regime. The
magnitude of ion flux from catchments is thought to depend on fire severity because of
modifications to cation exchange and biochemical reactions in the organic soil layer
(Grier 1975; Stark 1977; Schindler et al. 1980). In experimental fires where a third or less
of the organic soil layer was burnt, no detectable changes in soil water and stream water
carbon, nitrogen, phosphorus, their inorganic fractions or major cations were reported
(e.g. Richter et al. 1982). Following more severe fires, increases in nutrient flux were
large but usually short lived (< 5 yr) and changes in surface water concentrations did not
exceed inter-annual variation (McColl and Grigal 1975; Bayley et al. 1992; Minshall et
al. 1997). These studies have occurred primarily in regions with thin organic soils,
whereas studies in burnt permafrost-peatland dominated systems such as those in north-
ern Alberta are rare.

Water chemistry has been studied in burnt catchments with small proportions of
peatlands. A comparison of burnt and unburnt portions of a Sphagnum fallax / Picea
mariana mire demonstrated no detectable long-term (8 yr) impact of fire on water chem-
istry (Vitt and Bayley 1984). In a review of circumpolar studies MacLean et al. (1983)
reported fire rarely burnt the entire organic layer and changes in soil water chemistry did
not result in nutrient flux from peat-derived soils. However, wetland catchments had

elevated phosphorus flux after severe fires (Bayley et al. 1992). The previous studies give
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little indication of potential impacts from forest fire in catchments with deep peat soils
(0.5 m or more), underlain by glacial till and containing permafrost or seasonal frost
lasting a majority of the summer. A lack of data makes it difficult to address the potential
impacts of large-scale forest disturbance proposed for catchments of northern Alberta,
particularly those containing permafrost where forestry and petroleum activities are
increasing.

A unique opportunity to examine extensive damage to peatlands was provided
when 129 000 ha of the Caribou Mountains, a Sub-arctic plateau, were razed by fire in
1995. In this single event, one-third of the Plateau was burnt, equaling 50% of the mean
annual area burnt in the province of Alberta between 1994 and 1998 (Alberta Environ-
ment unpubl. data). Impacts on lake water chemistry were expected because of high fire
severity, large proportion of catchments burnt (between 60 and 100%) and hydrology
dominated by flow through peatlands. We hypothesized that the 1995 fire in the Caribou
Mountains would reduce base cation exchange capacity of peat and increase mineraliza-
tion of nutrients to produce: a) increased base cation and nutrient concentrations in
surface waters, b) corresponding increases in phytoplankton biomass, and c) increased
suspended organic and inorganic seston. We also examined long-term (decades) impacts

from fire and relationships between catchment characteristics and lake water chemistry.

Materials and methods
Site description
The Caribou Mountains (59° N 115° W) are an erosional remnant forming a large,
relatively flat plateau 500 m above the Peace River valley. Peatlands cover 56% of the
Caribou Mountains and are predominately underlain by poorly-drained cryosolic and
brunisolic soils (Strong and Leggat 1992). Subsurface geology is shale, feldspathic
sandstone, and siltstone of deltaic and marine origin. Open forest of black spruce (Picea

marianna) and an understory of mixed Sphagnum spp., feathermosses, brown mosses and
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lichens dominate vegetation. Prior to the 1995 fire, most spruce stands in burnt and
reference catchments originated between 1860 and 1910 (Alberta Vegetation Inventory
1:20000 map series 1983) indicating there had not been a stand-replacing fire in 90 years.
Aspen (Populus tremuloides) is concentrated in upland areas. Mean percent upland per
catchment is less than 30%, but is 83% in one burnt catchment (Table 2-1). Permafrost is
estimated between 0.5 and 0.75 m beneath the organic soil surface within continental
bogs (Strong and Leggat 1992) which cover an average of 62% of the study catchments.
Collapse scars signify degraded permafrost (Vitt et al. 1994) and were present in bogs
averaging an additional 19% of the study catchments prior to the fire. In the fire, under-
story herbaceous, sedge, and lichen cover were incinerated but damage to moss and peat
varied. Impact from burning was mostly limited to O to 20 cm of peat. In some locations
burning continued within deeper peat until the following summer. Late August testing in
five catchments revealed no permafrost in the peat layer (down to mineral soil) of burnt
areas, whereas it was present in five unburnt continental bogs. Mean May through August
temperatures were 10.2 °C (automated climate station), typically with less than 800
growing degree days and between 400 and 450 mm of annual precipitation (Strong and
Leggat 1992).

Ten headwater lakes were selected with catchments, where between 50 and 100%
of the tree cover was killed by fire (mean 83%, median 90%, SD 15%). These, plus 14
headwater lakes in unburnt reference catchments and five headwater lakes in catchments
burnt between 1961 and 1985, were sampled monthly after ice-out from late June to late
August/early September (Fig. 2-1). The lakes selected from previously burnt catchments
were used in time-since-disturbance and % disturbance analyses only. Among all com-
bined lakes, differences in surface elevation were less than 90 m across the 120 km
distance of this study on the Plateau. The study lakes had zero to three neighbours within
20 Km that contributed to the same larger drainage. Lakes within each of these drainage

groups were within 15 m surface elevation of their neigbours. Lake surface areas ranged

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



from 2.6 to 1173 ha and mean depths from 0.3 to 11.6 m. All lakes were either polymictic
or if stratification was observed (late July for deeper lakes) mixed conditions were re-
stored by the next sampling event (Aug./Sept.) In all lakes, dissolved oxygen concentra-
tions exceeding 5 mgeL!, 0.5 m above the bottom through the summer. Three stream,
four fen and six bog sites were also sampled during the summer of 1997. Two streams,
MS1 and MS2, drained adjacent unburnt watersheds of 40 and 6 km?, respectively. MS3,
drained a 1 km? watershed that was entirely burnt. Thus the watershed area ratios were
40:6:1 for the three streams. MS2, was gauged for discharge calculations. Samples were
collected from MS1, MS2 and MS3 on the same four sample dates which included
bankfull and baseflow conditions. Our limited data show the ratio of discharge from MS3
relative to the reference streams was 20:1.5: 1. Based on this limited data set the burnt
catchment, MS3, released between 2- and 4-fold more catchment-weighted discharge
than the two unburnt catchments.

Ground cover in each catchment was classified as upland-aspen, peatland or open
water. Peatlands were subdivided into veneer bog, peat plateau, poor fen and rich fen
based on vegetation and slope characteristics identified from 1994 - 1:20000 aerial
photographs (Halsey et al. 1997). Percentage of fire disturbance per drainage basin was
estimated from 1996 aerial photographs. Bathymetric maps were constructed from depth
measurements along 5 to 15 transects on each lake. Depth measurements were recorded
by echo-sounding at equal time intervals along transects while traveling at a constant
velocity and used to interpolate depth contours with ArcInfo. Catchment slope was
calculated by computing elevation gain divided by linear distance to lake shore (CS1:
D’Arcy and Carignan 1997) with 10 to 30 transects from topographic high points and
intermediate saddles around the watershed.

At the deepest site in each lake, water temperature and dissolved oxygen (YSI
50B), and light penetration (Li-Cor LI-185, LI-192SB flat sensors) profiles were recorded

at 0.5-m intervals. Transparency was estimated with a 20-cm Secchi disc. A 12-L eu-

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



photic-zone, composite water sample was collected with multiple hauls of a polyvinyl
chloride tube to the depth of 1% light penetration or 1 m above the lake bottom. Three
opaque 2-L acid-washed polyethylene bottles were rinsed and filled with the composite
sample. pH of the composite sample was measured with a Hanna HI9025 meter cali-
brated before each use.

Triplicate 25-mL aliquots were pipetted into 30-mL glass tubes used directly in
digestion processes for total and dissolved nitrogen (TN, DN) and phosphorus (TP, DP)
analysis. Unfiltered water was used for TN, TP and ammonium (NH,*-N) analyses.
Filtrate (Millipore HA, 45 um) was used for DN, DP and nitrate-nitrite (NO,-N) analy-
ses. TN and DN samples were preserved with 10 uL of 40% H2S0O4 for storage (1-2 wk),
and neutralized with equivalent NaOH prior to digestion in the laboratory. TP and DP
were analyzed spectroscopically (5-cm cell) from persulfate-oxidized samples by molyb-
date blue absorption (Prepas and Rigler 1982). TN and DN concentrations were deter-
mined by second derivative spectroscopic analysis of persulfate oxidized samples
(Crumpton et al. 1992). Soluble reactive phosphorus (SRP) concentrations were mea-
sured by molybdate blue absorption from membrane filtrate within 24 h of collection.
Ammonium and nitrate samples were frozen in 125-mL polyethylene bottles for analysis
by indophenol blue (NH,*-N) and cadmium reduction (NO,-N) with automated colorim-
etry (Technicon methods 100-700 W/B and 155-71W). Total Suspended Solids (TSS),
Nonvolatile suspended solids (NVSS), and volatile suspended solids (VSS) were col-
lected on pre-ashed GF/F filters (mean particle retention 0.7 pm) and analyzed in dupli-
cate after APHA (1993). Total and bicarbonate (HCO,) alkalinities were estimated by the
Hach phenolpthaline/ bromocresol method (APHA 1993). Filtrate from GF/F filters for
cations (Ca*, Mg*, Na*, K*), dissolved organic carbon (DOC), and anions (CI', SO %)
analysis were stored in 60-mL polyethylene bottles. Cation samples were preserved with
60 uL of 40% H,SO, , while DOC and anion samples were refrigerated. Cations were

analyzed by atomic absorption flame spectroscopy (Perkin-Elmer AS90, AA3300), DOC
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by high temperature catalysis (Shimadzu TOC-5000), and SO,* and CI' concentrations by
chromatography (Dionex 2000i/SP). Total suspended chlorophyll was collected on
Gelman A/H filters (mean particle retention 1.2 wm) in duplicate from each of the three
composite sample bottles. Filters were subsequently desiccated with silica-gel and frozen.
Total chlorophyll a (CHL) was extracted with 90% ethanol (Sartory and Grobbelaar
1986) and concentrations were determined with fluorometric methods Knowlton (1984).
Summer mean (June-early Sept.) values were used in all analyses. Data are
presented as Box and Whisker plots where the box outlines 25% to 75% of the data and
whiskers denote 10 to 90% of the data. The line within each box represents the median
value. pH values were converted to [H*] prior to averaging and analysis and converted
back to pH for reporting. Data were tested for deviation from a normal distribution using
Kolmogorov-Smirnov at P <0.05. Data were either normally distributed or were log, -
transformed to meet assumptions for normality and were analyzed by ¢-test, Pearson’s
correlation and univariate least-squares regression. Probability values and correlation
coefficients are reported for these tests. We specify when non-normal data were analyzed
by non-parametric tests (Mann-Whitney U). Analysis of covariance (ANCOVA) was used
to test differences in linear regressions between burnt and reference systems. We used
discriminant analysis (DA) to determine if reference and burn-impacted lakes were
different in measured catchment and lake physical characteristics. Percent open water
could not be included in the DA because of zero values. Differences were deemed signifi-

cant at Ped 0.05. All analyses used Statistica 4.1 and StatView 4.5 for Macintosh.

Results
Fire impacts on water chemistry
Several physical characteristics of lakes and their catchments differed between
burnt and reference systems (Table 2-1). Reference lakes tended towards larger surface

areas (Mann-Whitney P = 0.02), lake volumes (Mann-Whitney P = 0.05) and percent
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open water cover per catchment (Mann-Whitney P = 0.01). Percent open water averaged
5 and 1 % of reference and burnt catchments, respectively. The small proportion of open
water and its concentration in collapse scars, areas of degraded permafrost, makes it
unlikely that it contributed to chemical differences in the lakes. Drainage ratios (Wo*Ao™)
and surface area to volume ratios, considered more important in determining land-water
linkage than Wo or Ao alone, were not different between burn-impacted and reference
lakes (P = 0.6, 0.3 respectively). Slope was also not different between burn-impacted and
reference catchments (P = 0.3). Discriminant function analysis, containing drainage ratio,
lake area : volume ratio, catchment slope and percent upland contained one root and was
not significant (Wilk’s A = 0.75, Canonical r=0.5, P =0.3). Likewise, substituting Ao,
Wo and V for the Wo/V and Wo/Ao ratios did not produce a significant discriminant
function (P = 0.2). Therefore, it is unlikely that chemical differences observed between
reference and burn-impacted lakes resulted from physical characteristics alone.

Total base cation concentrations (Ca?*, Mg?*, Na*, K*), of Caribou Mountain lake
water (median 0.52 meqeL"") were all below the world average for fresh water (2.33
meqeL"). There were no detectable differences in mean total base cation concentrations
(Fig. 2-2) between burnt (0.61 meqeL-!) and reference (0.72 meqeL™') lakes (P = 0.53). As
a percentage of total cations, Ca** was lower and K* was higher in burnt compared to
reference lakes (P < 0.05).

Fire affected lake acidity and ion balances possibly through increases in organic
anions in burnt lakes. Lake water in burnt catchments was moderately acidic relative to
reference lake water (mean pH = 6.9 and 7.6 respectively, P =[00.04). Burnt lakes demon-
strated low total alkalinity compared to reference lakes, however, differences in means
were not detectable (16.7 and 30.3 mgeL"' CaCO,, P = 0.07, Fig. 2-2). Sulfate concentra-
tions were elevated in burnt lakes (Mann-Whitney P = 0.01) compared to reference lakes
with median concentrations of 2.4 and 1.5 mgeL"!, respectively. Fire did not affect chlo-

ride concentrations, which averaged 0.15 and 0.13 mgeL", for burnt and reference lake
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water, respectively (P = 0.3). Mean total anions (SO,* , CI' ,HCO,’, NO,) balanced mean
total cations in reference lake water (mean = 0.723 meqeL"!, P = 1.0). All lakes in burnt
catchments had a deficit in total anions (0.46 megeL"', P << 0.01). The average deficit of
25% below mean total base cations, suggested a large pool of organic acids in burnt
lakes. Most Sphagnum-derived acids contain -COOH groups which act as anions in
solution while contributing protons (Clymo 1984). Anion deficits were linearly correlated
with DOC in burnt (> = 0.84, P << 0.01, nO0= 10) and less so in reference lakes °= 0.26,
P =0.06, n = 14). Fire apparently increased organic anion concentrations along a relation-
ship with DOC that also existed in reference lakes.

Lake water in burnt catchments had elevated phosphorus and nitrogen concentra-
tions. In reference lakes, mean TP, DP and SRP concentrations were 33, 14 and 4 pgeL”’,
respectively (Fig. 2-3). Lake water in burnt catchments had 2.6, 3.2 and 6.8-fold higher
TP, DP and SRP concentrations, respectively than reference lakes (P << 0.01). In refer-
ence lakes, mean TN, DN, NO3'-N, and NH N were 655,488, 3 and 15 pugeL!, respec-
tively (Fig. 2-4). Burn-impacted lake water contained 1.2-fold higher DN (P = 0.02), 3-
fold higher NO,-N (P = 0.04) and 1.4-fold higher NH,*-N (Mann-Whitney P = 0.03)
concentrations. Mean TP and DP in the two reference streams (MS1 and MS2) were 48
and 28 ugeL! while the burn-impacted stream (MS3) contained 5.4-fold higher TP and
half the DP. Mean TN and DN concentrations for water in MS1 and MS2 were 710 and
650 pgeL™!, respectively, while MS3 contained 2.2-fold higher TN and 1.2-fold higher
DN concentrations. Increased export of phosphorus and nitrogen from burnt relative to
reference watersheds was likely given the 2- to 4-fold higher catchment weighted dis-
charge from MS3.

Caribou Mountain water had high concentrations of DOC, particularly in burnt
systems. Lake mean DOC concentration in burn-impacted lake water (25 mgeL') was
1.6-fold higher (P << 0.01) than in reference lakes (16 mgeL'). Further, in reference

streams, MS1 and MS2, DOC concentrations averaged 33 and 37 mgeL!, respectively. In
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MS3, which drains a burnt area, DOC averaged 2800mg*E. The three sampled fens
contained almost identical DOC (45, 45, 4800mgeE) concentrations despite receiving
drainage from burnt and unburnt areas. MS3 exported 3 and 2 times more DOC per unit
catchment area than MS2 and MS1, respectively, given 2- to 4-fold higher weighted
discharge from MS3.

Caribou Mountain water was highly coloured, especially within burnt catchments.
Reference lake water mean colour was 151 and ranged from 26 to 388 mgeL! Pt, compa-
rable to lake water in the boreal mixedwood ecoregion to the south, where colour ranged
from 8 to 358 mgeL! Pt (Prepas m.s. sub.). Mean colour in burn-impacted lake waters
(342 mgeL"! Pt) was 2.3-fold higher (P<< 0.01) than in reference lakes. Colour was
related to DOC in all lake waters (Table 2-3). Variance in light penetration was closely
associated with colour of lake water; The natural logarithm of Secchi transparencies were
negatively related to colour while light extinction coefficients were positively related to
colour (Table 2-3). Mean Secchi transparencies in burn-impacted lakes (0.73 m) were
54% of those in reference lakes (P << 0.01), while the mean light extinction coefficient
(0.787 m™") was 1.7-fold higher in burn-impacted lakes (P << 0.01) compared to reference
lakes. Secchi depth and light extinction were correlated (r2 =0.36, P < 0.01, n = 24);
when lakes C24 and C45 were removed the relationship was stronger (r* = 0.85, P <<
0.01, n =22). Lake C24 had a high extinction coefficient (1.28 m™) for its Secchi depth
(1.0 m) due to continuous surface bloom of Aphanizomenon sp. as flakes. Lake C45 had
a high extinction (0.54 m™) for its Secchi depth (2.8 m) due to wind conditions during
sampling. Elevated DOC and colour in burn-impacted lakes reduced transparency and
likely enhanced the potential for light limitation of phytoplankton growth after fire.

Fire affected inorganic suspended solids concentrations. Mean nonvolatile sus-
pended solids (NVSS) in reference lakes was 0.65 mgeL"!, whereas burnt lakes contained

2-fold higher NVSS (Mann-Whitney, P = 0.04). Volatile suspended solids (VSS) were not
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different between reference and burnt lakes, averaging 2.6 and 2.7 mgeL! respectively (P

= 0.88). Increased transport of inorganic particles from burnt catchments is inferred.

Fire impacts on algal biomass as chlorophyll

Fire did not appear to affect lake water CHL concentrations. Among reference
lakes, mean CHL was 12 pgeL"! and log, -transformed values were strongly related to TP
(Fig. 2-5,r* =0.83, P << 0.01, n = 13). Despite the much higher phosphorus concentra-
tions observed in burn-impacted lake waters, CHL was not elevated, averaging 13 pgeL.
There was no detectable relationship between CHL and TP concentrations for burn-
impacted lakes (r* = 0.06, P = 0.5). We predicted CHL concentrations for burn-impacted
lakes with the CHL-TP model for reference lakes. The residuals between predicted and
observed values were positively related to Secchi depth (2 =0.44, P <0.01, n = 10) and
to TN:TP ratio (r* = 0.69, P << 0.01, n = 10). The lack of response in CHL to elevated
phosphorus in burn-impacted lake waters and the relationship with Secchi depth is con-

sistent with light limitation.

Fire impacts as they relate to catchment features
General patterns relating lake chemistry to catchment features were poor. There
were no detectable relationships between nitrogen or phosphorus concentrations of lake
waters with drainage ratio (r* < 0.25, P > 0.3). However, colour and DOC were linearly
related to log-drainage ratio (Table 2-3). Colour and DOC tended to increase at a faster
rate with drainage ratio in burnt lakes compared to reference lakes (Table 2-3), however,
the slopes of these relationships were not distinguishable (ANCOVA, P =0.09 and P =

0.20 respectively).
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Percent disturbance and time since disturbance
Lakes in the previously (1961-1985) burnt watersheds had phosphorus concentra-
tions intermediate between recently (1995) and non-burnt watersheds. TP and DP concen-
trations for burnt lakes increased in a positive-linear relationship with percent disturbance
(intercept forced through mean TP and DP for reference lakes). TP and DP appeared to
decline with the natural logarithm of time-since-disturbance. Data were not normally
distributed in time or percent disturbance and contained zero values for reference lakes so

we combined both hypothesized disturbance patterns into a single disturbance index (DI):

(8) DI = %Disturbance ¢ e’X

where t = time since disturbance (90 yr for reference lakes) and K = decay constant. The
value for K was predicted from an exponential decay function K = 0.693¢T"! where T =
half-life which was estimated from the relationship between log DP and TP with the
natural logarithm of time-since-disturbance. The half-life was estimated at 11 and 20 yr
for DP and TP, respectively. The disturbance index explained 74 and 76% (P << 0.01) of
the variance in TP and DP, respectively, among the 15 impacted lakes (Table 2-3). We
included reference conditions in the analysis by forcing the intercept through mean TP
and DP concentrations for reference lakes (intercept value from Table 2-3) assuming they

represented a zero DI.

Discussion

Catchments in the Caribou Mountains are fundamentally different from those
where fire effects have historically been studied. The large proportion of inundated
peatlands in the Caribou Mountains created unique nutrient responses following fire. For

example, forest fire usually augments nitrate and to a lesser degree, phosphorus export
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from granitic regions (Lewis 1974, McColl and Grigal 1975, Wright 1976). The relatively
severe Caribou Mountains fire caused elevated phosphorus, and to a lesser degree, nitro-
gen concentrations in lakes which suggested higher phosphorus compared to nitrogen
export following fire. Similar findings were reported from other wetland systems. Burnt
fens exported phosphorus and retained nitrogen, while burnt upland catchments exported
nitrogen and held phosphorus in the granitic Experimental Lakes Area (Bayley et al.
1992). Nitrogen retention in Alberta peatlands typically exceeds 98% (Li and Vitt 1997),
a value comparable to the >85% retention reported by Bayley et al. (1992) for burnt fens.
Surface water in northern Alberta, where peatlands dominate, could be more sensitive to
eutrophication from elevated TP following fire than indicated by upland fire studies
because of reduced phosphorus retention in peatlands after fire.

Increase in the flux of divalent cations and potassium from organic soils usually
occurs after fire (Tiedmann et al. 1978). Increased flux rates of divalent ions from burned
peat likely occurred in the Caribou Mountains. However, the cation exchange capacity of
both living and dead peat likely remained intact, liberating protons as cations were
exchanged (Clymo 1984). The result was a 5-fold median increase in [H*], decreased pH
and reduced alkalinity in burnt lakes while base cation concentrations did not change.
Organic acids associated with elevated DOC in burn-impacted lakes possibly added to
overall acidification while contributing organic anions (presumably R-COO").

The relationship between CHL and TP in reference lakes on the plateau indicates
a strong association between phytoplankton biomass and total phosphorus. The slope for
log -transformed values (2.31) was more positive and the intercept (-2.46) more negative
than values reported for North America (Nurnberg 1996).

A general model for the movement of water to lakes and streams in the discon-
tinuous permafrost region of boreal Alberta may include groundwater systems or flow
through organic peat. Surface runoff is minimal, even during intense storms, because the

infiltration capacity of surface moss and peat (acrotelm) is about 1 cmes™! declining to 10
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to 10 cmes™ in anaerobic peat (catotelm) layers (Ingram 1983). Groundwater could
discharge through stream beds and lakes themselves as they appear to be the only places
without permafrost, other than the hydrologically disconnected collapse scars. Inputs
from the peat layer should be restricted to a small effective contributing area when the
water table is limited to the catotelm. Rain events that raise the water table to the ac-
rotelm should cause a substantial increase in effective contributing area and loading of
peat-derived water due to higher hydraulic conductivity in the acrotelm. Macropores,
typically occurring at the peat-mineral interface (e.g., Hill 1993), may also be important
in delivering water high in DOC and protons. However, water discharge from fens likely
had a greater influence on surface water chemistry than bogs by virtue of their higher
discharge rates (Halsey et al. 1997). Groundwater in the Caribou Mountains had base
cation concentrations 20-fold higher than found in lakes (McEachern unpub. data). The
similarity between fen and lake water chemistry and the high cation concentrations of
groundwater suggests groundwater discharge to lakes was minimal and restricted to
discharge through fens.

Time-since-disturbance and percent disturbance were important factors in nutrient
enrichment among burnt lakes. When combined into a disturbance index (DI), they
explained 74 and 76% of the variance in lake TP and DP concentrations. An exponential
decay model for time-since-disturbance impacts was used because it matched the trend
for our limited temporal data. The hypothesis is justifiable because recovery rates should
initially be rapid as new growth and microbial communities are re-established followed
by a decrease with increasing time as microbial and plant communities stabilize and
nutrients are flushed from the lake and lost to sediments.

Our results suggest forest fire had a profound impact on surface water quality in
lakes of the Caribou Mountains. These lakes responded to fire with elevated nutrient
concentrations because phosphorus and to a lesser degree, nitrogen, liberated during fire

and subsequent decomposition was not retained by peat. Though base cations were likely
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liberated from burnt material, cation exchange with peat resulted in an increase in the
flux of protons. Elevated phosphorus concentrations slowly returned to reference condi-
tions depending on both the magnitude of disturbance (% disturbance) and time-since-
disturbance. A single disturbance index combining %disturbance and time proved effec-
tive, however, a larger range in time is needed to test the hypothesized exponential and
linear components of this model. The effects of fire on water chemistry may be larger in
peatland-dominated catchments than elsewhere, due to elevated export of phosphorus and

long recovery periods.
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Table 2-1: Physical parameters for Caribou Mountain study lakes.

D W, A, Volume Z_ Slope Upland Peatland ?Jias:cl: T
(ha) (ha) (103m3) (m) (%) (%) (%) %) (days)
Reference lakes
C1 6632 523 510 1.07 L5 1 94 0 75
Cc2 614.8 934 1910 217 23 2 95 0 217
C5 1068 76.5 568 0.75 24 6 79 0 80
C6 2604 91.1 261 0.30 31 16 79 0 55
Cc7 569.0 90.0 578 0.66 29 6 87 0 61
C8 8208 60.8 612 0.99 14 5 85 0 49
C9 146.3 86.1 1563 1.83 2.6 13 86 0 551
C11 2048 1344 4071 3.06 6.1 65 35 0 887
C30 3218 536.1 55564 11.60 20 28 67 0 770
C32 3018 9534 27318 2.90 3.0 12 81 0 314
C34 5571 166.5 5840 3.50 40 22 77 0 194
C35W 8250 1750 18240 5.50 6.1 32 66 0 419
C45 4627 1173 93840 8.00 4.0 14 83 0 660
ca7 2732 59.0 697 1.18 6.0 72 25 0 56
Lakes in catchments burnt in 1995
C17 7009 1648 2300 1.54 19 83 16 80 105
C23 1053 65.8 2436 4.10 19 19 80 90 32
C24 1761 1598 10332 6.36 36 35 62 95 42
C25 820.1 1519 4278 2.87 42 25 72 90 17
C26 1520 36.6 523 1.68 33 25 73 75 36
Cc27 581.1 28.1 220 0.85 6.0 30 69 60 43
C41 326 2.6 22 0.86 20 43 57 100 68
C42 343 74 53 0.72 3.0 51 49 98 96
C43 691.9 8.3 50 0.60 40 51 45 95 26
C46 3594 44 25 0.58 6.0 44 51 60 44
Lakes in catchments burnt between 1961 and 1985
Cl2 6429 40.5 440 122 29 6 88 20 101
Cl3 4838 1755 1745 1.04 13 12 81 80 133
Cl4 2689 624 1779 2.93 4.3 27 73 80 298
Cls 2257 128.3 2013 1.67 2.8 6 91 70 77
C16 995.1 534 1056 204 42 42 55 80 129

Note: watershed area (Wo), lake surface area (Ao), lake mean depth (Z ), residence
time (7). Slope, upland and peatland are percentages for each catchment and distur-
bance is the percent impacted by forest fire.
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Table 2-2: Summary of chemical characteristics for Caribou Mountain lakes. Numbers
are summer means. Abbreviations are: CHL = chlorophyll a, TP, DP and SRP are total,
total, dissolved and soluble reactive phosphorus, TN and DN are total and total dissolved
nitrogen, NO, is NO,-N, NH, is NH,*-N, all in ugeL!. DOC and DIC are dissolved

1D CHL TP DP SRP TN DN NO3 NH4 DOC DIC VSS

per L' pp U oppe L' opp I oppe L' oppe U opp Y oppe L' mge LY mge L' mp LY

Cl1 9.87 31 16 609 514 26 1738 22 6.3 135
C2 16.58 38 20 744 527 116 312 18 58 3.49
C5 12.17 34 11 688 452 1.1 101 17 54 321
C6 14.51 36 10 823 474 32 133 12 47 4.63
C7 24.94 46 17 756 470 14 106 17 43 4.64
C8 4.68 40 25 14 661 612 50 136 27 7.6 157

NSRS N = e

C9 942 32 13 3 729 528 4.6 93 12 7.6 4.28
C11 6.79 31 11 2 750 585 12 154 12 14.8 1.73
C30 474 22 9 3 412 349 70 144 13 83 0.80
C32 7.73 32 12 2 445 345 10 109 11 35 220
C34 6.66 26 13 1 550 466 1.7 115 i8 11.5 1.40
C3sw 2272 38 12 4 710 429 06 252 16 11.2 3.60
C45 9.22 26 11 1 454 361 49 122 10 7.7 1.80

C47 12.59 35 17 5 840 723 1.1 135 27 10.6 1.76
C17 3923 125 66 36 1086 561 318 486 18 6.7 592
C23 594 79 55 40 552 468 6.1 129 22 6.3 1.70
C24 10.67 78 62 40 622 505 163 187 19 64 1.71
C25 2431 55 21 9 751 421 26 127 14 6.2 4.16
C26 5.15 109 47 32 718 636 57 144 30 7.6 1.46
C27 3.89 98 43 24 649 583 126 161 27 8.4 1.12
C41 11.77 48 28 15 871 741 30 16.1 32 9.6 1.78
C42 597 40 21 4 757 668 56 222 21 14.6 1.59
C43 2005 166 79 52 811 664 1.9 300 31 7.1 551
C46 7.26 54 33 17 779 734 42 155 35 89 202

C12 11.59 36 19 12 309 630 203 183 23 6.8 2.76
C13 19.74 46 14 2 799 534 38 709 14 6.5 4.27
Ci4 9.03 36 15 5 588 456 114 917 12 12.0 142

C15 4.89 80 64 51 607 556 90 199 27 6.3 1.09
Cl6 14.29 67 40 21 907 728 424 762 27 54 2.85

continued on next page.
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organic and inorganic carbon, VSS and NVSS are volatile and non-volatile suspended
solids, Ca®*, Mg?, Na*, and K* are the cations, SO,>, SO 7 is -, Alkalin. is total alkalin-

ity all in mgeL!. TC-TA is total cations - total anions in millequivalents per liter.

NVSS Ca Mg Na K S04  Alkalinity Colour TC-TA pH
mg L' mg L' mgel' mpl' mpel' mg L' mg L'COO, mgPe L' mg L
034 440 120 0.83 0.08 135 975 317 -0.1307 6.70
037 524 133 0.28 0.25 1.13 15.00 209 -0.0623 7.70
042 437 095 0.32 0.17 0.70 12.25 172 -0.0505 729
043 565 1.8 042 031 0.95 19.75 76 0.0128 7.86
1.13 412 094 041 0.22 0.82 11.25 205 -0.0601 7.08
091 730 1.59 0.37 0.09 1.55 15.25 389 -0.1755 6.69
083 806 191 0.54 043 1.05 32.50 34 0.0823 7.88
036 18.89 4.17 2.00 0.52 7.69 71.75 26 0.2147 8.49
100 1040 200 0.60 0.40 230 36.75 105 0.0687 747
040 600 140 040 0.30 2.10 10.88 77 -0.1759 7.00
100 1460 290 0.90 040 2.50 54 .38 140 0.1287 7.82
090 1100 240 0.90 0.50 420 40.50 112 0.1053 8.27
060 850 230 0.50 0.30 140 3525 55 0.0965 7.7
041 2701 767 6.01 049 4873 59.00 196 -0.0542 7.68
1.84 646 162 0.35 0.62 271 16.50 240 -0.1192 8.38
228 7.18 135 047 0.57 1.63 16.25 331 -0.1395 7.06
084 604 136 0.57 0.82 2.66 15.50 250 -0.0886 6.94
109 784 227 053 0.79 2.70 27.75 112 -0.0052 7.96
102 1207 306 0.82 0.50 7.04 25.25 480 -0.2479 7.10
287 1024 238 091 0.34 1.96 26.50 396 -0.1819 7.17
0.51 537 178 0.69 1.11 951 1.13 424 -0.2474 475
030 598 185 0.74 0.70 543 16.00 212 -0.0638 6.61
1.51 6.54 159 1.20 0.61 7.96 6.75 456 -0.2174 6.06
082 1020 2.68 276 024 1662 15.00 523 -0.2079 6.48
065 735 158 0.63 0.05 1.23 16.25 312 -0.1728 7.20
062 671 194 1.30 0.25 1.54 26.50 112 0.0070 7.55
064 1428 376 1.26 0.63 5.12 5475 87 0.1132 793
0.81 567 147 0.81 0.33 349 10.00 454 -0.1741 6.60
08 791 198 0.51 0.29 5.34 12.75 344 -0.2161 7.26
30
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Table 2-3: Univariate regressions for independent (X) and dependent (Y) variables.

X Y n Intercept  Slope r’ SEr of slope ~ MS error F P
DOC Colour 24 -156 19.3 0.89 1.44 2595 175 < 0.0001
Colour LnSecchi 24 0.62 -0.003 0.72 0.0004 0.066 53.6 < 0.0001
Colour (o 24 0.32 0.001 0.58 0.0002 0.026 30.9 < 0.0001
Logl0OWo/Ao DOC 24 8.7 | 10.7 0.62 1.78 214 36.3 < 0.0001
Burnt 10 10.1 12.2 0.69 2.87 172 179 0.003
Ref. 14 9.04 8.0 0.68 1.60 10.8 25.1 0.0003
Logl0OWo/Ao Colour 24 9.17 210 0.57 389 10205 29.2 < 0.0001
Bumt 10 410 248 0.78 459 4377 293 0.0006
Ref. 14 184 141 0.59 34.8 5131 164 0.0016
DI LoglOTP 15 1.52 0.005 0.74 0.001 0.038 4058 < 0.0001
DI Logl0DP 15 1.13 0.007 0.76 0.001 0.059 43.74 <0.0001




Fig. 2-1: Location of Caribou Mountain study lakes in Alberta, Canada. Reference
sites (gray circles) contain lakes with no fire in their catchments since approxi-
mately 1910, previously burnt sites (triangles) contain lakes with catchments burnt
between 1961 and 1985, burnt sites (black circles) contain lakes in catchments burnt
in 1995. An automated climate station (CS) operated for two years.
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Fig. 2-2: Summer mean total base cations, total anions and pH for lake waters in refer-
ence (open boxes, n = 15) and burnt (shaded boxes, n = 10) catchments. Letters (a & b)
indicate differences between reference and burn-impacted lakes (P. < 0.05).
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Fig. 2-3: Summer mean concentrations of TP, DP and SRP for reference (open boxes,
n = 14), burnt (shaded boxes n = 10) and previously burn-impacted lakes (hatched
boxes, n = 5). Letters indicate difference between reference and burnt means

(P < 0.05Analytical statistics were not applied to previously burnt lakes.
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Fig. 2-4: Summer mean TN and DN for reference (open boxes,n = 14), burnt
(shaded boxes, n = 10) and previously burn-impacted lakes (hatched boxes, n = 5).
NO,-N and NH,*-N are for reference and burnt lakes only. Letters indicate differ-
ences in mean concentrations between reference and burnt lakes (P < 0.05).
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Fig. 2-5: The relationship between CHL and TP (both in pgeL™") for lakes in reference
(circles) and burnt (squares) catchments. Values are log10 transformed, A) equation and
line for all reference lakes only. B) Equation without C8 which deviates from other
reference lakes because of its high colour (388 mgeL™! Pt).
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Chapter 3:
Assessing hydrologic controls of water chemistry with deuterium and
oxygen-18 mass balance in a multi-lake survey comparing burnt and
undisturbed catchments.

Introduction

Water chemistry surveys that include a number of lakes are essential in develop-
ing theory and management in aquatic science (e.g., Rigler 1982). Patterns in water
chemistry are usually compared or contrasted on hypothesized gradients of geology,
climate, vegetation or anthropogenic impact (Deevey 1940; Rochelle 1989). The Gordian
knot in such surveys is controlling differences in hydrology among catchments, an insur-
mountable crux in remote areas where little or no hydrologic data are available (e.g.
Gibson et al. 2002). While catchment features such as slope and vegetative cover have
been widely used to examine potential landscape-water chemistry relationships (e.g.,
Prepas et al. 2001; McEachern et al. 2000), analysis of direct hydrologic patterns has
often been hindered by lack of runoff data in many remote areas of Canada’s boreal
forest.

Recent studies have applied models that incorporate enrichment rates of the
naturally occurring stable isotopes of water, deuterium (*H) and oxygen-18 ('*0), to
indirectly estimate catchment runoff to lakes in surveys of headwater (Gibson et al. 2002)
and non-headwater systems (Gibson and Edwards 2002). The isotope mass balance
approach has been validated in comparison with standard water and energy budget
methods in a variety of ecoclimatic regions in northern Canada (Gibson 2002, Gibson et
al. 1993, 1996, 1998). The method is a practical field-based alternative for water balance
characterization in remote areas because it can be readily incorporated into water quality

surveys. Prepas et al. (2001) and Gibson et al. (2002) demonstrated the potential of the
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technique for distinguishing systematic chemical-hydrologic patterns in wetland versus
upland and bog versus fen dominated catchments. In this paper we review the application
of stable isotope mass-balance methods for determining hydrologic indices in regional
surveys and discuss the hydrology-water chemistry linkages for a case study of 24 lakes
where water chemistry was previously compared between burnt and unburnt catchments
(McEachern et al. 2000). The hydrology of the lake catchments was complicated by low
topographic relief, peatland-dominated vegetation, deep organic soils and discontinuous
permafrost. In addition, 10 of the survey lakes resided in catchments that were burnt by a
forest fire. We demonstrate how isotope-based hydrologic indices can be applied to
investigate the causal relationship between hydrology and lake chemistry, including the
influence of forest fires. We also discuss the significance of uncertainty in some of the
parameters used in the isotope balance model.

As a corollary to this analysis we develop a contributing and effective area model
for linking patterns in water chemistry to variable hydrologic conditions and contributing
areas and compare results with nutrient concentrations in the survey lakes. According to
Soranno et al. (1996), contributing areas and effective areas are defined respectively as
zones that produce runoff and zones that become saturated and deliver solutes. Contribut-
ing areas express differences in runoff generation and groundwater recharge or discharge
among catchments and can include transbasin transfers of groundwater that can vary
widely among lake basins (Shaw and Prepas 1990). Spatial variation in contributing area
must be considered both within and among catchments when modeling runoff generation
and solute transport to effectively describe surface water chemistry (Beven and Kirkby
1979). The location and temporal fluctuation of variable contributing areas may be
particularly important when runoff is routed through soils such as wetlands that form a
minor proportion of the total catchment but have an overbearing influence on runoff
chemistry (Beven and Kirkby 1979, Hill 1993). Finally, we present and discuss contribut-

ing and effective drainage areas as predictors of nitrogen, phosphorous, and carbon

40

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



concentrations in the survey lakes with the intention of improving our ability to explain

patterns in lake chemistry and changes following forest fire.

Site Description

The Caribou Mountains (59° N 115° W) are an erosional remnant forming a large,
relatively flat plateau 500 m above the Peace River valley in Alberta, Canada (Fig. 3-1).
Peatlands cover 56% of the Caribou Mountains and are underlain by poorly-drained
cryosolic and brunisolic soils (Strong and Leggat 1992). Subsurface geology is shale,
feldspathic sandstone, and siltstone of deltaic and marine origin. Open forest of black
spruce (Picea marianna) and an understory of mixed Sphagnum spp., feathermosses,
brown mosses and lichens dominate vegetation. Permafrost commonly occurs at depths
ranging from 0.5 to 0.75 m beneath the organic soil surface within continental bogs
(Strong and Leggat 1992), which cover an average of 62% of catchments examined in
this study. Collapse scars signify degraded permafrost (Vitt et al. 1994) and were present
in bogs covering an additional 19% of the study catchments. Mean May through August
temperature (1996-98) was 10.2 °C (automated climate station), typically with less than
800 growing degree days and between 400 and 450 mm of annual precipitation (Strong
and Leggat 1992). During 1995, a 129 000 ha forest fire incinerated understory herba-
ceous, sedge, and lichen cover but damage to moss and peat varied. Moss and peat
damage from burning was mostly limited to the upper O to 20 cm. Permafrost, detected
by manual probing and digging, was present in all five unburnt continental bogs surveyed
during late August but was not present in the peat layer (down to mineral soil) at five
burnt sites.

Twenty-four headwater lakes were selected from an investigation of fire induced
changes in water chemistry (McEachern et al. 2000). Ten lakes were within catchments
where 60 to 100% of the tree cover was killed by fire (mean 83%, s.e.5%) and 14 lakes

were in unburnt reference catchments (Fig. 3-1). Lake surface areas ranged from 2.6 to
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1173 ha and mean depths from 0.3 to 11.6 m (Table 3-1). All lakes were either polymictic
or if thermally stratified (during July for deeper lakes), mixed conditions were restored by
the next sampling event (August). Throughout the summer all lakes had dissolved oxygen
concentrations greater than 5 mgeL"!, as measured 0.5 m above the lake bottom, indicat-

ing generally mixed vertical profiles in the lakes.

Methods

Watersheds were delineated from 1994 series 1:20000 aerial photographs. Ground
cover in each catchment was classified as upland, peatland, or open water. Peatlands were
subdivided into veneer bog, peat plateau, poor fen and rich fen based on vegetation and
slope characteristics identified from the aerial photographs (Halsey et al. 1997). The
catchment slope index was calculated by computing elevation gain divided by linear
distance to lake shore (CS1: D’Arcy and Carignan 1997). Bathymetric maps were con-
structed from depth measurements along 5 to 15 transects on each lake and became the
basis for estimating lake volume (V). Lake water levels were assumed to remain constant
through the sampling period.

The lakes were sampled monthly after ice-off in late June to late August/early
September 1997. A 12-L euphotic-zone, composite water sample was collected with
multiple hauls of a polyvinyl chloride tube to the depth of 1% light penetration or 1 m
above the lake bottom. Light penetration was determined during each lake visit with a Li-
Cor LI-185 equipped with surface and submerged LI-192SB sensors. Three opaque 2-L
polyethylene bottles were rinsed and filled with the composite sample. The polyethylene
bottles were previously acid washed (10% HCI) and rinsed 5 times with deionized-
distilled water. A more detailed description of sample collection was presented elsewhere
(McEachern et al. 2000).

Three streams, four fen and six bog sites were also sampled during the summer of

1997. Two streams, MS1 and MS2, drained adjacent unburnt watersheds of 40 and 6 km?,
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respectively. Stream MS3 drained a 1 km? watershed that was entirely burnt. Stream
flows were measured with a Girley meter and weighting rod at 3 to 6 points across the
channel depending on width. A depth-discharge curve was created for MS2. A pressure
transducer was installed in MS2 for discharge calculations every 15 minutes through the
summer. Runoff during snowmelt was not captured in its entirety, however, discharge
data for the rising and initial falling limbs of the hydrograph were approximated from
records obtained for the nearest Water Survey of Canada gauging station, and corrected
for basin area. Samples were collected in 2-L polyethylene containers from the center of
each stream channel at approximately 50% depth in MS1, MS2 and MS3 on four sample
dates that included bank-full and baseflow conditions. An automated ISCO water sampler
was installed at MS2 and collected samples at 3-h intervals during the only significant
storm event of the 1997 summer. Depression storage and surface water was also collected
from standing pools on bogs and from outflows in fens, respectively.

Three streams, four fen and six bog sites were also sampled during the summer of
1997. Two streams, MS1 and MS2, drained adjacent unburnt watersheds of 40 and 6 km?,
respectively. Stream MS3, drained a 1 km? watershed that was entirely burnt. Stream
flows were measured with a Girley meter and weighting rod at 3 to 6 points across the
channel depending on width. A depth-discharge curve was created for MS2. A pressure
transducer was installed in MS2 for discharge calculations every 15 minutes through the
summer. Runoff during snowmelt was not captured in its entirety, however, discharge
data for the rising and initial falling limbs of the hydrograph were approximated from
records obtained for the nearest Water Survey of Canada gauging station, and corrected
for basin area. Samples were collected in 2-L polyethylene containers from the center of
each stream channel at approximately 50% depth in MS1, MS2 and MS3 on four sample
dates that included bank-full and baseflow conditions. An automated ISCO water sampler

was installed at MS2 and collected samples at 3 hour intervals during the only significant
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storm event of the 1997 summer. Depression storage and surface water was also collected
from standing pools on bogs and from outflows in fens, respectively.

Twice daily during May to September 1988 and 1989, precipitation amount was
recorded and water samples were collected from a standard metric rain gauge with funnel
and stand at the Foggy Mountain fire tower located at the southern edge of the Caribou
Mountains. Precipitation monitoring was conducted under the auspicies of the Alberta
Forest Service climate network, and data are routinely checked for quality by comparison
with neighboring towers before being released to the public. Water collected from the
gauge was combined in a high-density polyethylene bottle, sealed and immediately
frozen. To minimize isotopic fractionation effects, *H and '80 were analyzed from a sub-
sample taken after complete melting and mixing of water in the sealed container. The fire
tower was also equipped with a Sacramento gauge from which seasonal precipitation
depths were verified. Precipitation samples were collected in 1997 during the lake study
but were lost due to vandalism. Snow depths were measured monthly at one site from
1996 to 1999. Four hundred snow samples were also collected with a 10-cm diameter
corer along 20 transects during late March of 1999 and 2000. Snow samples were indi-
vidually bagged and weighed later that day with a digital scale accurate to 0.01 g. Mean
snow density was calculated and applied to the 1997 snow depth data to determine snow
water equivalent. Randomly selected snow samples from single transects were melted,
combined and processed for chemistry analysis following procedures for other water
samples.

Groundwater was collected in 1998 and 1999 from wells installed between 1 and
3 m into mineral soil at hill slope sites below the Caribou Mountain lakes. The wells were
constructed of 5/8 inch OD PVC with 0.01 mm wide horizontal slits every 6 mm along
the bottom 18 cm of the well (Evans et al. 2000). The wells were wrapped in polyester
fabric (NILEX MD7407) and installed in augured holes. The wells were capped to

minimize evaporation and were completely purged prior to sample collection with a
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vacuum pump attached to a side-arm flask. The flask was rinsed twice with initial water
and samples were collected between 10 min to 1 h after purging depending on recharge
rates. Groundwater samples were analyzed for *H and '*O only.

Water samples for °H and '30 analyses were decanted to new and dry 3000mL
polyethylene (HDPE) bottles and returned to the University of Waterloo for analysis by
IRMS, observing appropriate quality control procedures (Gibson et al. 2002). Manually-
collected water samples for chemical analyses were processed and preserved the same
day for later analysis at the University of Alberta. Water samples collected by the ISCO
automated sampler at MS2 were similarly processed within three days of collection.
Triplicate 25-mL aliquots were pipetted into 30-mL glass tubes used directly in digestion
processes for total and dissolved nitrogen (TN, DN) and phosphorus (TP, DP) analysis.
Unfiltered water was used for TN and TP analyses. Filtrate (Millipore HA, 45 pm and
Gelman magnetic filter tower) was used for DN and DP analyses. TN and DN samples
were preserved with 10 pL of 40% H, SO, for storage (1-2 wk), and neutralized with
equivalent NaOH prior to digestion in the laboratory. TP and DP were analyzed spectro-
scopically (5-cm cell) from persulfate-oxidized samples by molybdate blue absorption
(Prepas and Rigler 1982). TN and DN concentrations were determined by second deriva-
tive spectroscopic analysis of persulfate oxidized samples (Crumpton et al. 1992). So-
dium (Na*), chloride (Cl') and dissolved organic carbon (DOC) were analyzed from GF/F
filtrate, stored in 60-mL polyethylene bottles. Sodium samples were preserved with 60 puL
of 40% H2S04 , whereas DOC and CI samples were refrigerated. Sodium was analyzed
by atomic absorption flame spectroscopy (Perkin-Elmer AS90, AA3300), DOC by high
temperature catalysis (Shimadzu TOC-5000), and Cl' concentrations by chromatography
(Dionex 2000i/SP). Eight field blanks of laboratory deinoized distilled water were treated
like surface water samples. Of the 96 nitrogen and phosphorus tubes containing field
blanks three demonstrated contamination and were easily identified from the triplicates.

No contamination was detected for ions or DOC.
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Isotope mass balance

Lakewater residence times (t; yr) were calculated for the 24 lakes with a steady-
state isotope mass-balance model. The technique is based on the principle that water
molecules containing ?H and '*O are heavier and evaporate at a slower rate from open
water bodies than their 'H and 'O counterparts (Gat and Gonfiantini 1981). Enrichment
in heavy isotopes relative to background levels in local precipitation is therefore directly
related to the fraction of water lost by evaporation versus liquid outflows, and is closely
related to lake water retention time in the present setting. In this paper, isotope mass
balance is applied using observed signatures of lake water oxygen (‘*0/!¢0) and hydrogen
(*H/'H) stable isotope ratios along with supplementary climate data using a steady-state
approximation (see Gibson et al. 2002). The isotope mass-balance model, including
selected results for the present survey, have been presented in detail elsewhere (Gibson et
al. 2002) and a brief summary of the approach is presented below.

The isotope balance for a constant volume lake is given by:

18, = QB, + B3, (1)

as derived from the water balance equation, I = Q + E, where the major components of
the water balance, total inflow (I), total outflow (Q) and lake evaporation (E), in m*syr!
are multiplied by their respective isotope compositions (6'¥0 and 8*H, %o Standard Mean
Ocean Water or SMOW). The isotope composition of outflow is assumed equivalent to
lake water (3,) for well-mixed lakes, and the isotope composition of evaporated moisture
(3,) is derived with a simplified, one-dimensional Craig-Gordon model for free-surface
evaporation (Gat 1995; Gibson et al. 1993). Rearranging (1) and substituting the simpli-

fied Craig-Gordon equation for §, yeilds:
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which is dependant on the the isotope composition of lake water and total inflow (5, and
81, respectively), enrichment slope m (= h(1- h)'), and limiting isotopic enrichment 8* (=
8, + €h'), h and §, being the ambient atmospheric humidity and its isotope composition,
respectively, and € being the total (equilibrium + kinetic) liquid-vapour isotopic separa-
tion which is temperature T and humidity h dependant (see Gat 1995). For the present
analysis, the parameters z and € were spatially interpolated accounting for elevation
based on RH and temperature records from Environment Canada climate stations in the
region. A flux-weighted algorithm was used to determine A, T and J, (see Gibson et al.
2002).

Mean annual isotopic composition in each lake (3,) was determined from
lakewater samples collected monthly from the beginning to the end of the ice-free period
(June through early September). Potential errors in 8, derive from failure to adequately
represent the open water season mean. For example, in stratified lakes, surface waters
will become enriched compared to the hypolimnion (Murthy et al. 2002). Surface water
samples from stratified lakes will subsequently overestimate retention time and underesti-
mate water yield. Such errors are minimized in the present study as stratification in the
study lakes lasted less than one month. Furthermore, June to August differences intd,
were less than 0.5 0 in O for each lake.

The isotope composition of input (8,), which is often close to the isotopic compo-
sition of precipitation (3,), is estimated using several approaches. Long term values of 3,
are estimated graphically as the intersection of the Local Evaporation Line (LEL), deter-
mined by linear regression in H-'"*0O space using the mean d, values determined for all
study lakes, and the meteoric water line MWL of Craig (1961). In this case, 3, is ap-
proximately weighted over the average residence time of the lakes (~2 years for this

study). A comparative estimate of §, is obtained by direct measurement of the isotope
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content in summer precipitation and snowpack samples, volumetrically weighted for
relative contributions to total precipitation. d, is also modeled by interpolating values
from the Global Network for Isotopes in Precipitation database (1998, International
Atomic Energy Agency/ World Meteorological Organization, Vienna, Austria). As dis-
cussed later on in the paper, the various estimates of d,, are similar, yet produce important
divergence in water yield estimates that are useful for gauging sensitivity of the method.
In general, graphically-determined estimates of d, are expected to be most appropriate for
lakes with long retention times or where inflows are dominated by local groundwater.
Modeled d, can be determined for time periods as short as one-month (and can be ad-
justed iteratively to match calculated residence times) but may be prone to uncertainty in
interpolation of model parameters. Direct measurement of d,, is the most labour-intensive
approach but provides an important baseline for validation of the other methods.
Substituting E/I estimates from Eq. (2), the lake water residence time (7) is determined
using:

E %
a4

T = E, * Ao (3)

where V is lake volume (m’), E, is long-term mean annual lake evaporation rate (meyr)
for the region (Environment Canada Climate Records) and A | is lake surface area. Both
lake volume and surface area were assumed to remain constant over the study period.
Other presentations of Eq. 3 substitute the equivalent term mean lake depth for V/A
(Gibson et al. 1996, Prepas et al. 2001). The equation adequately represents steady state
isotopic enrichment in throughflow and terminal lakes but is not suited to lakes which
have substantial volume fluctuations greater than about 5% (Gibson et al. 2002). All of
the sampled lakes had continuous outflows and were assumed to be throughflow lakes

with minor volumetric fluctuations.
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Catchment runoff, contributing and effective areas
Catchment runoff (R) was calculated from lake volume divided by the isotope-
based estimate of lake retention time, and measured drainage basin area (DBA, ha).
Contributing area (CA, ha) was calculated as:

CA = DBA * @)

o | ®

where R and P are mean water yield and precipitation (both mmeyr™), respectively.
Confributing area within a catchment can change in size in response to precipitation,
which is consistent with its broader definition (Beven and Kirkby 1979) but a departure
from the application by Soranno et al. (1996) where the contributing area was fixed by
catchment topography at a potential maximum for surface runoff. In Eq. 4, contributing
area is analogous to the effective drainage basin area of Gibson et al. (2002). Contribut-
ing area may be useful for addressing among lake patterns in water chemistry because it
should be a better representation of the potential linkage between a lake and its catchment
than the topographic drainage basin area.

In water quality surveys, water chemistry variations among lakes are often evalu-
ated against differences in size of the drainage basin area. Contributing area refines this
concept by linking the lake directly to a field-based (isotopic) estimate of source area.
The general hypothesis that lake water chemistry is associated with contributing area
assumes flux rates and transport of solutes will be similar among the various catchments.
This may not be the case in surveys where soils or other catchment characteristics are
inhomogeneous. In particular, complications may arise if the catchments contain signifi-
cant and differing proportions of surface detention storage, i.e. evaporating surface pools
that may retain solutes, alter organic content, and enrich the isotope content of runoff, the

latter of which will lead to underestimation of contributing area. In the present survey,
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conducted within a region with a deep but variable organic layer, as well as variable
micro-topography and patchy occurrence of clayey mineral soils, the flux rates of mineral
and organic solutes are expected to be highly variable among contributing areas.

A further refinement to address this expected variability among catchments is the
effective area, which attempts to directly relate this variability in soil flux and transport
among catchments by including a chemical tracer. The equation for solute loading pro-
posed by Soranno et al. (1996) can be rearranged to reflect contributions from an un-
known effective area (EA, m?) with known total load. Total load was calculated as the
product of the isotope estimate of calculated lake inflows (Q,, m**yr') and observed lake
concentration (mgem-) which was divided by flux rate (F, mgem2eyr') and transmissivity

(T, dimensionless) to obtain a spatial source for the solute:

Qi[Na']
o A #FxT

i * L * (5)
2 CA

EA=

i=1

where A is the total area of a distinctive soil in the contributing area with flux rate F, and
transmissivity T.. If effective area is calculated from a conservative element such as Na*
then T approaches 1, theeA. for n distinct soils equals the contributing area size and
variation in effective relative to contributing areas must be related to differences in F..
Thus, among-catchment variation in effective area derived from Na* represents differ-
ences in soils through which water flows. The equation assumes Na* is a conservative
element at equilibrium in the lake and its concentration is directly dependent on loading
from the catchment.

In our study, the parameters A, and F,, were not known, and T, was assumed to be
1. An approximation for the combined AFT term of 4.34 mgemeyr' (0.189 meqem?eyr')
[Na*] was chosen based on a mean of reported flux rates for similar soils in an arctic

basin (Buttle and Fraser 1992) and from north-central Alberta (Shaw and Prepas 1990).
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The arbitrary selection of flux makes quantitative values of effective area rough estimates
only, however, the issue for this study was to describe variation in an unknown effective
area supplying solutes to each lake. Variation in effective area size was properl