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INTRODUCTION
CNC-IAHS is a committee of the Hydrological Section of the Canadian Geophysical Union (CGU-
HS). The main roles of CNC-IAHS are to

1) encourage and promote the participation of Canadian scientists in IAHS,

2) further the collaboration between IAHS and Canadian scientific organizations and

institutions, and

3) respond, on behalf of Canada, to scientific requests of IAHS.
CNC-IAHS also has an administrative role in seeking and supporting the nominations of Canadian
hydrologists to executive positions of IAHS and arranging the selection and nomination of National
Representatives and National Correspondents to IAHS Commissions and Committees. IAHS is one
of the seven associations of the International Union of Geodesy and Geophysics (IUGG).

The CNC-1AHS Executive

The Executive of CNC/IAHS consists of the Senior and Junior Canadian National Representatives
(NR) for IAHS plus the President and Vice-President of CGU-HS, the Presidents of the Canadian
Meteorological and Oceanographic Society (CMOS), the Canadian Water Resources Association
(CWRA) and the Canadian Chapter of the International Association of Hydrogeologists (CCIAH),
and one Member-at-Large elected from the general membership of CGU-HS. The Senior NR serves
as the Chair of the Committee and the Junior NR as Secretary. The current Chair of CNC-IAHS is
Professor Taha Ouarda, Institut national de la recherche scientifique (INRS-ETE), Université du
Québec; his term of Office will terminate in April 2005. The Secretary is Professor John Pomeroy,
Dept. of Geography, University of Saskatchewan, Saskatoon; he will act as Junior NR until 2005
when he will replace Professor Ouarda as Senior NR.

Major CNC-IAHS activities
Presently, the main activities of CNC-IAHS concern the XXIII General Assembly of IUGG at
Sapporo, Japan, in July 2003. These activities are the contribution of CNC-IAHS to the quadrennial
report of the Canadian National Committee for IUGG (CNC-IUGG) to be tabled at Sapporo, and
the Elections of IAHS Officers and those of the IAHS Commissions to be held during the Plenary
Administrative Session of I[AHS.

The IAHS election procedure was initiated in the fall of 2002 when CGU-HS and CNC-
IAHS circulated a call for the nomination of candidates to stand for office in the IAHS Bureau and
that of the IAHS Commissions. All terms of office are for the period 2003-2007 except for position
of President, which involves serving two years as President-Elect (2003-2005) and four years as
President (2005-2009). The result of the call for nomination resulted in no candidates for the IAHS
Bureau elections but two candidates were nominated for office in two IAHS Commissions. D. de
Boer was nominated for the position of Secretary of the International Commission on Continental
Erosion (ICCE) and A. Pietroniro for the position of President of the International Commission on
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Remote Sensing (ICRS). In addition two other Canadian candidates were nominated through a
separate IAHS procedure. These are: J. Barker for the position of Vice-President of the International
Commission on Groundwater (ICGW) and J. Gibson for the position of President of the
International Commission on Tracers (ICT). As all these four Canadian candidates are unopposed
for Office they will be elected by default.

Other current activities

A Canadian Journal of Hydrology: CNC-IAHS has opened discussions with CGU-HS and CWRA
on the opportunity of publishing a Canadian journal devoted to the hydrological sciences.
Publication of research in Canadian hydrology is presently fragmented between many journals of
varying scientific quality. However, the excellent quality of papers by Canadian hydrologists is
generally accepted internationally and would guarantee a high scientific credibility and widespread
circulation of such a publication.

There is interest amongst Canadian hydrologists in the IAHS Decade for Prediction of
Ungauged Basins as a substantial portion of Canada is poorly or ungauged compared to more
densely populated countries. Professor John Pomeroy of the University of Saskatchewan was
appointed to the Science Steering Group of PUB and has been asked by the International
Commission on Snow and Ice to promote cold regions hydrology issues within PUB.

The Montreal AGU-CGU Meeting, 2004: CNC-IAHS and CGU-HS are looking closely at
the need of attracting good Canadian convenors and proposals for special sessions on both Canadian
hydrology and the more universal scientific problems of water resources. There is interest in having
a special PUB session in Montreal.

Structure of the CNC-1AHS Quadrennial Report to UGG
The key elements of this report consist of a series of review papers on the progress of

Canadian hydrology for the period 1999-2003. Certain members of the Canadian hydrological

community were solicited by CNC-IAHS to prepare the works. The papers and authors are:

1) Advances in Canadian Forest Hydrology 1999-2003 (J.M. Buttle, I.F. Creed, R.D. Moore),

2) Advances in Canadian Wetland Hydrology (J.S. Price, B.A. Branfireun, J.M. Waddington, K.J.
Devito),

3) Snow, Frozen Soils and Permafrost Hydrology in Canada (M.K. Woo and P. Marsh),

4) Advances in River Ice Hydrology (B. Morse and F. Hicks),

5) A Revised Canadian Perspective: Progress in Glacier Hydrology (D.S. Munro),

6) Recent Canadian Research on Contemporary Processes of River Erosion and Sedimentation (D.
de Boer, M. Hassan, B. McVicar, and M. Stone),

7) Progress in Isotope Tracer Hydrology in Canada (J. Gibson, T.W.D. Edwards, S.J. Birks, N.A. St
Armour, B. Buhay, P. McEachern, B.B. Wolfe and D.L. Peters).

8) A Review of Canadian Remote Sensing and Hydrology, 1999-2003 (A. Pietroniro and R.
Leconte)

These same eight papers will also be submitted for peer review and publication as an insert in the

CGU-HS Special Issue of Hydrological Processes to be published in late 2003 or early 2004. The

Guest Editorial Board for this issue will be S. Beltaos, L. Martz, D. Moore, and T. Ouarda.

Submitted by H.G. Jones and J.W. Pomeroy for the Canadian National Committee-IAHS.
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Advancesin Canadian Forest Hydrology, 1999 — 2003

J.M. Buttle', LF. Creed?, and R.D. Moore®

1. Department of Geography, Trent University, Peterborough, ON, Canada K9J 7B8

2. Departments of Plant Sciences and Geography, University of Western Ontario, London, ON,
Canada K9J 7B8

3. Departments of Geography and Forest Resources Management, University of British Columbia,
Vancouver, BC, Canada V6T 172

Abstract:

Understanding the hydrological processes and properties of Canada’s varied forest types is critical to sustaining their
ecological, economic, social and cultural roles. This review examines recent progress in studying the hydrology of
Canada’s forest landscapes. Work in some areas, such as snow interception, accumulation and melt under forest cover,
has led to modelling tools that can be readily applied for operational purposes. Our understanding in other areas, such
as the link between runoff-generating processes in different forest landscapes and hydrochemical fluxes to receiving
waters, is much more tentative. The 1999 — 2003 period saw considerable research activity examining the hydrological
and biogeochemical response to natural and anthropogenic disturbance of forest landscapes, spurred by major funding
initiatives at the provincial and federal levels. This work has provided valuable insight; however, application of the
findings beyond the experimental site is often restricted by such issues as a limited consideration of the background
variability of hydrological systems, incomplete appreciation of hydrological aspects at the experiment planning stage,
and experimental design problems that often bedevil studies of basin response to disturbance. Overcoming these
constraints will require, among other things, continued support for long-term hydroecological monitoring programs, the
embedding of process measurement and modelling studies within these programs, and greater responsiveness to the
vagaries of policy directions related to Canada’s forest resources. Progress in these and related areas will contribute
greatly to the development of hydrological indicators of sustainable forest management in Canada.

INTRODUCTION
Forest covers 417.6 million ha of Canada’s land area (almost half the country), and plays critical ecological, economic,
social and cultural roles at the local, regional, national and global scales. Sustaining these roles depends in part on
knowledge of the dominant hydrological processes and properties of the forest landscapes in Canada’s various
ecoregions. This knowledge is critical to understanding such diverse issues as forest productivity; the quantity and
quality of water moving to receiving wetlands, streams and lakes; the role of forests in surface — atmosphere exchanges
of energy, water and carbon; and the physical and biogeochemical implications of disturbance to forest landscapes.
This last theme is of particular relevance given the scale and intensity of forest disturbance in Canada. Thus, ~0.4% of
Canada’s forests is harvested each year, while ~0.5% is disturbed by fire or insect outbreaks (Natural Resources Canada
1998). There is evidence that the balance between these forms of forest disturbance is changing. For example,
Schroeder and Perera (2002) noted that while the area burned within the managed forest area of Ontario remained
relatively constant at 0.5 million ha decade™ between 1951 and 1990, the total clearcut area increased from 0.5 million
ha (1951-1960) to >2 million ha (1981-1990). Our ability to understand, predict and manage the varied consequences
of these and other natural and anthropogenic disturbances to forest ecosystems, as well as our efforts to sustain the
ecological, economic, social and cultural roles of Canada’s forests, need to be based on sound hydrological principles.
This review builds on an earlier examination of the state of forest hydrology in Canada (Buttle et al. 2000), and
identifies progress on many of the major themes discussed in that review. Much of this progress has been driven by
several important funding programs initiated shortly before or during the period covered by the present review. These
have had an important influence on the location, intensity and objectives of research related to hydrological properties
and processes in Canada’s forest landscapes. Examples at the provincial level include the Forest Renewal British
Columbia (FRBC) program, which began in the early 1990s and provided a major impetus to forest hydrology research
in that province, and the Ontario Living Legacy program, which was initiated in the late 1990s and has supported
several projects related to the hydrological consequences of forest disturbance. The major initiative at the federal level
was the institution of the Sustainable Forest Management Network (SFMN). Its mission is to develop networks of
researchers from universities, industry, government and First Nations that will promote sustainable resource
management strategies for Canada’s forests. This network has supported considerable research into the hydroecological
implications of forest disturbance in Canada, the initial results of which were summarized in a special issue of the
Canadian Journal of Fisheries and Aquatic Sciences (Carignan and Steedman 2000).

PRECIPITATION AND SNOW PROCESSES
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Rainfall Interception, Throughfall and Stemflow

The limited Canadian research between 1999 and 2003 on interception, throughfall and stemflow during rainfall in
forest stands was mainly concerned with the role of these processes in forest nutrient cycling in forests and the effects
of acid deposition on nutrient fluxes from the canopy to the forest floor. The nature of specific hydrologic processes
received relatively little attention; nevertheless, the work is still relevant to forest hydrology. Thus, Houle et al. (1999a)
assessed the number of collectors required to measure throughfall depth associated with a predetermined error and
confidence level as a function of the measurement time interval for a mixed hardwood stand in Quebec. The results
assist in designing sampling strategies for estimating throughfall inputs in forest landscapes. Houle et al. (1999b)
examined ion deposition in precipitation, throughfall and stemflow in deciduous and coniferous stands in the same
drainage basin. Average annual interception in the deciduous and coniferous stands was 11 and 18% of total
precipitation, respectively, while stemflow contributed 3 and 1% of the annual net precipitation reaching the forest floor
in the deciduous and coniferous stands, respectively. All values agree with those reported in the literature. Gordon et
al. (2000) examined throughfall and stemflow fluxes in equal-age plantations of red, black and white spruce in central
Ontario. Absolute water fluxes were not reported; however, the relative ranking of throughfall fluxes was black spruce
> red spruce > white spruce, while the relative ranking of stemflow fluxes was white spruce > red spruce >> black
spruce. These differences were attributed to the unique morphologies (e.g. bark roughness, branch angle, crown
structure) associated with each species, and reinforce a recent call (Levia and Frost 2003) to consider morphological
properties when assessing interception, throughfall and stemflow studies conducting in differing forest types.

Yanni et al. (2000)’s use of the ForHyM2 model to simulate throughfall and streamflow in four forested basins in
south-western Nova Scotia provides an exception to the research focus of the previous studies. Three of the basins in
the Yanni et al. (2000) work were dominated by spruce and pine with variable amounts of hemlock and fir, while the
fourth basin was dominated by maple, oak, birch and beech. Modelled throughfall agreed well with measurements from
nearby basins (Percy 1989), and modelled average annual interception was 9.4% of mean annual gross precipitation. It
is worth noting that the authors had to add fog drip contributions of between ~150 to ~180 mm year™ to water inputs to
the basins to obtain good agreement between observed and simulated streamflows. More empirical studies are needed
to develop and validate models of this important but often-overlooked process in maritime forests on Canada’s east and
west coasts.

Snowfall, Snow Interception, and Snowmelt

Recent progress on snow accumulation and melt in forest landscapes can be placed into three somewhat-overlapping
categories: process-based research; integrated process- and modelling-based research; and modelling- and monitoring-
based research for operational purposes.

Process-Based Research

Winkler (2001) studied snow accumulation and melt in pine and spruce-fir mature stands, juvenile stands and clearcuts
at Mayson Lake and Upper Penticton Creek, south-central British Columbia. Smaller peak snow water equivalent
(SWE) occurred in forest cover than in clearcuts, with the exception of a juvenile spruce-fir stand. Average snowmelt
rates in forested stands were 0.4 — 0.9 X those in the clearcut at Mayson Lake and 0.6 — 0.7 X those in the clearcut at
Upper Penticton Creek, with no difference in melt rate between juvenile spruce-fir stands and the clearcut. Daily melt
rates from continuous lysimeter measurements showed earlier and more rapid melt in the juvenile-thinned pine stand
relative to the juvenile-unthinned pine stand and clearcut, while clearcut melt rates exceeded those in all other stands
later in the season. Stand structural properties provided significant explanations of standardized ratios of forest-to-
clearcut peak SWE and melt. A radiation budget model that incorporated the standardized ratio of forest-to-clearcut
melt successfully predicted measured snowmelt at Mayson Lake.

Murray and Buttle (2003) noted that most research into forest harvesting impacts on snow accumulation and melt
has been for coniferous forest stands. They compared snow accumulation and melt in adjacent hardwood maple and
clearcut stands in central Ontario, focusing on the role of slope aspect and canopy density in controlling inter-stand
differences in melt rates. As expected, accumulation and melt in the clearcut exceeded that in the forest stand; however,
the control of aspect on between-stand differences in melt rate was far greater than that of canopy.

Faria et al. (2000) built on previous work suggesting that melt rates within forest stands decrease with increasing
SWE (e.g. Buttle and McDonnell 1987) and that SWE varies at both the stand and intra-stand scales. They measured
changes in the spatial distributions of SWE before and during melt in five stands of differing canopy density in central
Saskatchewan. A log-normal distribution fit the pre-melt frequency distribution of SWVE within stands. Greater
variability in SWE resulted in earlier exposure of ground under spatially-uniform melt simulations; however, the spatial
distribution of daily melt was inversely correlated with SWE, which further accelerated snow cover depletion. Inclusion
of within-stand covariance of melt and SWE improved estimates of measured changes in snow-covered area relative to
simulations that only considered the effect of SWE distribution on snow-cover depletion.
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Integrated Process- and Modelling-Based Research

The distinction between this category and the next is that the modeling work in these studies is largely intended to
complement our understanding of hydrologic process. Woo and Giesbrecht (2000a) used energy balance estimates of
snowmelt in a subarctic spruce woodland that incorporated differential melt rates due to canopy shading. These
estimates were then used to examine the relationship between variability in mean daily snow depth and the spatial scale
at which snow depth was determined, and assessed the information loss occurring with increasing spatial scale of
aggregation. Information loss increased with snow depth variability as melt progressed, and this scale-induced
information loss should be considered when modelling snowmelt in regions exhibiting large spatial variations in melt
rates. Woo and Giesbrecht (2000b) presented a model to simulate snowmelt under a subarctic spruce tree, based on
physical melt processes, canopy geometry, and field-derived empirical functions and coefficients. Simulations
compared well with measured daily snow depths, and the tree canopy enhanced the snow surface’s longwave radiation
balance. Changing melt intensities produced by the tree’s presence induced a strong asymmetry in melt rates among
difference azimuths within and beyond the tree canopy. A companion paper (Giesbrecht and Woo 2000) used a
simplified version of the model to simulate melt in a subarctic spruce woodland using GIS. The model included
topographic and tree shadow effects on the radiative component of melt energy. Meteorological data from an open site
were used to estimate melt for zone types in the forest. Skewness of the snow depth distribution decreased as melt
progressed, while variability in snow depth increased. The authors cautioned that the error associated with using point
values of snowmelt to estimate spatially-averaged melt exceeded 200%.

Parviainen and Pomeroy (2000) extended the research of Pomeroy and colleagues into snow interception and
sublimation in forest landscapes summarized in the previous progress report on Canadian forest hydrology (Buttle et al.
2000). They coupled physically-based equations describing snow interception and sublimation processes with a one-
dimensional land surface scheme (the Canadian Land Surface Scheme CLASS — Verseghy 1991, Verseghy et al. 1993).
The coupled model was tested against measured sublimation in mature and regenerating jack pine stands in central
Saskatchewan. It provided good simulations for the mature stand, but did not estimate latent heat fluxes well during
events involving larger snow loads and incoming solar radiation. This was attributed to errors introduced by solving for
within-canopy humidity and to the role of subcanopy snow energetics not considered in the coupled model.

Modelling- and Monitoring-Based Research for Operational Purposes

The ForHyM2 model (Arp and Yin 1992) is an operational hydrology model designed to simulate water fluxes in forest
ecosystems using limited input data. Bhatti et al. (2000) used it to simulate snowpack depth in a jack pine site in
northeastern Ontario. The model gave good predictions of measured peak SWE, with greater SWE in open areas relative
to beneath the canopy, as observed elsewhere (see Murray and Buttle 2003 for review). Similar agreement between
measured and modelled SWE occurred when ForHyM2 was applied to forested basins in south-western Nova Scotia
(Yanni et al. 2000). Pomeroy et al. (2002) developed a model for predicting forest snow accumulation based on stand
properties (canopy density, leaf area index) and seasonal snow accumulation or seasonal snowfall in nearby small
clearings (). The work was done in the Wolf Creek basin in the Yukon and in central Saskatchewan. The model was
based on physically-based snow interception equations derived from previous work by Pomeroy and colleagues, and
was consistent with Kuz’min’s (1960) relationship between snow accumulation in a forest (&) and canopy density (C.):

S, =S,(1-0.37C,) [1]

The authors suggested that relationships of this form are spatially transferable between cold climate forests.

Hudson (2000) examined aspects of hydrologic recovery during stand regeneration. This is an important theme in
forest hydrology that is closely linked to the issue of sustainable forest management. Hudson compared snow
accumulation and melt in regenerating stands in coastal British Columbia across a range of canopy heights, based on the
assumed relationship between canopy height and degree of stand regeneration. Recovery factors were calculated using
linear interpolations between extremes defined by the peak accumulation or melt rate of old growth and clear-cut
equivalent plots. There was rapid initial recovery, and an asymptotic exponential model provided a reasonable
description of recovery as a function of either canopy height or canopy density. The results suggested a hydrologic
recovery threshold where the height of the tallest trees in the stand is roughly equal to the mean peak snowpack depth
for open sites. Relationships of this type can be used to estimate the degree to which regenerating stands have reached
complete hydrologic recovery. However, tree height provided relatively poor predictions of hydrologic recovery in
juvenile forest stands in south-central British Columbia (Winkler 2001). The largest proportion of variability in forest
peak SWE relative to that in the open was explained by crown volume, length and closure, while melt was best
predicted by the square root of basal area. Winkler suggests that incorporation of stand-structure variables that
represent snow interception and shading under varying forest cover conditions provides a sounder means of estimating
hydrological recovery than use of tree height alone.

The Hgy concept has been used in western Canada and the United States to relate snow-covered area in mountain
basins to basin peak flows during spring melt. The Hg line is the elevation above which 60% of the basin lies, and
Garstka et al. (1958) found that peak stream flow occurrence from a Colorado basin corresponded to a snow-free area of
roughly 60%. Thus, the snow-covered area above the 60% line can be considered to be the major source area of water
contributing to peak flows. The Hg, concept has been used to guide the planning of forest harvesting operations in the
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southern British Columbia interior, based on the untested assumption that forest removal above the Hg, line will
increase SWE and melt, and thus runoff contributions to peak flows. Gluns (2001) evaluated the applicability of the He
concept to conditions in interior British Columbia using measurements of snowline elevation and streamflow for five
snowmelts in two small basins near Nelson, British Columbia. About 65% of each basin was snow-covered at the time
of peak flow, suggesting that the Hqy concept is a valid planning tool for evaluating forest-harvesting plans in south-
central British Columbia.

RUNOFF PROCESSES AND BASIN WATER BALANCE

There does not appear to have been as much research on this topic as was summarized in the progress report. Despite
this, many of the same issues related to runoff production and streamflow generation highlighted by Buttle et al. (2000),
such as the role of various runoff processes in forest landscapes, the degree of hydrological coupling between hillslopes
and receiving waters, and the influence of this coupling on basin streamflow characteristics, have also been examined in
several studies since 1998. Much of this work has formed part of larger multi-disciplinary studies, such as the Boreal
Ecosystem — Atmosphere Study (BOREAS) and the Canadian GEWEX programme.

Forested Precambrian Shield

A major impetus for research into runoff processes in forested basins continues to be an interest in the response of
terrestrial and aquatic ecosystems on the Canadian Shield to acid deposition. This work recognizes the important role
that runoff processes and water flowpaths exert on the chemistry of water moving through terrestrial ecosystems and
discharging to streams, lakes and wetlands. Much of this research during the past five years was conducted at two long-
term research sites: the Turkey Lakes Watershed in central Ontario, and the Muskoka-Haliburton area of south-central
Ontario.

Hazlett et al. (2001) related the chemical composition of stream and soil water from two first-order basins in the
Turkey Lakes Watershed during snowmelt to assess flowpaths to streams. Snowmelt inputs bypassed the deeper soil
zone in the high-elevation basin, reducing buffering of snowmelt acidity. There was relatively greater input of deeper
soil water in the low-elevation basin, resulting in higher pH and base cation concentrations and smaller Al levels in
streamflow. Semkin et al. (2002) used silica as a conservative tracer in a mixing model approach to estimate
contributions to streamflow from pre-melt streamflow, water routed through the forest floor, and water routed through
the upper mineral soil during five snowmelts in the high-elevation basin studied by Hazlett et al. (2001). On average,
pre-melt streamflow, and water routed through the forest floor and upper mineral soil contributed 9, 28, and 63%,
respectively, of basin discharge. A greater proportion of forest floor water was delivered at maximum stream discharge.
Semkin et al. (2002) argued for the development of a perched water table above the contact between the surficial
ablation till and underlying basal till in the basin. This shallow groundwater initially delivered water to stream through
the upper mineral soil, and eventually (at maximum discharge) rose to intersect the ground surface and deliver runoff as
return flow. Flow from the deeper till was insignificant, consistent with soil water and streamflow chemistry
relationships presented for this basin by Hazlett et al. (2001). Buttle et al. (2001b) examined groundwater
characteristics during spring snowmelt for the two basins studied by Hazlett et al. (2001). Isotopic signatures were used
to estimate groundwater residence times. Depth to the piezometric surface was shallower and there was a marked
increase in groundwater residence time with depth in the high-elevation basin, consistent with the shallow flowpaths
suggested by Hazlett et al. (2001) and Semkin et al. (2002). Greater depths to piezometric surfaces and similar
residence times for shallow and deeper groundwater in the low-elevation basin also agreed with Hazlett et al.’s (2001)
suggestion that deeper water flowpaths play a greater role in this basin. This study also found no consistent
relationships between groundwater characteristics and the Beven and Kirkby (1979) In(a/tanf) topographic index for
either basin.

Studies of runoff processes in the Muskoka-Haliburton area of south-central Ontario have focused on the role of
preferential pathways in transporting water through forest slopes. Buttle and Turcotte (1999) examined the control of
throughfall and pre-event soil water characteristics on throughfall partitioning between overland and subsurface flow
and between bypassing flow and translatory flow at the slope scale. Overland flow occurred under intense throughfall
and decreased antecedent soil wetness, suggesting this pathway was most effective during drought conditions which
promoted hydrophobicity of the organic layer. This finding echoes that of Biron et al. (1999), who hypothesized that
soil hydrophobicity limits infiltration in forest soils during dry conditions in order to account for rapid surface runoff (as
inferred from streamwater chemistry) over unsaturated near-stream soils in a small forested basin near Montreal,
Quebec. Buttle and Turcotte (1999) noted that vertical bypassing flow was independent of pre-event soil water content,
but was directly related to throughfall intensity. The strong association between throughfall intensity and slope runoff
suggested that coupled vertical and lateral macropore flow controlled runoff generation during small-to-medium size
events. Their hypothesized increase in translatory flow displacement of pre-event soil water on the slope with larger
events and greater antecedent wetness was partly supported by Buttle et al.’s (2001a) summary of natural and artificial
tracer studies on the slope. Comparison of the spatial distribution of soil macroporosity on the same slope with
measured and modelled point infiltration characteristics showed that sites with greater surface-derived macroporosities
had increased bypass flow to depth (Buttle and McDonald 2000). Examination of the links between this vertical
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preferential flow and slope scale runoff during artificial irrigations showed that lateral macropores made a minor
contribution to slope runoff, which was dominated by flow in a thin layer above the soil-bedrock interface (Buttle and
McDonald 2002). This flow occurred in a highly conductive zone at the bedrock surface and in the overlying soil
matrix, and showed complex mixing of event and pre-event water. Vertical macropore flow was independent of
antecedent soil wetness (consistent with Buttle and Turcotte 1999); however, antecedent soil wetness combined with
soil depth and bedrock topography to determine the thickness, connectivity and upslope extent of the pre-event
saturated layer above the bedrock surface. These properties of the saturated layer in turn controlled whether vertical
preferential and matrix flow reaching the bedrock surface participated in slope runoff.

Hypermaritime Forest Landscapes

The benefits of combined hydrometric and tracing approaches to examine hydrological processes were highlighted in
Gibson et al.’s (2000) study of runoff generation on bog — forest uplands in the Prince Rupert area of coastal northern
British Columbia. A three-component isotope hydrograph separation showed that shallow hillslope groundwater
accounted for 85% of peak streamflow during a mid-summer rainfall. Analysis of baseflow discharge and isotopic
response also permitted estimation of groundwater mean residence time and soil storage capacity in the study basin. An
important contribution was the use of systematic shifts in deuterium excess of rainfall for labeling shallow and deep
groundwaters based on their residence time signatures. The work also reinforced the value of using reactive tracers (in
this case dissolved organic carbon - DOC) to study water cycling processes.

Forested Landscapes Underlain by Permafrost
Research has focused on the role of permafrost in controlling temporal and spatial patterns of slope runoff and its
contribution to streamflow generation. Carey and Woo (1999) examined north- and south-facing subarctic forested
slopes in the Wolf Creek basin in the southern Yukon. The south-facing slope had earlier snowmelt but no lateral
surface or subsurface flow, since meltwater infiltrated the seasonally frozen soil cover with low ice content. Summer
moisture exchanges were dominated by infiltration and evaporation. Conversely, deep percolation during snowmelt
was hindered on the north-facing slope, which had an organic layer overlying clay sediments with permafrost. This led
to surface runoff in rills and gullies and subsurface flow through pipes and the organic soil matrix. Soil pipes occurred
at the organic and mineral soil horizon interface, and transmitted water only when the water table was within or above
this interface (Carey and Woo 2000). Pipe flow was described by the Manning equation combined with estimates of
contributing areas, which were relatively small but changed in extent with slope wetness. Pipeflow made a significant
contribution to slope runoff during snowmelt; however, matrix flow within the organic layer dominated runoff when
ground thaw lowered water tables. Carey and Woo (2000) concluded that models of hydrologic processes in permafrost
environments must consider the control the frost table exerts on the phreatic surface, and thus on the potential for
pipeflow. Subsurface flows on the north-facing slope during the summer were confined to the conductive organic layer.
Slope evaporation decreased as both frost and water tables descended during the summer. Initial results of Carey and
Woo (1999) were extended (Carey and Woo 2001) through examination of slope water balances during snowmelt and
summer periods on four contrasting aspects. Snowmelt runoff was confined to slopes with organic soils with an ice-rich
base that prevents meltwater infiltration. Flow was unimpeded through frozen but porous organic materials, and lateral
runoff was initiated when the organic layer’s storage capacity was exceeded. Summer runoff was confined to wet
organic-covered slopes, with larger flow from slopes where the water table was close to the surface. For some slope
segments, inflow from upslope relative to outflow at the slope base significantly affected the slope water balance. The
slope remained wet and runoff was enhanced when inflow equaled or exceeded outflow; however, minor inflow from
upslope led to lowering of the water table, reduced runoff in the organic layer and drying of near-surface soils.
Permafrost slopes and organic horizons were the principal controls on streamflow generation in subarctic basins.
Interactions between SWE, rainfall magnitude and timing, thaw depth and antecedent levels in surface water stores
also controlled water balance dynamics and streamflow generation in a boreal forest basin in northern Manitoba
(Metcalfe and Buttle 1999, 2001). Inter-annual differences in the amount and timing of rainfall inputs relative to active
layer thickness largely dictated the degree to which surface stores on slopes and in wetlands become filled by initial
meltwater inputs. These differences in storage capacity in turn controlled whether subsequent meltwater and rainfall
were exported as streamflow. Isotopic and geochemical hydrograph separations showed that meltwater dominated
streamflow during conditions of intense melt on slopes with limited soil thawing combined with large pre-melt storage
in surface depressions (Metcalfe and Buttle 2001). Conversely, smaller melt intensities combined with deeper active
layers and smaller storage levels in basin wetlands led to subdued streamflows largely supplied by older water routed
through less-permeable deeper peat layers and mineral soil.

Methodological Issues Related to Runoff Processes in Forest Landscapes

Hydrological research in forest landscapes increasingly requires data on soil water content. Time domain reflectometry
(TDR) is becoming the method of choice for obtaining such data, due to its ease of operation and ability to be coupled
with data loggers for continuous measurement of water content at various depths and locations. Spittlehouse (2000)
reviewed the methodological challenges facing the use of TDR to measure soil water content in stony soil, and
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discussed various factors to be considered when calibrating the TDR. Greater soil water contents were measured in a
clearcut relative to a forest site in southern interior British Columbia, consistent with previous work suggesting that
removal of forest canopy should increase soil water contents due to reduced interception and evaporation losses (e.g.
Elliott et al. 1998). Instead, Spittlehouse attributed the clearcut soil water content to the smaller average stone content
of its soils, and highlighted the need to consider soil properties when interpreting the hydrological consequences of
forest disturbance.

Estimation of runoff fluxes and water balance components in Canada’s forest regions is severely limited by a
shortage of hydrometric monitoring stations, as well as the short record length often associated with such stations
(Prowse 1990). These stations are also frequently located on large rivers (>1000 km?), and hydrologic data are
generally unavailable for lakes and streams that may be impacted by harvesting operations at the scale of a forest
management plan (10 — 100 km?). In response to this data limitation, Gibson (2001) described the use of the
evaporative enrichment of stable environmental isotopes (oxygen-18 and deuterium) in surface waters as an indicator of
water balance variations in forest and tundra landscapes of northern Canada. He reviewed the assumptions underlying
the approach, along with the applicability of an isotopic steady-state model to lakes of varying size. The method
provided reasonable estimates of basin-wide evaporation rates, and permitted discrimination between evaporative and
transpirative losses when combined with total evapotranspiration estimates from hydrometric methods. This approach
was extended by Gibson et al. (2002) to estimate throughflow, residence time and basin runoff to 70 headwater lakes in
northern and north-central Alberta. Runoff to lakes in wetland-dominated basins exceeded that in upland-dominated
lakes, with generally greater runoff from basins with low bog/fen ratios. However, there was no clear indication that
forest disturbance (either by harvesting or fire) resulted in a significant change in runoff/precipitation ratios relative to
reference lake basins. Nevertheless, Gibson et al. (2002) contended that the approach provides a useful added tool for
studying the hydrological controls on lake chemistry and ecology, and for assessing the hydrological consequences of
forest disturbance.

There is increasing use of hydroecological models to simulate runoff production and streamflow generation in
forest landscapes, both in Canada (e.g. Alila and Beckers 2001, Whitaker et al. 2003) and in other countries (e.g. Tague
and Band 2001). Such models often use digital topographic data to simulate spatial variations in basin wetness and to
route water from slopes to the stream channel. However, the degree to which surface topography reflects the hydraulic
gradients driving shallow subsurface flow in forest basins is often unclear. Hutchinson and Moore (2000) examined
this issue based on measurements of hillslope outflow at nine throughflow troughs installed at a road cut on a forested
slope in the lower mainland of British Columbia. They also measured the spatial distribution of the water table draining
to the troughs. The upslope contributing area derived from topography of the underlying basal till provided a
reasonable description of throughflow distribution across the slope at low flows; however, surface topography was a
better approximation of water table form at high flows. Estimates of effective hydraulic conductivities (Ky) at slope
widths <10 m varied over two orders-of-magnitude and showed no consistent relationship with saturated layer
thickness. Conversely, there was a linear increase in Ky with saturated layer thickness for greater flows at slope widths
of ~10 m. All Ky versus saturated layer thickness profiles contradicted the parabolic and power-law transmissivity
profiles sometimes assumed by hydrological modelers. Hutchinson and Moore (2000) also noted that shunting of water
by discrete macropores can overwhelm topographic controls on throughflow at slope widths <10 m.

FOREST HYDROCHEMISTRY

Our knowledge of the impacts of acid deposition and climate change on biogeochemical cycling in forests is based on a
limited number of basin studies. Significant variability in sulphur (S) and nitrogen (N) export among basins within a
relatively small region has been reported within eastern Canada (e.g., Creed and Band 1998a, 1998b, Devito et al. 1999,
Beall et al. 2001, Watmough and Dillon 2002) and therefore information obtained from a single basin study may not
accurately reflect the sensitivity of the majority of forest basins in a given region to acid deposition and/or climate
change (Watmough and Dillon 2002). Wetlands, a common feature in Canadian forests, represent critical interfaces
between slopes and receiving streams and lakes. Significant relationships have been observed between the proportion
of wetlands in basins and export of DOC (Prepas et al. 2001a, Creed et al. 2003), phosphorus (P) (Devito et al. 2000,
Evans et al. 2000, Prepas et al. 2001a), N (Prepas et al. 2001a), and S (Devito et al. 1999). The reader is directed to
Advances in Canadian Wetland Hydrology, 1999-2003 (Price et al. this issue) for a more comprehensive discussion of
biogeochemical cycling in and export from wetlands. Studies focused on the interactions of hydrological and
biogeochemical cycles and their impacts on basin export of S and N in forests are discussed below.

Sulphur

Forests have received reduced S deposition since the early 1980s, leading to the expectation of reductions in sulphate
(SOy4) export from basins; however, SO, export downstream of wetlands in some basins persists (Dillon and LaZerte
1992). Mass balance studies showed a net export of SO, following summer droughts in a forested swamp located in a
basin with shallow tills (< 1m), but net retention of SO, in a forested swamp in a basin with deeper tills (= 1 m) (Devito
1995). Devito and Hill (1999) examined the relationship between water table elevation, SO, mobilization versus
immobilization in the surface peat of wetlands, and SO, export from basins in central Ontario. They also estimated the
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depth to which SO4 mobilization occurs in the wetland in order to quantify SO4 pools available for future export pulses.
They found a critical threshold response of increased SO, mobilization when the water table declined such that the
capillary fringe no longer extended to the surface (i.e., = 25 cm), resulting in drainage and aeration of the peat. The
total S pool in wetlands suggested that recovery periods resulting from recent reductions in S deposition by streams
draining wetland-dominated basins may be significantly longer than those observed for upland-dominated basins
(Devito and Hill 1999).

In order to predict which landscapes are most susceptible to prolonged acidification from atmospheric deposition,
Devito et al. (1999) explored how widespread the SO,4 pulse phenomenon was and which wetlands were susceptible to
water table drawdowns and therefore episodic SO, release following droughts. They found that classifying basins based
on < or = 50% coverage of uplands with a till depth > 1m helped to identify which basins with wetlands produce large
SO, export following dry conditions. Basins with predominantly shallow tills (< 1 m) in the uplands were characterized
by transient upland-wetland hydrologic connections that promoted large water table drawdowns, re-oxidation of
accumulated S in the wetlands, and large SO, export. In contrast, basins with predominantly deep tills (= 1m) were
characterized by continuous upland-wetland hydrologic connections, leading to smaller water table drawdowns and
smaller SO, export (Devito et al. 1999). Eimers and Dillon (2002) expanded this conceptual model by examining a
gradient of basins varying from no wetland coverage to significant wetland areas and till depths ranging from <1 m to =
1 m. The basins showed a high degree of synchrony in inter-annual patterns of SO, export, suggesting that processes
affecting the entire basin (i.e., both upland and wetlands) are involved in net SO, export. They suggest that: (1) reduced
atmospheric S loading in basins with no wetlands may result in desorption of SO, that was previously adsorbed when S
loading was higher as the soils shift toward an altered “equilibrium state” (sensu Reuss and Johnson 1986); and (2)
warmer and drier climatic conditions in basins with or without wetlands result in higher mineralization rates of organic
S compounds in both upland and wetland soils and greater S export (Houle et al. 2001, Eimers and Dillon 2002).

Nitrogen

In contrast to S, N deposition rates have not changed since the 1980s, leading to continued concerns regarding N
saturation of forest ecosystems (Aber et al. 1989). Increased nitrate-N (NO3-N) export from forest slopes to receiving
surface waters is a diagnostic for N saturation of forests (Stoddard 1994), but the source of NO3-N and the processes by
which NOs-N is mobilized from the slope to the stream remain unclear.

Creed et al. (2002) characterized the spatial heterogeneity in total N and potentially mineralizable N (PMN)
pools in soils in a deciduous forest in central Ontario. They hypothesized that topography regulates the spatial pattern of
these pools through a combination of static factors (slope, aspect and elevation) that influence radiation, temperature
and moisture conditions, and dynamic factors (catenary position, profile and planar curvature) that influence downslope
transport of materials. This hypothesis was tested using statistical models to explore the topographic basis for the
pattern of N and PMN pools. Random sampling resulted in multiple linear regression and tree regression models that
produced similar totals (i.e., within 5% of each other) but dissimilar patterns of the pools, with the latter producing a
more realistic heterogeneous distribution of N. Static factors were the most important predictors of the pattern of N
pools; however, the authors acknowledge that a hydrologically-based sampling strategy may have produced a model
where both static and dynamic factors were predictors.

Spoelstra et al. (2000) used N/*N and '*0/'°0 isotopic ratios of nitrate-N to determine the source of NO;-N
exported from deciduous basins in central Ontario. Although external N (i.e., atmospheric deposition of NOs-N and
ammonium-N [NH4-N]) was significant, internal N (i.e., NO;-N produced by nitrification of NH4-N) was the dominant
source of NO3-N exported from basins. Lamontage et al. (2000b) used NO3-N labeled with '°N to evaluate where N
inputs are stored in a coniferous basin in western Ontario. In the short term (few years), the surface organic horizons of
forest soils were the main sinks for N inputs to the forest; however, a comparison of a N mass balance analysis with N
recovery revealed a significant missing sink for ’N which the authors suggested was fine or coarse woody debris on the
forest floor. Lamontagne and Schiff (1999) demonstrated considerable spatial heterogeneity in N sinks within a forest
landscape. Forest “islands” were N sinks while the lichen, moss, and grass community on surrounding bedrock
outcrops were N sources. Although forest islands covered a small proportion of the basin, they had a major impact on
NOs-N export because most of the water leaving the basin had to move through at least one forest island before leaving
the system (Lamontagne and Schiff 1999). Future studies must consider the pattern of N pools, N sources versus N
sinks, and the hydrological connectivity among these functional groups for more effective models of N export from
basins.

The N flushing hypothesis (Creed et al. 1996) has been used to explain the natural variability in N export from
basins. N flushing may be regulated by matrix processes via water table fluctuations or by macropore processes via
preferential flow pathways. Mechanisms of mobilization from N pools to streams were investigated by Hill et al.
(1999) and Buttle et al. (2001a). Hill et al. (1999) hypothesized that NO3-N flushing occurs by macropore preferential
flow pathways that mobilize NO;-N rapidly from the surface soil horizon both down the soil profile and down the slope,
and that the N chemistry of subsurface stormflow was controlled by mixing of event water moving via macropore flow
with pre-event soil matrix water. There was no evidence of NOs-N flushing, and NOs-N concentrations in subsurface
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storm flow were small despite input inorganic N concentrations several orders of magnitude larger than in the mineral
soil water. As water infiltrated the soil, high rates of microbial immobilization of NO;-N, low rates of net N
mineralization, and no net nitrification in the surface soil horizon resulted in small inorganic N concentrations in pre-
event soil water and therefore little or no NO3-N flushing. The N in subsurface storm flow at the soil-bedrock interface
consisted of N in event water transported via macropores (Hill et al. 1999; Buttle et al. 2001a). These studies emphasize
the need to consider how hydrology, topography (of both the surface and bedrock surface) on forest slopes interact with
soil processes to control N export.

These complex interactions between acid deposition impacts in the face of climatic variability and extreme climatic
events in the short term, and climate change in the long term, mean that generalization of observed short-term patterns
to longer time scales must be approached with caution (e.g., Biron et al. 1999, Courchesne et al. 2001).

HYDROLOGICAL AND HYDROCHEMICAL ASPECTS OF FOREST DISTURBANCE

Several studies during the past four years have improved our understanding of surface water (stream and lake) response
to basin disturbance, including deforestation by clearcut harvesting and wildfire (cf. Carignan and Steedman 2000).
Most of this work has focused on the boreal forest, which comprises 32% of Canada’s forest cover (Natural Resources
Canada 1998). Current strategies for forest management assume that harvesting activities emulate wildfire and
therefore will sustain boreal forest dynamics. This assumption is based on the effects of wildfires on terrestrial
ecosystems, and does not consider aquatic ecosystems (cf. Pinel-Alloul et al. 2002). Several major research programs
were initiated to investigate the effects of human activity on the hydrological and biogeochemical linkages between the
land and waters in forested landscapes in Canada.

Natural Variability of the Hydrologic System

We examined the 30-year hydrological patterns in different forest regions of Canada to provide a hydrological template
to facilitate comparison of the conclusions of published studies. First, we analysed total annual precipitation (P),
potential evapotranspiration (PET), and discharge (Q) to assess the dominance of these components of the hydrologic
budget in different forest regions. Patterns of P, PET, and Q suggest significant differences in the magnitude of land-
atmospheric versus land-aquatic hydrologic exchanges among the forest regions. For example, selected sites in the
boreal forest show P<PET in the Boreal Cordillera, PCPET in the Boreal Plain, and P>PET in the Boreal Shield.
Changes in the hydrologic balance as one moves from the western to the eastern edges of the boreal forest will have
important implications for predicting the potential impacts of forest disturbance on these hydrological systems.

Second, we examined the cumulative departures from normal monthly precipitation (CDNP) and temperature
(CDNT). Positive slopes of CDNP and CDNT indicate wetting and warming conditions, respectively, while negative
slopes for both graphs indicate drying and cooling climatic conditions compared to the long-term average (Winter et al.
2001). There is substantial heterogeneity in climatic conditions, and therefore our selected sites should not be
considered representative of the each physiographic region. We chose sites closest to the geographic region within
which previous studies of the impacts of forest disturbance on hydrology were conducted. Cumulative departures from
monthly precipitation or temperature are useful in depicting the naturally-occurring oscillations in climatic conditions.
For example, the selected stations have precipitation signals that show: (1) large variability with multiple major
overlapping climatic oscillations ranging from a few years to decades (e.g., Boreal Shield); (2) moderate variability with
a single minor climatic oscillation of about 10 years (e.g., Boreal Plain); and (3) small variability with no apparent
climatic oscillations (e.g., Boreal Cordillera). The selected stations show similar variability in the temperature signals.
Of interest is the fact that sites in the boreal forest with relatively small variability in precipitation show relatively large
changes in temperature (e.g., Boreal Cordillera) and those with relatively large variability in precipitation show
relatively small variability in temperature (e.g., Boreal Shield).

Our analysis highlights the importance of discriminating the disturbance “signal” from the naturally variability
of background “noise” when quantifying the impacts of forest disturbance on hydrology and the physical, chemical, and
biological characteristics of aquatic ecosystems that hydrology regulates in Canadian forests.

Disturbance by Harvesting and Wildfires

There were few studies of the potential impacts of timber harvesting on surface waters to report in the previous review
on forest hydrology in Canada (Buttle et al. 2000). In contrast, in this review has noted many studies on this topic
during the 1999 — 2003 period, including those from several watershed manipulation experiments. The introduction to a
Special Issue of the Canadian Journal of Fisheries and Aquatic Sciences on the impacts of forest disturbance on aquatic
ecosystems [Volume 57 (Suppl. 2), 2000], identified the main science questions underlying contemporary concerns
about the sustainability of aquatic ecosystems as: (1) has human activity compromised the ability of forests to produce
clean water and support productive and diverse aquatic biota?; and (2) will new stresses have a synergistic or
antagonistic effect on existing stresses? The following summarizes studies that address these two questions.

Response to Disturbance — Streams
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Water Quantity. Prevost et al. (1999) used a paired-basin approach to examine the effects of draining a forested
peatland in Quebec (Table 1). Baseflow was increased by 25% following ditching in the treatment basin. Peak flows did
not appear to be affected by the drainage; however, a definitive conclusion could not be drawn due to the lack of high
flow events during the calibration period.

McFarlane (2001) used a retrospective paired-basin approach to find control and treatment basin pairs from 66
gauged basins in southeastern British Columbia. After finally chosing two basin pairs, he found that although specific
changes in peak flow could be identified, these changes could not be conclusively related to removal of forest cover.
The results did not support a threshold level of harvesting above which changes in peak flows could be detected.
McFarlane noted that high statistical power for detecting hydrologic changes requires more years of data collection than
are generally available in paired-basin experiments. This can lead to a failure to reject the null hypothesis of no change
when in fact change may have occurred.

Caissie et al. (2002) examined streamflow changes at Catamaran Brook, New Brunswick, for two sub-basins
subjected to clearcutting of 2.3% (Middle Reach) and 23.4% (Tributary 1) of the basin areas. Annual and seasonal water
yield at Middle Reach did not change following harvesting, based on comparisons of post-harvest data with pre-logging
regressions, which used water yield for the Little Southwest Miramichi River (basin area 1340 km?) as the predictor
variable (i.e., statistical control). Regressions between peak flow and stormflow volume for Middle Reach against storm
rainfall did not differ significantly between pre- and post-logging periods. Comparison of pre- and post-harvest
regressions of Tributary 1 peak flow against both storm rainfall and Middle Reach peak flow indicated that harvesting
increased peak flow magnitude. However, there was no statistically-detectable effect on storm flow volumes at
Tributary 1.

Buttle and Metcalfe (2000) examined streamflow response to boreal forest disturbance (fire and harvesting) in six
sub-basins of the Moose River basin, northeastern Ontario, two with "medium" drainage areas (400-1100 km?) and four
with "large" (6800-12000 km?). They determined the extent of forest disturbance in each basin using remote-sensing
images from two dates, and analysed streamflow data using an after-the-fact pairing for the medium and large basins,
with the least disturbed basin in each size group serving as a control. Disturbance effects on annual runoff and peak
flows could not be detected by double-mass curves and trend analysis. However, changes in small and medium flows in
two basins appeared to be related to forest disturbance in the medium and one large basin, respectively.

Whitaker et al. (2003) explored the effects of different forest harvesting scenarios on streamflow by applying the
Distributed Hydrology-Soil-Vegetation Model (DHSVM) to Redfish Creek, a mountainous snowmelt-dominated basin
in the southern interior of British Columbia. Comparisons of modelled and observed SWE and snow-covered area
agreed reasonably, supporting the validity of the simulated snowmelt inputs. The simulations revealed significant year-
to-year variations in the effect of harvesting on streamflow, particularly peak flow, in agreement with empirical results
from 30 years of post-harvest data at Fool Creek, Colorado (Troendle and King 1987). Simulations indicated that
harvesting below the Hg elevation did not influence peak flows, since the snow had melted from that zone by the time
of peak flow. This supports use of the Hg, elevation as the basis for a weighting factor in the calculation of equivalent
clearcut area within the Interior Watershed Assessment Procedure (British Columbia Ministry of Forests and Ministry
of the Environment 1999).

The activity reported here represents a significant improvement on research into the effects of forest disturbance on
streamflow regimes cited in Buttle et al.’s (2000) previous review. Nevertheless, there is still a relative shortage of
empirical studies on disturbance impacts (both natural and anthropogenic) on water yields, peak and low flows in
Canada’s various forest landscapes. This contrasts with the lively and ongoing debate regarding the influence of forest
management on peakflows in the Cascade Mountains of western Oregon (Jones and Grant 1996, Thomas and Megahan
1998, Beschta et al. 2000), and the recent call in the United States to examine harvesting impacts on flooding during
extreme events under a range of management practices, physiographic conditions, and event types (DeWalle 2003).
The absence of studies specific to the Canadian environment means that inferences about forest disturbance impacts on
a basin’s hydrologic regime are often drawn from work conducted in other parts of the world. This is illustrated in
Scherer’s (2001) review of studies on the impacts of forest-cover removal on peak flow magnitude and timing, water
yield and low flows relevant to conditions in the central and southern interior of British Columbia. Only five of the 18
studies were conducted in Canada, with the remainder from Arizona, Colorado, Idaho, Montana, Oregon and Utah. The
issue of importation of research results to the Canadian context is an important one. In some cases importation is
hampered by the absence of analogues to the Canadian situation, such as the large-scale harvesting and fire disturbance
occurring in the boreal Shield and boreal plains landscapes. In cases where harvesting under similar forest cover and
climatic conditions is being done elsewhere, direct importation of research results may not be appropriate. For
example, some hydrologists in British Columbia are questioning the extent to which the non-glaciated Oregon Coast
Range provides a good model for glaciated British Columbia environments. In addition, many U.S. studies of forest
harvesting impacts on basin streamflow conducted in the 1960s and 1970s employed practices, particularly in relation to
road construction and maintenance and site preparation (e.g. slash burning), that are no longer in use.

Stream Temperature. Four studies used basin-scale experiments to document the effects of forest management on
stream temperatures (Table 1). Prevost et al. (1999) found that draining a forested peatland decreased weekly minimum
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temperature by 2°C and increased weekly maximum temperature by 7°C. Water temperature in the drained basin often
reached 25°C or more. Bourque and Pomeroy (2001) detected slight warming after harvesting in four streams, despite
retention of generous riparian buffers. They attributed the warming to advection of heated subsurface water from the
cutblocks. They also related variations in pre- and post-harvest temperatures among treatment streams to indices of
solar irradiance on the streams and cutblocks and mean slope gradient in the cutblocks. Mellina et al. (2002) found that
both of their study streams cooled in the downstream direction, even after harvesting reduced riparian canopy cover to
about half its pre-treatment value. They attributed this cooling to the presence of small lakes upstream of the study
reaches, where temperatures became greater than the equilibrium temperature for conditions in the stream reaches. A
synoptic survey of lake-headed and non-lake-headed streams having a range of forest management histories confirmed
that stream reaches exhibit downstream cooling for some distance below small lakes, even through cutblocks. Despite
this downstream cooling trend, there was a net warming of up to about 2-4°C (in terms of daily maximum temperature)
during August at the downstream ends of the cutblocks, in comparison with predicted temperatures based on a pre-
logging regression with the control. Curry et al. (2002) found that fall season water temperatures were greater in a
stream with no buffer, but a treatment effect could not be detected in a stream with a 20-m buffer. To isolate treatment
effects, Curry et al. used an analysis of covariance (ANCOVA) on daily mean water temperature, with daily mean air
temperature as a covariate. Curry et al. also found that temperatures in brook trout incubation habitats were similar to
surface water temperatures, reflecting the dominance of downwelling hyporheic flow over upwelling groundwater.

Several studies modelled stream temperature. Caissie et al. (2001) related maximum daily water temperatures at
Catamaran Brook, New Brunswick, to air temperatures using both logistic regression and stochastic models. The
stochastic model included a sine component for the seasonal cycle and a second-order Markov process to account for
short-term deviations. St-Hilaire et al. (2000), also focusing on Catamaran Brook, modified the CEQUEAU parametric-
conceptual model to account for lateral advection of heat associated with subsurface flow, to be able to simulate the
effect of groundwater warming in clearcuts on stream temperatures. Inclusion of heat inputs by lateral inflow improved
stream temperature simulations. Mitchell (1999) developed a regression model based on monthly data to predict the
effect of clearcut harvesting with no buffers.

Suspended Sediment. Kreutzweiser and Capell (2001) studied fine sediment infiltration into the streambed at six
locations representing a gradient of forest harvesting impacts in the Turkey Lakes Watershed, Ontario. The greatest
sedimentation rates for the inorganic fraction were recorded downstream of road-improvement activities and at a site
where skidder tracks in the riparian zone channelled flow into the stream. The lowest sedimentation rates occurred at a
shelterwood treatment, where logging roads were not a factor. Harvesting activities did not appear to affect the organic
fraction of the particle-size distribution.

Prevost et al. (1999) found that ditching a forested peatland to improve drainage increased suspended sediment
concentrations by 100 — 200 X for a few weeks following during ditching. Concentrations then returned to pre-drainage
levels, except during one rainstorm in the second year after treatment.

A number of sediment-related studies have been conducted through funding from FRBC. Most of these studies
have not been reported in peer-reviewed journals, although some results have been presented in Forest Service
Technical Reports or conference proceedings (e.g., Hudson 2001, Henderson and Toews 2001, Jordan 2001). Christie
and Fletcher (1999) examined the effect of harvesting activities on sediment geochemistry in five small streams in the
Stuart-Takla Fish-Forestry Interaction Project, located in the sub-boreal spruce biogeoclimatic zone of British
Columbia. Prior to logging, each stream had distinctive sediment chemistry associated with basin geology. Harvesting
alone did not change sediment geochemistry, probably because the presence of riparian buffers reduced sediment inputs
to the channels. Road crossings did, however, change sediment geochemistry through the introduction of abraded zinc
from galvanized culverts, and by introducing sediment via erosion of the road bed and ditches. Analysis of patterns of
sediment geochemistry both along the streams and through time allowed rates of sediment transport and dispersion to be
calculated. Although this study focused on potential impacts of logging activity on geochemical exploration, it also
identified the potential value of sediment geochemistry as a tracer for forestry-related sediment disturbances.

Methodological Issues. Many of the experimental studies involved relatively short pre-treatment periods (one — two
years). Three used regression analysis or ANCOVA using daily time series to control for interannual variations in
weather and hydrologic conditions, while Bourque and Pomeroy (2001) “standardized” their data by dividing
temperatures in the treatment streams by the corresponding temperature in the control stream. One potential problem is
that the daily time series, and the error terms in the regression analyses or ANCOVAs, are likely autocorrelated. This
reduces the effective degrees of freedom compared to those calculated from sample size, which would bias the
estimated significance levels for hypothesis tests. Future studies should consider using time-series regression
approaches (e.g., generalized least squares) for paired-basin calibration using short pre-treatment periods. Another
problem is that the pre-treatment regressions may not be stable from year to year.

Buttle and Metcalfe attributed the lack of detectable effects to the buffering of flow changes by the large basins and
the relatively low levels of disturbance (maximum of 25% of the drainage area). Other issues are the confounding by
inter-basin differences in physiographic characteristics and climatic variability in both space and time, which could lead
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to differing streamflow trends amongst basins even in the absence of disturbance effects. These issues are unavoidable
when studying medium to large basins, where rigorously-controlled experiments are not feasible. However, an
important point is that lack of a detectable effect is not the same as no effect. A potential strategy is to supplement
statistical analyses with modelling studies. For example, a modelling exercise along the lines of that conducted by
Whitaker et al. (2003), if done prior to an experiment or in conjunction with a statistical analysis of historical
hydrometric data, may provide at least a first estimate of the likely magnitude and direction of a treatment effect as an
aid to interpreting statistical results (e.g., by conducting a statistical power analysis along the lines of McFarlane 2001).

One weakness of the modelling exercise conducted by Whitaker et al. (2003) is that they were only able to test the
model’s capacity to simulate current conditions at Redfish Creek. As Klemes (1986) stressed, such a test does not
guarantee that a model can accurately predict streamflow under changed conditions (i.e., after logging in this case).
Future model applications should focus on paired basin situations, where the treatment effect can be estimated
statistically through comparison with a control. Such work is currently being conducted by Alila and co-workers at the
University of British Columbia Faculty of Forestry, using data from the Carnation Creek and Penticton Creek
experiments in British Columbia.

Response to disturbance - Water quality

In addition to the increases in water levels, water and sediment yield, and water temperatures that often accompany
timber harvesting, harvesting may also impact hydrologic linkages between terrestrial and aquatic systems and thus
influence ecosystem productivity and integrity. An important indicator of changes to such linkages is provided by the
chemical composition of receiving surface waters. Increased particulate nutrient loads are often associated with erosion
resulting from water flowing over soil surfaces that have been compacted during harvesting and associated activities
(e.g. roads) (Jones and Grant 1996). Increased dissolved nutrient loads are associated with enhanced microbial
conversion of nutrients at the soil surface from non-mobile to mobile forms, and subsequent export when the water table
rises to the soil surface and flushes mobile nutrients over the saturated soil surface to the stream or lake (Hornberger et
al. 1994, Creed et al. 1996). However, changes in the chemical composition of surface waters following harvesting vary
substantially between localities, even within a physiographic region.

Comparison of Boreal Shield vs. Boreal Plain. Studies on the effects of forest disturbance on the chemical composition
of receiving surface waters have focused on the Boreal Shield and the Boreal Plain (Table 2). Drainage basin
characteristics of boreal lakes vary. Lakes on the Boreal Shield are smaller and deeper, with shorter water residence
times, and their drainage basins are smaller and steeper with smaller wetland coverage than on the Boreal Plain (Table
3). Similarly, indicators of water quality vary. Lakes on the Boreal Shield have smaller concentrations of DOC, total
phosphorus (P), total nitrogen (N), and chlorophyll a than those on the Boreal Plain (Table 4). Despite these
differences, significant trends in the response of these lakes to forest disturbances have emerged.

The number of indicators of water quality affected by forest disturbance was greater in the oligotrophic Boreal
Shield lakes compared to the eutrophic Boreal Plain lakes (Table 5). For example, Boreal Shield lakes had increased
loadings of DOC, P, and N following both harvest and wildfire disturbances (Steedman 2000, Carignan et al. 2000a,
Lamontagne et al. 2000, Enache and Prairie 2000). In contrast, Boreal Plain lakes had no change in DOC or N loading,
but had increased P loading following harvest disturbances (Prepas et al. 2001a) and increased DOC, P and N loading
following wildfire disturbances (McEachern et al. 2000). The degree to which the impacts of increased loadings
cascaded up the trophic structure was limited, with generally greater phytoplankton biomass, variable zooplankton
biomass, and no change in fish biomass (Planas et al. 2000, Patoine et al. 2000, St. Onge and Magnan 2000, Prepas et
al. 2001a). There was inter-lake variability within each boreal subregion, with the response of some water quality
indicators in disturbed lakes strongly related to the lake’s drainage ratio (i.e., ratio of drainage area to lake area), where
lakes with the highest drainage ratios showed the largest response (Table 5).

Current strategies for sustainable forest management are based on the assumption that management practices will
sustain boreal forest dynamics if they emulate natural disturbance regimes (e.g., wildfire) (Hunter 1993). Consequently,
recent studies have focused on comparing the effects of harvesting and wildfire on aquatic ecosystems (e.g., Carignan et
al. 2000a; Prepas et al. 2001a; McEachern et al. 2000). It is perhaps not surprising that the intensity of disturbance
effect in terms of magnitude and/or duration was greater for wildfire than for harvesting given that the proportion of the
basin disturbed by wildfire was greater than for harvesting (Table 5).

Results from empirically-based studies such as those previously described cannot be extrapolated in time or space.
Consequently, there is a scientific need for incorporation of process-based monitoring and modeling approaches into the
experimental design of studies so that: (1) the “noise” in the chemical response of lakes resulting from climatic
variability and/or climate change with each sub-region of the boreal forest can be effectively characterized (e.g.,
process-based models can be used to simulate hydrological processes across the complete range in climatic conditions);
and (2) the “signal” in the lakes’ chemical response to forest disturbance can be effectively discriminated from the noise
(e.g., models can be used to simulate both the “signal” and the “noise” by using different simulation scenarios).
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Effectiveness of Forest Buffer Strips. Riparian forests buffers, strips of forest left between harvested blocks and
adjacent surface waters, have been considered important sinks for particulate and dissolved nutrients in hydrologic
flows. Therefore they have been used to mitigate changes resulting from increased water and nutrient loads to lakes and
streams following timber harvest (Castelle et al. 1994). The widespread acceptance that buffer strips protect aquatic
resources is paralleled by the recognition that guidelines regarding buffer strip design have not been established based
on scientific merit. Consequently, buffer strips often satisfy neither those who want these areas protected nor those who
want access to the timber held in these protected areas (Buttle 2002).

Guidelines requiring forest industries to leave a standard width of buffer strip around surface water bodies are often
based on “rule of thumb”, and studies that have applied these guidelines to the boreal forest suggest they may not be
effective. While one study implied that standard width buffer strips reduce nutrient loadings to lakes (Carignan et al.
2000a), other studies indicated that these buffers do not reduce nutrient loading to lakes (e.g., Steedman 2000,
Steedman and Kushneriuk, 2000, Prepas et al. 2001a, Pinel-Alloul et al. 2002). There is a lack of fundamental
knowledge on the impacts of timber harvesting on lakes and the effectiveness of buffer strips in mitigating these
impacts in the boreal forest.

Buttle (2002) points out that use of a standard width in the application of the forest buffer concept does not
consider such basic hydrologic concepts as: (1) lake area relative to the area of the forest draining to the lake (i.e., the
drainage ratio), (2) the degree to which harvested areas are hydrologically-connected to the stream or lake; or (3) the
relative input from local, intermediate and regional groundwater systems to the stream or lake. He contends that these
hydrological considerations can assist in designing effective buffer strips. Recognizing that hydrologic data are often
not available for this task, Buttle (2002) offers simple proxies of hydrological conditions that can be generated using
automated analysis of digital elevation data. For example, topographic indices (TI) (e.g., TI = In [@/tanf], where a is the
upslope area draining to a given location and [ is the slope gradient at that point, Beven and Kirkby 1979) can be used
to identify groundwater discharge versus recharge areas along the land-water interface (Buttle 2002). Wolniewicz
(2002) combined the mapped Tl with topographic depressions and flat slopes and used a simple inundation routine to
generate a time series of maps of recharge versus discharge areas. These maps can be used as a basis for designing
buffer strips that mitigate water, sediment and nutrient loadings to surface waters. Hydrologically-based designs of
buffer strips will likely move away from the practice of forested ribbons along streams and rings around lakes to forest
patches that protect critical recharge or discharge zones within the landscape. Furthermore, there is a recognition that
the design of buffer strips for mitigating water, sediment and nutrient loadings to surface waters may not be sufficient to
alleviate other impacts (e.g., increases in wind speeds over the lake which have implications for internal lake processes),
and that more research on the role of buffer strips in allaying all ecological impacts that harvesting may pose to
receiving waters is needed (Buttle 2002).

Criteria and Indicators for Sustainable Forest Management (SFM). Despite the potential ambiguity of “sustainable
forest management”, the term has been retained in national and international initiatives and defined as the maintenance
of a series of criteria and indicators (Kneeshaw et al. 2000). A criterion is a category or class of processes characterized
by a set of related indicators that are monitored periodically to assess change. An indicator is a quantitative or
qualitative variable which can be measured or described and which, when observed periodically, demonstrates trends
(http://www.mpci.org/criteria_e.html). In Canada, the Canadian Council of Forest Ministers (CCFM) have identified
criteria of SFM, including: (1) conservation of biological diversity; (2) ecosystem condition and productivity; (3)
conservation of soil and water resources; (4) global ecological cycles; (5) multiple benefits of forests to society; and (6)
accepting society’s responsibility (CCFM 1997). Major research programs, including the SFMN Centres of Excellence,
have focused on defining indicators for each criterion.

Kneeshaw et al. (2000) comment that scientific knowledge must be incorporated into the development of
indicators. They define the essential attributes of indicators of SFM as being: (1) scientifically sound; (2) operationally
feasible; (3) socially responsible and internationally credible; (4) measured following a standard method; (5) easily
measurable and cost-effective; (6) easily interpretable and directly linked to environmental changes generated by local
management activities but relatively insensitive to more global sources of variation; (7) integrated; and (8) linked to
prescriptions. For the criterion related to the conservation of water resources, indicators must be identified that preserve
the functional and structural integrity of aquatic ecosystems and the natural resources associated with these ecosystems.
To show threshold and achieved target levels of indicators, this preservation must incorporate the natural range of
variation of the functional and structural properties as determined by their response following natural disturbance
regimes (Kneeshaw et al. 2000).

Table 6 summarizes studies that have focused on developing hydrologically-based indicators to predict potential
changes in surface water quality in response to natural and/or anthropogenic disturbance regimes. Many have focused
on the drainage ratio, or the ratio of the size of the drainage basin that drains into a lake relative to the size of the lake
(area or volume). Large drainage ratio lakes (large basin area: small lake area) have enhanced potential for nutrient
loading via surface drainage to the lakes and short water residence (or water renewal) times. Conversely, small ratio
lakes (small basin area: large lake area) have reduced potential for such nutrient loading and longer water residence
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times. This ratio was correlated to surface water quality parameters on both the Boreal Shield and Boreal Plain (cf.
Pinel-Alloul et al. 2002).

As one moves from comparatively simple hydrological systems on the Boreal Shield to the more complex Boreal
Plain, more indicators may be required to represent the hydrological controls acting on a lake (Buttle et al. 2000).
Devito et al. (2000) developed a conceptual model of the hierarchy of these controls and identified indicators that
represent each level of this hierarchy, including: (1) the hydrogeologic setting of a lake, which defines the relative
importance of subsurface flow contributions to the lake from local, intermediate and regional flow systems; (2) the
hydrologic efficiency of surface water drainage from the basin’s contributing source areas to the lake; and (3) the
surface versus subsurface pathways of water moving from source areas to the lake. Recognition of this hierarchy of
landscape controls was important in predicting the potential loading of nutrients to lakes on the Boreal Plain (Devito et
al. 2000). Subsequent studies recognized that nutrient source areas vary with the hydrologic conditions required for
mobilization of specific nutrients. For example, source areas for DOC, dissolved organic N and total P may be
characterized by topographic depressions and flat zones (i.e., saturated areas with longer water residence times), while
nitrate-N and ammonium-N source areas may be characterized by gentle slopes with large upslope contributing areas
(i.e., saturated areas with shorter water residence times) (Creed and Beall 2003). This section has focused on “static”
indicators that do not incorporate the natural variability of the hydrological system. However, research is being
conducted into developing “dynamic” indicators that relate the natural variability in hydrologic fluxes from forests to
surface waters to the natural variability in the contributing source areas within the forest (e.g., Krezek 2000,
Wolniewicz 2002).

CONCLUSIONS

We began this review by noting that our ability to understand and manage the response of forest ecosystems to natural
and anthropogenic disturbance, and to manage forest resources in a sustainable fashion, will depend on a sound grasp of
hydrological principles operating in Canada’s varied forest landscapes. We have made some progress in obtaining a
better understanding of hydrologic conditions in these landscapes, as this review has indicated. However, further
progress will require us to come to terms with the following research issues:

1. We need to improve our understanding of the subsurface hydrology. Several studies cited here have
highlighted our inability to anticipate the hydrologic response of a forested slope or basin without considering the nature
of its subsurface flowpaths. We must develop tools or techniques for characterizing such flowpaths. A starting point
would be determining what (if any) relationship exists between surface features and subsurface flowpaths. We also need
to improve our predictive understanding of the nature of fractured bedrock, macropores, and hyporheic zones and their
possible role in regulating a basin’s hydrologic response. This is particularly important for attempts to evaluate the
hydrologic consequences of various forest management practices, since we must be able to predict the within-basin
variability in these subsurface flowpaths prior to conducting paired basin studies.

2. There is a need to improve our understanding of the effects of climatic variability and climate change on forest
hydrology. Canada covers several physiographic regions that vary in the direction of their long-term climatic trends as
well as the amplitude and frequency of oscillations about those trends. Furthermore, the climatic conditions range from
those where P > PET (e.g., sites in the Pacific Maritime, Montane Cordillera, Boreal Shield and Atlantic Maritime) to
those where P < PET (e.g., sites in the Boreal Cordillera and Boreal Plain). We need to quantify climatic variability and
climate change among the forest regions of Canada, and to continue to define the interactions among climate, hydrology
and biogeochemistry prior to making effective comparisons of hydrological processes in Canada’s various forest
regions.

3. There is a need to continue basin-scale monitoring programs in the forest regions of Canada. Canada has
several ongoing basin-scale monitoring programs that have been run by provincial and/or federal government agencies
for 20+ years (e.g., Turkey Lakes Watershed in Ontario) and that have formed the basis of internationally recognized
research (e.g., see special issues on research at the Turkey Lakes Watershed - Ecosystems 4, 2001; Water, Air, and Soil
Pollution: Focus2, 2001). Unfortunately, the future of these monitoring programs is uncertain as institutional priorities
are continuously changing. There are several points to be considered when extending these monitoring programs into
the 21* century:

a. Management and science must be connected so that adaptive ecosystem management strategies can be
studied. A closer relationship between agencies that are monitoring basins with universities that are conducting
process-based studies will have synergistic effects. Long-term databases provide a context for the short-term studies
conducted by most university research programs. In turn, process-based studies provide government agencies with
greater insight into the hydrological behaviour of the basins, thus assisting in the interpretation of trends in the long-
term data.

b. Process-based monitoring and modeling should be embedded in basin monitoring programs. The
concept of equifinality suggests that “given the limitations of both our model structures and observed data, there may be
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many representations of a basin that may be equally valid in terms of their ability to produce acceptable simulations of
the available data” (Beven 2000, p. 22). In other words, there is a risk of obtaining the “right” answer for the “wrong”
reason. This risk is amplified by focusing solely on external data (e.g., basin streamflow). To place constraints on
equifinality, both internal (i.e., hydrological processes) and external data should be collected to calibrate and/or confirm
a suite of models of basin hydrological response.

c. We must shift our focus from “average” responses to “spatially and/or temporally distributed”
responses. Currently, monitored hydrologic response variables are often aggregated. For example, we often focus on
the average yield through time rather than the extremes, and on the average basin yield rather than the spatially- and
temporally-variant nature of the contributing source areas of that yield. This limits our ability to assess basin responses
to forest disturbance. The focus on average water yield does not allow us to assess, for example, the downstream
impacts of increased peak discharges during extreme events, a research issue highlighted in a recent commentary by
DeWalle (2003). Secondly, the spatially- and temporally-varying runoff source areas must be identified to develop
forest management plans that avoid or minimize disturbance in these areas. This in turn can help mitigate the impacts
of forestry operations such as roads, skidder trails and landings on changes in slope stability and on water, nutrient,
sediment, and thermal fluxes to receiving waters. Recent technological innovations, including airborne laser altimetry
and airborne and satellite remote sensing, should be used to improve our capacity to conduct spatially- and temporally-
intensive monitoring.

d. We need to complete a network of basin monitoring programs (sensu the US Long Term Ecological
Research [LTER] sites) that monitor both internal (within the basin) and external (from the basin to the atmospheric or
aquatic systems) hydrologic data in significant forest regions in Canada. This will create a valuate resource for both
pure and applied hydrological studies in Canada.

e. We need to coordinate our network so that common approaches can be adopted to facilitate intra- and
inter-basin comparisons.
f. Finally, and probably most importantly, financial and logistical support for these basin monitoring

programs must become a priority for government agencies.

4. There is a need to conduct basin experiments within the context of these basin monitoring programs. Basin-
scale experiments (or ecosystem experiments) are powerful in that they measure the basin-scale response to forest
disturbances, and thus allow managers and scientists to test hypotheses about controls and management of basin
processes (Carpenter 1998). Basin-scale experiments are being conducted in Canada; however, recommended
improvements in their experimental design include:

a. Inclusion of hydrology (both the science and the scientists) at the planning stage of basin experiments and not
after the fact. In this review, the majority of studies reported on basin experiments where different forest disturbance
scenarios were investigated by inferring a hydrological role in the observed basin responses without providing data to
support these inferences.

b. Explicit consideration of how long the basin should be studied prior to initiation of the “experiment”.
Experiments based on a “paired basin” design (where one basin serves as the reference and the other as the treatment)
are limited, since basins are rarely equivalent in terms of their hydrological features. Experiments based on a “before-
and-after comparison” design are limited since the “pre-experiment” data are collected for a time interval that may not
fully represent the hydrological conditions that occur during the experiment. Incorporation of process-based
understanding (in the form of conceptual or mechanistic models) into the interpretation of pre- and post-experimental
data will help alleviate erroneous conclusions based on a “false” reference conditions.

c. Returning to the original spirit of “adaptive management” (sensu Holling 1978). Our experimental
designs need to be able to respond quickly, both to the insights we obtain into the dominant processes identified in the
monitoring/modeling phase and the reality of frequent and/or rapid changes in policies related to forest management
(e.g., by the time a basin experiment is completed, the policy that was being investigated may no longer be relevant).

5. Some of the questions that experimental basin research should address include:

a. Does harvesting emulate wildfire? Forest management plans are shifting towards models based on
natural wildfire regimes (Hunter 1993). These models assume that fire and harvesting have similar impacts on
ecosystems, and that forest management plans that emulate wildfire should preserve ecosystem integrity. These
assumptions remain largely unverified (Carignan and Steedman 2000).

b. What is the form and rate of hydrologic recovery following forest disturbance in various forest
landscapes in Canada? Studies of this question should recognize that different aspects of a basin’s hydrology may
recover at different rates.

c. Are the measures that we currently use to protect water resources from the impacts of forest
harvesting (e.g., buffer strips along streams and around lake shores) effective in mitigating the hydroecological impacts
of harvesting on receiving waters?

d. How do we scale studies at the basin scale to the regional scale? The scale of process studies (< 1
km?) is significantly smaller than the scale of forest management plans or natural disturbance regimes (> 100 km?).
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Scientists cannot conduct process studies at these coarser scales. We need to develop a scientific basis for scaling

processes from the plot or basin scale to the regional scale.

e. What are the cumulative impacts of natural and/or anthropogenic disturbances at the regional scale?
The nature of disturbances and their timing, magnitude, and frequency of occurrence at the regional scale may be highly
variable. We need a scientific basis for predicting the cumulative impacts of these disturbances on forest hydrology.
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Introduction

The objective of this paper is to highlight the advances made in the hydrology of Canadian wetlands between 1999 and
2003, following a similar report for the preceding four years ((Price and Waddington, 2000). Canadian wetlands are
categorized as bogs, fens, swamps, marshes and shallow open water (NWWG, 1997), and comprise 14% of Canada’s
land area ((National Wetland Working Group, 1988)). Peatlands represent over 90% of Canadian wetlands (Tarnocai,
1998) and that is reflected in the focus of research reported herein. While the focus of this paper is to report on activities
between 1999 and (early) 2003, where necessary we have drawn upon other literature on wetlands both within and
outside of Canada, to provide the context for more recent initiatives.

Wetlands are areas with the water table at, near or above the land surface for long enough to promote hydric
soils, hydrophytic vegetation, and biological activities adapted to wet environments (NWWG, 1997). Wetlands may be
mineral-soil wetlands or peatlands, depending on hydrological processes resulting from water exchanges dictated by
climate and landscape factors. Mineral-soil wetlands, which include marsh, shallow water, and some swamps, produce
little or no peat, because of climatic or edaphic conditions (Zoltai and Vitt, 1995). Peatlands are defined as wetland
areas with an accumulation of organic sediments exceeding 40 cm, and include bogs, fens, and some swamps (NWWG,
1997). Fens and (some) swamps are mineratrophic peatlands, receiving water and nutrients from atmospheric and
telluric sources, whereas bogs are ombrotrophic, receiving water and nutrients dominantly from direct precipitation.
Wetlands exist in the landscape where the water balance ensures an adequate water supply at or near the surface. Thus
wetlands are restricted to locations where, on average, precipitation exceeds evaporation loss, or where sustained
inflows from surface or subsurface sources alleviate the water deficit. In bogs (by definition) the source is ombrogenous
(Woo, 2002), but other wetland types may have a much more complex array of sources.

Considerable progress has been made in wetland hydrology since Ingram’s (1983) seminal paper, and is
summarized in a recent review by Woo (2002). Within the Canadian context, regional overviews have been provided
for Quebec and Labrador (Price, 2001); the McKenzie Basin (Rouse, 2000); the Arctic (Woo and Young, 2002); and the
Prairies (van der Kamp and Hayashi, 1998; LaBaugh et al., 1998).

Atmospheric Fluxes and Stores

Quantification of the component fluxes and stores continues to be an important first step in understanding, managing
and modeling of wetlands. Precipitation provides the source of water directly to wetlands and for recharging surface and
groundwater inputs, and varies tremendously across Canada. Precipitation, particularly snow inputs and interception
losses, can be difficult to quantify. This is especially true in large watersheds because the month-to-month changes in
snow-cover, for example, are often much greater than the atmospheric flux terms (Strong €t al., 2002). The input must
overcome interception losses, which in forested wetlands may represent 32% for black spruce (Van Seters and Price,
2001); or 21-25% for larger cedar and balsam fir forests in BC, with only 1% being stemflow. Fog interception was
shown to be notable, if not significant, in a hypermaritime northwest BC wetland forest (Emili and Price, unpublished
data).

More attention has been given to evapotranspiration fluxes from wetlands. Land surface characterizations such
as CLASS (Canadian Land Surface Scheme) (Verseghy, 1991), for use in global climate models, recognize the
importance of wetlands. Bartlett et al. (2002) noted that overrepresentation of organic soils in heterogeneous
environment results in the overestimation of the evaporation loss. Surfaces dominated by vascular plants are well
represented, but non-vascular surfaces (e.g. Sohagnum) remain problematic (Comer et al., 2000). Given that latent heat
losses are generally the largest water sink in wetlands, research continues into the role of soil and vegetation on the
energy balance. Eaton and Rouse (2001), for example, found that over a 10-year period the seasonal variability of
cumulative evapotranspiration from a subarctic sedge fen was controlled primarily by cumulative precipitation. Petrone
et al. (in press, a) found that the presence of a higher water table, higher soil moisture and the presence of vascular
plants in a cutover peatland being restored, resulted in a higher evapotranspiration loss than an adjacent unrestored site.
The emergence of vascular vegetation (birch) increased the surface roughness over a single growing season (Petrone et
al., in press, b).
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Surface & Groundwater Fluxes

By virtue of the location of wetlands within the landscape, understanding wetland hydrology requires knowledge of
groundwater and surface water interactions. The proportion of surface and groundwater inputs, and a wetland’s
interaction with groundwater (i.e. recharge vs. discharge function) is governed by its position within the groundwater
flow system, the hydrogeologic characteristics of soil and rock material, and their climatic setting (Toth, 1999; Winter,
1999; Sophocleous, 2002). The extent and type of groundwater interaction will influence the amplitude and duration of
baseflow and water level fluctuations, which is linked to surface saturation, runoff processes and ultimately sediment
redox, biogeochemical process, and vegetation patterns within a wetland (Té6th, 1999; Hill, 2000; Hayashi and
Rosenberry, 2001).

There has been considerable research directed towards determining the role of groundwater- surface water
interactions in wetland hydrology from a variety of climatic and geologic regions throughout Canada. In permafrost
dominated areas of northern Canada, groundwater — surface water interactions are restricted to localized flows in the
surface active layer during periods of thaw (Woo and Young, 2003). In such arid climates, patchy arctic and subarctic
wetlands occupy low areas inundated during the snowmelt period, or with water storage sustained by more gradual
inputs from groundwater or late-lying snowbanks (Carey and Woo, 2001a; Woo and Young, 2003). The shallow frost
table limits percolation thus facilitates the existence of these systems (Carey and Woo, 1999; 2001b; Young and Woo,
2002). Coarse sorted stones between frost mounds (Hodgson and Young, 2001), or macropores and pipes between peat
hummocks (Carey and Woo, 2000; 2002; Quinton and Marsh, 1999), supply water to wetlands. Wetlands such as these,
having a strong dependency on water from localized and shallow sources like supra-permafrost water, ground-ice melt
and late-lying snowbanks, are susceptible to climate change (Young and Woo, 2000), particularly in view of the
expected deepening active layer and large evaporative losses (Young and Woo, 2003).

In topographically controlled humid eastern boreal regions with shallow soils underlain by impermeable
crystalline bedrock, groundwater is usually restricted to localised flow, resulting in predictable and relatively simple
wetland groundwater interactions. Shallow near surface runoff dominates and flow rates are inextricably tied to shorter-
term variation in weather and, thus, susceptible to extended dry periods and climate change (Devito et al., 1999a).
Although groundwater is a minor input to headwater shield wetlands, soil depth within the catchment can influence the
seasonality of groundwater connectivity between uplands and wetlands influencing water table fluctuations and
maintaining surface saturation during drought, increased runoff during summer storms (Devito et al., 1999a; Hill 2000).

In regions of deeper glacial deposits, such as the Great Lakes and Laurentian regions of humid eastern Canada,
larger scale groundwater interactions occur as influenced by topography and substrate grain size distribution.
Groundwater interactions with wetlands located in finer grained glacial tills are limited by low permeability. Similar to
Precambrian systems, catchment storage is low and near surface runoff during storm events dominate the inputs and
outputs (Hill, 2000; Vidon and Hill, 2003). These wetlands are maintained in depressions and breaks in slope with
ample supply of water in humid climate, but susceptible to drought periods (Hill, 2000). However, the role of larger
scale topographically controlled intermediate or regional groundwater flow, or heterogeneous lithology (sand lenses) in
clay-rich glacial deposits on wetlands in this region is poorly understood. In adjacent outwash landscapes with
permeable surface aquifers of coarser grained material, constancy of groundwater inputs, connection, permanence of
surface saturation and stability of water table in wetlands was observed with increasing depth of aquifer (Hill, 2000;
Vidon and Hill, 2003; Warren et al., 2001). Aquifer lithology and deposits of lower hydraulic conductivity peat in near-
stream wetland areas can also influence wetland groundwater—wetland interactions, surface saturation and runoff in
glaciated outwash regions of Ontario (Devito et al., 2000a; Hill et al., 2000). Reversals in hydraulic gradient and
groundwater flow from streams into adjacent wetlands, or wetlands back into the hillslope appears to be influenced by
riparian wetland slope and aquifer depth in outwash landscapes (Vidon and Hill, 2003). Groundwater reversals across a
barrier beach also occur when hydraulic gradients controlled by lake and/or marsh water level change seasonally
(Huddart et al., 1999).

In the dry Prairies and Boreal Plain of western Canada regions, external water inputs become increasingly
important to wetland maintenance. Groundwater flow is complex due to the low relief and deep glacial deposits and
depending on their position, wetlands can have recharge, flow-through or discharge function (van der Kamp and
Hayashi, 1998; LaBaugh et al., 1998; To6th, 1999; Devito et al., 2000b). However, in clay rich glacial deposits
groundwater interaction is a minor component of most Prairie wetlands due to the low permeability (Conly and van der
Kamp, 2001; van der Kamp et al., 2003; Parsons et al. , in press). Although soil storage is low in clay —rich tills, storage
is rarely exceeded during the s} mmer, and surface runoff into ponds during this time is limited to infrequent large storm
events. Thus, ponds and depressions are heavily reliant on snowdrift and snowmelt runoff over frozen soils and
experience considerable seasonal water-level variability (van der Kamp et al,. 1999; Hayashi et al., 2003). These
systems are generally considered susceptible to changes in climate and landuse that influences snowmelt surface water
interactions (van der Kamp et al., 1999; 2003). Depressional wetlands such as these are focal points for groundwater
recharge (Hayashi et al., 1998; 2003), though most of the water recharge may flow to the moist margins, rather than to
deep percolation (Parsons €t al., in press). Such lateral recharge may be important in sustaining water yield to local
shallow wells (Hayashi and van der Kamp, 1998). The storage function of depressional wetlands can be represented
mathematically with volume-depth-area relationships (Hayashi and van der Kamp, 2000; Weins, 2001), which can be
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incorporated into a storage-water balance model (Su et al., 2000) that can simulate long-term water level variations
(Conly and van der Kamp, 2001). However, comparison of pond systems located in coarse-grained glacial deposits in
the Canadian Prairies is lacking, and regional variation in groundwater interactions on depression wetlands in coarse-
grained glacial deposits is poorly understood (Winter, 1999; 2001).

Similar to Prairies systems, groundwater exchange to Boreal Plain pond-peatland complexes located in
topographic high and low areas of fine textured, low conductivity glacial till and lacustrine deposits contribute little to
the water balance (Ferone and Devito, in press). Further, forested clay-rich hillslopes provided little snowmelt or storm
runoff in most years because soil storage and transpiration demands exceed rainfall, that occurs primarily during the
summer in this sub-humid environment (Devito et al., submitted; Kalef, 2002). In contrast to semi-arid Prairies, runoff
generation is primarily from near surface flow from peatland areas connected to shallow pond wetlands that develop in
sub-humid climate (Wolniewicz,2002). Topographically high ponds act as focal points for recharge, primarily providing
lateral flow from the pond to peatland and adjacent hillslopes (Ferone and Devito, in press). During larger rain events,
the hydraulic gradient between peatland and pond reverses and peatland discharges water into the pond. The low lying
pond-peatland complex functioned as a flow through system of near-surface water originating from extensive peatlands
adjacent to the pond (Ferone and Devito, in press). The differences in shallow groundwater interaction and topography
also influenced pond chemistry (Ferone, 2001) and have implication for pond response to climate or disturbance (Toth,
1999; Winter, 2001). Further, comparative studies of ponds located in adjacent landforms dominated by coarse-grained
glacial deposits (outwash sands and gravels), indicates a significant exchange of groundwater from larger scales of flow
on pond water budgets, and different responses in water levels and impacts to climate and disturbance (Halsey and
Devito, submitted; K. Devito, unpublished data).

The boreal and temperate mountain and plains areas within in the Western Cordillera provide excellent
locations for conducting field studies to increase our understanding of processes influencing groundwater-surface water
interactions in wetlands from a range of topographic, geologic and climatic conditions. Considerable work has been
conducted on groundwater interactions in forested and montane uplands and streams (Carey and Woo, 1999, also see
Buttle et al., this issue). However, initial studies on groundwater — surface water interactions within wetlands have been
conducted in this region since the last review. Wetlands and lakes have been shown to moderate the thermal regimes of
groundwater fed streams draining cut and forested catchments in the interior of British Columbia (Mellina et al., 2002).
Fitzgerald et al., (in press) showed small headwater swamps in north coastal BC are critical interfaces between steep,
well-drained forested upland slopes and runoff, and should be avoided during timber harvesting. Surface runoff from
sloping forested swamps on moderate slopes organizes itself quickly into “seeps” (Emili and Price, unpublished data),
which diverts this channellized water away from more gently sloping blanket bogs (Fitzgerald et al., 2003). Runoff
from these blanket bogs thus has a much lower runoff ratio than micro-catchments containing these seeps (Emili and
Price, unpublished data).

Internal water flow through peat wetland systems has received relatively limited attention recently. Reeve et al.
(2000) suggested the extent of vertical flow in peatlands such as in the Hudson Bay Lowland, is limited by low
permeability mineral substrate (i.e. rather than the humified peat layers), promoting lateral flow through the acrotelm.
However, Fraser et al. (2001a) noted reversals between recharge and discharge to and from the deeper peat layers
during wetter and dryer periods, respectively. Similarly, vertical flow has been observed in Boreal Plain peatlands
during extended periods dry periods (Halsey and Devito, submitted). Tranfer of water from deeper peat layers to the
surface is important in sustaining soil moisture in the surface layer, and changes of soil moisture in this layer should be
accounted for in the water balance (Lapen et al., 2000). Vertical redistribution of peat pore-water has also been shown
to occur from the saturated zone to the soil-moisture zone (Kennedy, 2002) during peat consolidation (Lang, 2002), and
may be enhanced by pressure caused by methane generation (Price, 2003). These exchanges have implications for water
quality (Fraser et al., 2001b).

Runoff

Runoff from wetlands is controlled by the rate and magnitude of inputs, and the efficacy of storage, usually involving
an interaction of surface and shallow groundwater (Gibson et al., 2000). While the presence of surface water suggests
its importance as a delivery mechanism, mixing model studies demonstrate the predominance of “old” water in storm
runoff from headwater swamps, for example (Brassard et al., 2000; Fitzgerald et al., 2003). The efficiency of these
mechanisms was reflected by higher runoff to northern Alberta lakes in wetland-dominated catchments, compared to
upland systems (Gibson et al., 2002). The expansion and connectivity of saturated surfaces associated with peatland
areas in the boreal plains region of Alberta are directly related to regional runoff regimes (Wolniewicz, 2002). Where
deep seasonal frost or permafrost is present, frost-table dynamics control the runoff pathways (Quinton and Marsh,
1999; Carey and Woo, 2001b) and “new” water (snowmelt) may dominate (Metcalfe and Buttle, 2001). In contrast,
wetlands with deeper flow systems may experience a notable baseflow component (Beckers and Frind, 2001). In spite
of the efficiency of wetland runoff processes, the flood mitigation role of wetlands is often overstated (Simonovic and
Juliano, 2001). Modelling of wetland runoff-response (McKillop et al., 1999) requires careful parameterization of
hydraulic parameters at a variety of scales (e.g. Letts et al., 2000).
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Water Flowsin Disturbed Wetlands

The health of wetland systems is threatened by various direct and indirect anthropogenic changes (Detenboeck et al.,
1999). Anticipated changes in the global climate are expected to increase the soil-water deficit in North America, which
will alter the water balance of wetlands. Monitoring networks often have insufficient spatial and temporal sampling to
establish patterns of variability or provide insight into processes related to climate change (Conly and van der Kamp,
2001). At the local scale wetland disturbances may be direct and intentional, such as for agriculture (van der Kamp and
Hayashi, 1998), drainage of forestry (Prevost et al., 1999), or peat mining (Price et al., 2003).

Forest drainage following harvesting of a treed peatland has been shown to improve growth of naturaly
regenerated black spruce (Jutras et al., 2002). While short-term studies concerning planted seedlings cannot effectively
corroborate this (Roy et al., 2000b), there are some limitations to the effective lowering of the water table. This arises
because of changes to the peat substrate following drainage, including subsidence and changes in aeration dynamics
(Silins and Rothwell, 1999), accelerated peat decomposition (Prevost and Plamondon, 1999), and a decrease in the
effective hydraulic conductivity as the water table drops (Belair et al. 2003). There is also concern that “wetting up”
caused by decreased interception (Roy et al., 2000a), may impair root aeration and accelerate Sphagnum growth
sufficiently to overtake seedlings (Roy et al., 2000b). Drainage at these sites increased basefow, caused a 25% increase
in total runoff, increased dissolved and suspended solids, and temperature variability in outflow (Prevost and
Plamondon, 1999).

Sites that are mined for peat have additional stresses. Removal of the living layer, or acrotelm, severely
impairs their hydrological function (Price et al., 2003). Following abandonment, drainage ditches can remain effective
for decades (Van Seters and Price, 2000), and the irreversible changes to morphology and peat structure alter flow
patterns (Van Seters and Price, 2001). Spontaneous regeneration of the dominant peat-forming moss, Sphagnum, is
curtailed because of the unstable surface caused by needle-ice formation (Groeneveld, 2002), the strong capillary
retention of the cutover substrate and development of a litter layer of ericaceous leaves (Price and Whitehead, 2002),
which restrict water flow to the mosses. Regeneration in wetter areas of old manually block-cut peatlands can occur
spontaneously (Whitehead and Price, 2000). While average wetness conditions on abandoned vacuum-harvested sites
(the modern extraction technique common in Canada) are little different than block cut sites, the extreme spatial
variability of wetness in the latter sites ensures that at least some loci for regeneration exist (Price et al., 2003).
Restoration plans must account for the cumulative human impacts on wetlands, including broader landscape effects
(Bedford, 1999). Managed restoration requires rewetting of the site, often by blocking ditches. More aggressive
restoration management has demonstrated the effectiveness of artificial terraces (von Waldow, 2002) or shallow basins
(Price et al., 2002) to retain snowmelt water. Application of straw mulch reduces evaporative losses (Petrone €t al.,
2001; in press a), and reduces the scale of soil moisture variability (Petrone €t al., in press b). Important changes to the
hydraulic character of the remaining peat occur with drainage and peat extraction (Schlotzhauer and Price, 1999), that
profoundly affects storage exchanges (Price and Schlotzhauer, 1999). Compression of the peat caused by seasonal
declines in the water table (Lang, 2002) can cause up to a three order of magnitude decline in hydraulic conductivity
(Price, 2003). Incorporation of these peat volume changes and its affect on hydraulic parameters, into a vertical 1-D
numerical flow model (Kennedy, 2002), allowed the prediction of soil-water pressure, soil moisture, water table and
peat surface elevation, and prediction of various abandonment and restoration scenarios.

At the local to regional scale, indirect disturbance can impact or interact with hydrological cycle and surface
and groundwater linkages between adjacent uplands and wetlands. These linkages are important for maintaining the
hydrological and ecological integrity of wetlands (eg. Hayashi and Rosenberry, 2001). Such interactions fall within the
realm of forest or upland hydrology and the reader is referred to Buttle et al. (this issue). Clearly a broader catchment
/landscape approach is required to understand upland-wetland linkages and the potential impact of individual and
cumulative catchment disturbance to the receiving wetland (Hill, 2000; Bedford, 1999). Examination of wetland
position within the surface and groundwater flow system can indicate the relative importance of regional and local scale
disturbance impacts on wetlands and other aquatic systems (Hill, 2000; Devito et al., 2000b). Limited runoff from both
forested and cut portions of a sub-humid boreal catchment, due to the low rainfall relative to soil storage and
evapotranspiration, resulted in little influence of logging aspen uplands on the hydrology of groundwater fed valley
wetland (Kalef, 2002). The conversion of cultivated fields to permanent grass and shrub resulted in the drying-out of
adjacent depression wetlands (sloughs) by severely reducing localized snow drift and spring melt runoff inputs (van der
Kamp et al., 1999; 2003).

Carbon Cycling

Undisturbed peatlands are presently a relatively small sink for CO, and a large source of CHs. When the ‘global
warming potential’ of CH,4 is factored in, many peatlands are neither sources nor sinks of greenhouse gases
(Waddington and Roulet, 2000). However, land-use change significantly alters greenhouse gas emissions (Roulet,
2000). Considerable progress has been made on understanding carbon cycling processes in Canadian mined, cutover
and restored peatlands.
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The exploitation of peatlands for Sphagnum is widespread in North America and Europe. Peat mining, through the
combination of drainage, peat removal and subsequent abandonment, alters the environment so severely that Sphagnum
spp. are unable to colonize. Cutover peatlands represent a persistent source of atmospheric CO,, losing 300 to 400 g C
m™ yr'' (Waddington et al., 2002; Waddington and McNeil, 2002; Petrone et al., in press). Peat oxidation is more
dependent on peat moisture content and peat temperature (Waddington et al., 2002) than peat carbon quality
(Waddington et al., 2001) suggesting water management (e.g., Price et al., 2002) may reduce CO, losses from mined
peatlands (Waddington and Price, 2000).

The restoration of Sphagnum mosses on cutover sites has the potential to sequester atmospheric CO, thereby
returning the peatland to a peat accumulating system (Waddington et al., 2003). Restoration not only increases plant
production but also decreases total respiration (Waddington and Warner, 2001). Sphagnum production varies between
species (e.g., S. fuscum > S. capillifolium) according to their ability to withstand harsh conditions on restored peat
surfaces (Waddington et al., 2003a). A stable moisture supply is more beneficial to Sphagnum growth (Rochefort et al.,
2002) compared with repeated wetting and drying events (McNeil and Waddington, 2003). The application of a mulch
surface improves moisture conditions near the peat surface but mulch decomposition represents a short-term source of
atmospheric CO, (Waddington et al., in press). Petrone et al. (2001) determined that a recently restored peatland was a
larger source of CO, than an adjacent cutover site in part because the mulch decomposition exceeded the new
production of mosses and vascular plants.

As vascular plants colonize restored peatlands CH, flux increases due to both the supply of labile carbon and
the enhanced CH, transport (Day and Waddington, unpublished data). CH4 flux from cutover peatlands is greatest in
drainage ditches (Waddington and Price, 2000) owing to their permanently flooded conditions and supply of highly
labile DOC (Téth, 2003). Belissario et al. (1999) found sites of high CH, emissions in undisturbed peatlands had
enriched 8> CH, signatures suggesting the importance of acetate fermentation pathway on methanogenesis. DOC has
also been correlated to CO, exchange in cutover peatlands (Glatzel et al., in press).

Many landscape scale studies of carbon exchange from undisturbed peatlands have taken place in Canada in
the last few years. These and many carbon cycling studies have been constrained to growing season measurements.
However, Lafleur et al. (2001a) determined that the non-growing season CO, loss from an ombrotrophic peatland is not
small (183 g CO, m?). On an annual basis, however the peatland was an annual net CO, sink (248 g CO, m? yr'l).
Joiner et al. (1999) determined that a boreal fen was a net source of CO,, losing 31 g C m™ in 1994 but was a net sink in
1996 (192 g C m'z). The inter-annual difference was linked to an earlier snowmelt and thaw of the fen surface — leading
to drier summer conditions. Griffis et al. (2000a) suggest that an early snowmelt combined with wet and warm
conditions during the spring period leads to large carbon acquisition even when drier conditions prevailed over the
majority of the growing season. CO, exchange in an adjacent wetland forest, however, was related to timing of
snowmelt and heat content prior to leaf out (Lafleur et al. 2001b; Rouse et al., 2002).

Peatland surface topography leads to differences in carbon exchange processes and vegetation assemblage
(Waddington and Roulet, 2000). Griffis et al. (2000b) scaled community-level CO, measurements from hummocks and
hollows, to tower measurements at the landscape scale. Variability in peatland surface topography (hummock, hollow,
peat platueau, etc.) leads to differences in soil moisture, temperature, vegetation type and biomass (Moore €t al. 2002).
This creates differences in peat CO, production (Scanlon and Moore, 2000), the fluxes of CH, and CO, (Dalva et al.,
2001), and peat accumulation (Robinson and Moore, 1999). It is expected that different communities will respond
differently to climate change (Griffis et al., 2000b). Clair et al. (2002) suggest that under a 2x CO, climate change
scenario that carbon loss from a small temperate wetland will almost double from 0.6% to 1.1% of total biomass.

Differences in vascular and nonvascular vegetation-carbon-water dynamics were incorporated in a dynamic
model of long-term peat accumulation (Frolking et al., 2001). The model suggests that bogs are more sensitive than fens
to climate conditions. Moreover, warmer and wetter conditions were found to be more conducive to peatland
development (Frolking et al., 2001). In a simpler model focusing on the non-linear interactions among peat production,
decomposition and hydrology, Hilbert et al. (2000) also demonstrate the sensitivity of peat accumulation to peatland
water balance.

The Peatland Carbon Simulator (PCARS), developed by Frolking et al. (2002), is a process-oriented model of
the contemporary carbon balance of northern peatlands. Seasonal patterns and the general magnitude of net ecosystem
exchange of CO, were similar with measured tower data (see Lafleur et al. 2001a). PCARS was designed to link to the
CLASS land surface model and will prove valuable in examining climate-peatland carbon feedbacks in future research.
The model incorporates the exchange and interaction of CH,, CO,, and DOC.

Fraser et al. (2001b) determined that DOC export from an ombrotrophic bog was 12% of the magnitude of the
carbon sink measured at the same peatland (Lafleur et al., 2001a). DOC concentration in the acrotelm was variable and
‘allochthonous-like’, whereas catotelmic waters were more ‘autochthonous-like’. The influence of hydrology on the
patterns of supply and quality of DOC has also been shown to have a major influence on the cycling of nitrogen (Hill et
al., 2000) and mercury.
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Water Quality

Process-level investigation of the hydrological and biogeochemical controls on the mechanisms and rates of element
transformation (Hill et al., 2000; Devito et al., 2000a) are some of the most important advancements in the
understanding of water quality in wetlands. For example, in a forested riparian wetland that received groundwater with
elevated nitrogen concentration (10-30 mg N L"), denitrification was carbon limited and only became nitrogen limited
in narrow zones of strong denitrification in pockets of buried peat (Hill et al., 2000). These findings were supported
through nitrogen isotope analyses (Devito et al., 2000a), confirming that groundwater flow paths, and the adequate
supply of terminal electron donors and acceptors, control microbial denitrification in riparian wetlands. During
snowmelt periods when surface flow occurs, runoff can bypass riparian “buffer” zones and directly enter streams ( von
Waldow et al., 2000). Isotopic methods combined with in situ tracer experiments can demonstrate microbial
denitrification activity and rates (Mengis et al., 1999). The spatial discontinuities in denitrification zones controlled by
hydrology and lithology can confound denitrification mechanisms (Hill, 2000). Catchment geomorphology and
hydrological connectivity must be considered when assessing catchment nitrogen dynamics (Devito et al., 1999b; Shiff
etal., 2002).

Phosphorus dynamics remain poorly understood (Devito et al., 2000b). Carlyle and Hill (2001) determined
that groundwater flow governed redox conditions, and geochemistry strongly influences the solubility and mobility of
phosphorus. A detailed three dimensional analyses of groundwater flow, dissolved oxygen and iron species (Carlyle and
Hill, 2001) revealed anaerobic zones where Fe'* was reduced to Fe*'. This influenced groundwater soluble reactive
phosphorus (SRP) concentrations. As with denitrification (Hill et al., 2000), patterns of SRP concentration reflect local
interaction of flowpaths with different redox states.

Microbially-catalyzed redox reactions have recently been investigated in more detail (Branfireun et al., 1999).
Laboratory incubations by Blodau et al. (2002) showed iron cycling in northern peatlands had little influence on carbon
flow, but sulphate reduction had the potential to limit methane production by 48 to 86%. Fortin et al. (2000) found
significant activity of both iron and sulphate reducing bacteria in a young constructed wetland during the winter while
Kennedy and Mayer (2002) noted that cold weather performance must be better understood before water- treatment
wetlands can gain widespread acceptance in Canada.

Wetlands remain a focus of research in mercury cycling, both in terms of the mechanisms governing the
production of methylmercury in situ (Branfireun et al., 1999; Heyes et al., 2000) as well as their controls on the fate and
transport of both inorganic mercury and methylmercury (Branfireun and Roulet, 2002; Rencz et al., 2003; Young and
Branfireun, submitted). At the mesocosm scale, Branfireun et al. (1999) investigated the link between atmospheric
sulphate deposition and the production of methylmercury in peat. They found a clear increase in the amount of
methylmercury, a potent neurotoxin, with sulphate addition, making the first direct link between sulphate deposition in
precipitation and the mercury cycle in peatlands. Most research on mercury cycling in wetlands has focused on acidic,
nutrient-limited Sphagnum dominated peatlands. However, Young and Branfireun (submitted) found that the transport
of total mercury in a temperate swamp was greatest when the wetland and surface streams were hydrologically
connected. Methylmercury was released downsteam, with yields similar to that of more acidic peatland systems. An
inverse relationship between methylmercury and sulphate concentrations was observed, with the highest and lowest
concentrations, respectively, found during the periods of persistent inundation and the onset of anaerobic conditions in
the wetland sediments.

The observation of an inverse relationship between inundation and sulphate concentrations are consistent with
the findings of Warren et al. (2001). They found a strong relationship between hydrological connection, reducing
conditions in temperate swamp sediments and stream sulphate concentrations (Eimers and Dillon, 2002; Devito et al.,
1999a). This clarified the inverse relationship between water level fluctuations and sulphate reduction and oxidation
(Devito and Hill, 1999).

Studies of the effect of anthropogenic impacts on wetland water quality are relatively sparse. Heyes et al. (2000)
found that elevated methylmercury concentrations was the consequence of Hg methylation in an experimentally flooded
anaerobic wetland surface. The flooding facilitated the exchange of nutrients, importantly sulphate, between the peat
surface and the surface water. Prévost and Plamondon (1999) found surface water from drained sites had significantly
higher electrical conductivity than natural peatlands because of leaching of N, Na, S, Ca, and Mg. Water quality did not
return to pre-treatment levels even after five years. The effects of atmospheric contaminant loading to wetlands via
precipitation may significantly influence biogeochemical cycles (Branfireun et al., 1999) or ecosystem function (Donald
et al., 1999; 2001). Donald et al. (1999) found that the concentrations of agricultural pesticides in wetlands in the
Prairies were positively related to precipitation amount, and often exceeded the limits recommended for the protection
of aquatic biota.

Scaling I ssues

Generalizing site specific studies and scaling up from the upland-wetland boundary to the regional scale is a major
research challenge, not only for wetland hydrology (Sophocleous, 2002). Devito €t al. (2000) developed a hierarchy of
landscape factors predicting surface and ground water connectivity of wetlands and lakes, and the potential
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susceptibility of surface waters to land-cover changes. Such qualitative landscape approaches may need to precede more
quantitative modelling methods (e.g. Woo and Young, 2003). Currently, regional 3-D surface and groundwater
hydrological models are not well equipped to represent more local phenomena at the interface of groundwater — surface
water interactions in wetlands (Sophocleous, 2002). Use of readily available surficial geology data, topography and
climate as indices of hydraulic gradient and permeability provide a reasonable basis for prediction of the dominant
components of the water balance and the scale of linkages of the wetland to the surrounding a region.

Advances in remote sensing of wetlands has provided a method for generalizing site specific to regional
studies and assessing dominant hydrological processes at different scales. For example, RADARSAT, LANDSAT and
SPOT images provide data for assessing historical and current patterns of flooding in the Peace-Athabasca Delta
(Toeyrae et al., 2001; 2002), and for parameterization of hydraulic flow models (Pietroniro et al., 1999). Such methods
are suited to evaluation of aggradation or plant succession in these systems, and may clarify or challenge the paradigm
of delta degradation, such as that attributed to the effect of the WAC Bennett Dam on the Peace-Athabasca Delta, for
example (Timoney, 2002). LANDSAT and RADARSAT images can also be used to predict the dominant runoff
generating areas, and dynamic nature of small localized depressions and coarse scale catchment boundaries in
influencing regional runoff (Wolniewicz, 2002).

Conclusions

Considerable challenges face wetland hydrology and water quality research. Data are often spatially and temporally too
sparse to adequately characterize the dynamics of wetland hydrology and especially the biogeochemical processes.
Biogeochemical and hydrological studies are often not satisfactorily convergent, and there are profound uncertainties
surrounding the impact of environmental change on wetland biogeochemical function (Hill, 2000). Many of these
problems are intractable in either the field or the laboratory, but a promising convergence of scales of investigation is
emerging that will couple these two approaches, leading to significant advances in the coming years.
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Abstract:

This paper provides an overview of Canadian research on snow, frozen soils and permafrost hydrology for the period
1999-2002; the period between the 1999 ITUGG meeting in Birmingham and the 2003 IUGG in Sapporo. During this
period there were significant advances in both our understanding of the physical processes, and our ability to model
these processes. This report assesses these advances.

INTRODUCTION

Woo et al. (2000) outlined the advances in Canadian snow, frozen soil and permafrost hydrology for the previous 4 year
period. During this period, there were advances in understanding of related processes, and the development of models
of snow accumulation and melt, relocation of snow by wind, snow interception in forest canopies, and sublimation and
energy balance during snowmelt. The influence of heterogeneous topography, vegetation and snow properties were
discussed in a number of papers. The current paper will consider the advances made in Canadian snow and frost
hydrology, since Woo et al., (2000). We will not be considering snow issues directly related to forest hydrology, remote
sensing of snow, or snow chemistry issues. Portions of these issues will be considered in other Canadian IUGG review
papers.

SNOW HYDROLOGY

Recent progress in snow hydrology has continued to consider the spatial heterogeneity in surface energy fluxes, and
therefore, melt, and the temporal variability in snowmelt. In addition, there has been a renewed emphasis in modeling of
snow hydrology and snow ecology. The following will concentrate on these aspects.

Snow Processes and process modelling

Pomeroy et al. (2002) provided simple, yet physically appropriate, equations for estimating snow accumulation beneath
forest canopies. This approach relates canopy properties (leaf area index or canopy density) to either snowfall or snow
accumulation in clearings. For sites where mid-winter melts, wind redistribution and surface evaporation are infrequent
or small, this approach can estimate snow accumulation. Comparisons with data and approaches from eastern Europe
and Siberia, suggest that these results are transferable.

Woo and Giesbrecht (2000) presented a model of the effects of a single spruce tree on both the turbulent fluxes
and radiation to the snow cover immediately surrounding a single tree. This study illustrated decreased snow water
equivalent (SWE) close to the trunk, as well as low turbulent fluxes related to a low wind regime below the canopy, and
the dominance of radiation in controlling melt. The tree resulted in reduced shortwave radiation, and increased long
wave radiation relative to an open site. These factors, when combined with tree and solar geometry result in large
differences in melt with distance away from the trunk, and significant contrasts in melt rates in different directions.
Giesbrecht and Woo (2000) utilized the single tree model, to upscale these processes to a stand scale (80 x 64 m?), with
all trees within this area included. However, since this was an open canopy, sub-arctic forest, the tree canopies only
covered 2.1% of the study plot area. This model was able to predict the spatial pattern of melt, and the decrease in plot
SWE. An important result from this study, is the demonstration of the large spatial variability in melt. For example, they
demonstrated that melt from a sunny location in a forest opening can overestimate average melt by over 200%.
However, this study did not consider the role of advection once bare patches developed, or the effect of shrub
undergrowth on melt rates.

Using a different approach to that of Woo and Giesbrecht (2000), Faria et al. (2000) also considered the
relative importance of variable SWE and melt energy for forests (including spruce, pine, mixed, burned, and open) in
controlling snow cover depletion in central Saskatchewan. Using detailed snow surveys and measured snow cover
depletion throughout the melt period, they also found variable SWE and variable melt rates. They found that melt rate
is inversely correlated with SWE for spruce forests (i.e. SWE increased and melt rates decreased with distance from the
trees). As a result, snow-free patches first appeared close to the spruce trees, and then expanded in area over time. This
covariance between SWE and melt rates was the major factor controlling the depletion of the snow cover. For these
sites, where the SWE increases with distance from trunks, it is likely that a combination of radiation from trunks and
advection from trunks and bare ground resulted in the covariance of melt and SWE. The result of this covariance is an
acceleration in the reduction in snow cover area, compared to that caused by variations in SWE alone. This is similar to
the results of Woo and Giesbrecht (2000). However, Faria et al. (2000) also found a covariance between melt and SWE
for deciduous, burned and open sites. Possible mechanisms in these cases include decreased albedo in areas of shallow
snow due to either greater leaf litter concentration and/or the influence of the forest floor. Another possibility was
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increased advection of sensible heat from shrubs as the snow became shallower. lacozza and Barber (2001) showed
that for sea ice in the Canadian Arctic, snow melt rate was spatially non-uniform, with melt rates decreasing non-
linearly with increasing snow depth until a depth of approximately 16 cm, above which melt rate was fairly uniform.
They explained this pattern as a result of lower albedo for the shallow snow sites. In addition, they speculated that
larger equi-temperature snow grains occur in the shallower snow due to differences in thermal diffusivity. It was
suggested that these larger snow grains also had a lower surface albedo, again resulting in higher melt rates with
shallower snow.

Previous work on the advection of heat between snow patches and snow-free patches had utilized detailed
boundary layer models (Liston, 1995; Marsh et al., 1999); simplified approaches based on Weismann (1977) (Shook,
1995); or have utilized simple parameterization based on the proportion of the area which is snow covered ( Neumann
and Marsh, 1998). One deficiency of these methods is the inability of the boundary layer models to properly account of
the small scale variability in a natural snow cover or the inability of the simple parameterizations to consider the effects
of patch size and geometry on advection (Marsh et al., 1999). Granger et al. (2002) attempted to overcome these issues
by developing a boundary-layer integration approach. They developed a simple series of equations to estimate the
advected energy term, that reduces the advection term to a simple power function of the snow patch size. This simple
model requires standard meteorological parameters, plus surface temperature of the snow and snow-free patches and the
snow patch length. Further work is required to test this approach to field estimates of advection.

As noted by Marsh (1999), there have been few observations of the spatial variability in the fluxes of sensible
and latent heat over snow covered surfaces. During the Mackenzie GEWEX Study (MAGS) observations of the
1998/99 water year for the Mackenzie River basin, the Canadian National Research Council Twin Otter, carried out
observations in the Inuvik region. Brown-Mitic (2001) showed spatial flux maps for a tundra site north of Inuvik. These
maps illustrated the large spatial variability in sensible and latent heat fluxes over this tundra site during a period when
the basin was partially snow covered. Ongoing work is considering the processes controlling this variability. Brown-
Mitic (2001) also showed the large differences between snow covered tundra and boreal forest sites, with the tundra site
using more than 80% of the net radiation to non-turbulent fluxes (primarily snow melt and warming of the soil),
whereas at the forest site, less than 50% is used for non-turbulent fluxes.

Large Scale studies
The Mackenzie GEWEX Study (MAGS) has considered the influence of snow on the water and energy fluxes of the
northward flowing Mackenzie River (Stewart et al., 1998; Stewart et al., 2002; Rouse et al., 2003). As part of a water
year study of the Mackenzie River Basin, Stewart et al. (2002) showed the variability of snow cover fraction, days with
snowfall, and days with blowing snow, for the entire Mackenzie Basin, and considered both the external and internal
factors controlling changes in these conditions for the 1994/95 water year. In the same study, Marsh et al. (2002)
showed that the spring of 1995, was the earliest melt on record for the lower Mackenzie Basin, and that there was a
trend towards earlier melt in this portion of the Mackenzie Basin.

A version of the Canadian Regional Climate Model (CRCM), has recently been coupled with the Canadian
Land Surface Scheme (CLASS), allowing high resolution model for considering mesoscale circulations during the snow
melt period over the Mackenzie River Basin (Mackay et al., 2001). This study showed that mesoscale circulations were
formed due to heterogeneous surface forcing, including strong sensible heat fluxes over snow-free canopies. These
circulations produced mesoscale downdraft regions, that along with adiabatic heating, resulted in higher turbulent fluxes
to the snow cover.

Snow modelling
The Canadian hydrologic model WATCLASS, is a coupled land surface scheme-hydrologic model that has been
developed by combining the land surface scheme CLASS with the hydrologic model WATFLOOD (Soulis et al., 2000).
CLASS is a bulk layer model (Slater et al., 2001), with a separate 1 layer snow cover above the soil, with the ability to
consider a partial snow cover, as well as the effects of forest vegetation on snow interception, and the energy balance of
snow beneath the canopy. The snow representation of CLASS has been considered previously and was recently tested
and compared to a large number of other landsurface schemes by Slater et al. (2001) for a single site in Russia. These
tests clearly demonstrated the strengths and weaknesses of CLASS. For example, Slater et al. (2001) found that CLASS
tends to consistently hold a snow cover longer, and have a lower ablation rate. Fassnacht and Soulis (2002) considered a
number of algorithms aimed at improving the snow components of CLASS. These included the effects of mixed
snow/rain at temperatures close to 0°C, fresh snow density as related to air temperature, canopy snow interception, and
maximum snowpack density. The inclusion of these algorithms in CLASS provided improved prediction of these
parameters, and had significant effects on heat fluxes. However, they had little impact on streamflow. This is somewhat
surprising, and may be an indication of the insensitivity of the runoff routines in WATCLASS to differences in snow
regime.

Soil temperatures beneath a snowpack play an important role in controlling the timing and rate of snowmelt.
Methods to estimate soil temperature include both heat conduction techniques as well as the force-restore method. The
heat conduction method provides robust results, but is reliant on detailed vertical profiles of soil properties and
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temperature, and are prone to drift over longer periods of time. The FRM is a relatively simple approach developed for
estimating diurnal variations in soil temperature. Hirota et al. (2002) suggested a modified FRM for estimating deep soil
temperature. The extended FRM was used both in a stand alone mode, and also to determine the bottom boundary layer
for a heat conduction model.

Snow Ecology

Jones et al. (2001) provided a complete review and synthesis of snow ecology. This review considers snow, climate,
physical properties of snow, snow chemistry, microbial ecology of snow and freshwater ice, effect of snow on animals,
snow-vegetation interactions in tundra environments, and the use of tree-ring dating of past snow regimes. An
interesting aspect of this work is the attempt to bring all of these aspects of snow together. For example, the editors note
the implications of climate change on the snow ecosystems, with a warming climate reducing snow cover and duration,
with changes in land-atmosphere energy and water fluxes. These would then modify weather systems and growing
seasons, and the emission of greenhouse gases from the soil and snow systems. These changes would in turn have
effects on the microbiological activities, and associated invertebrate populations and vegetation. Although Jones et al.
(2001) outlined many of the important processes and linkages between the physical and biological systems related to
snow, there is obviously a tremendous amount of research required to better understand these linkages, and to apply
these to better understand the future effects of climate change.

FROZEN SOILS AND PERMAFROST HYDROLOGY

Organic soils are ubiquitous in the subarctic and the Arctic. Although wetland literature has contributed much to the
understanding of the properties and the hydrological behaviour of peaty soils, their hydrological function in the
permafrost environment has received only meagre attention . Recently, however, several papers have focused upon a
number of aspects on the frost hydrology of organic-mineral layers, on the scale of hillslope but with implications that
extends to catchment runoff. Research was carried out primarily in two field areas: one in the arctic where the tundra
(Siksik Creek site) is dissected into earth hummock fields, the other in the subarctic (Wolf Creek site) where hillslopes
of different orientations and elevations are clad by shrubs and woodlands of divergent species. The results offer
illustrative examples of the hydrological responses to different arrangements of the organic and mineral soils.

Stratigraphy and hydrological properties

Many permafrost areas have combinations of organic and mineral soils with different hydrological properties. The
organic layer is often highly porous and sometimes with well developed profiles that generally consist of an acrotelm
(hydrologically active) and a catotelm (humified and compacted) layer. Quinton et al. (2000) noted that within a depth
of 0.3 m, the hydraulic conductivity can change by three orders of magnitude, from almost 10> m/d near the surface, to
<10° m/d at depth. Other hydrological properties such as porosity, specific yield and retention, also change with depth.
Infiltration into the frozen organic layer is usually unimpeded since the soil pores are seldom fully ice-filled. It has
been demonstrated experimentally in Alaska and the Canadian High Arctic that upward vapour flux from the organic
soil in the winter involves sublimation of ground ice in the soil, thereby further reducing the ice content to facilitate
meltwater infiltration. The mineral soil layer, on the other hand, has hydraulic conductivities much lower than those of
the organic. The ice content varies with soil type but freezing changes the perviousness and the water holding capacity
of the mineral layer.

Flow mechanisms

In hummocky permafrost terrain where the mineral hummocks are separated by peat-filled inerhummock channels,
large contrast in hydraulic conductivity gives rise to preferential flow in the organic materials, mainly in the acrotelm
(Quinton and Marsh, 1998). Soil pipes also occur in the acrotelm. These conditions tend to concentrate slope runoff in
the interhummock channels, within which flow delivery is particularly effective through matrix flow and pipeflow in
the upper peat layer, capable of delivering 0.1 to 1.0 m’/d per unit width (Quinton and Marsh 1999). Such subsurface
flow discharges are as rapid as surface runoff, and subsurface drainage is the predominant mechanism of water
transmission (Quinton et al. 2000). Lateral flow is obstructed by the mineral earth hummocks so that the flow paths tend
to follow a tortuous network that consists of primary drainage oriented in a downslope direction, fed by a number of
secondary channels that collect water across the slope. Increasing tortuosity lengthens the time of runoff delivery along
the hillslopes (Quinton and Marsh 1998).

Like the hummocky areas in the tundra, permafrost slopes in the subarctic open woodland have quick and slow
flows. On theses slopes, an organic layer of varying thickness drapes over mineral soils. Deep organic soils may be
distinguished into acrotelm and catotelm zones, in which case quick flow is restricted to the top layer. Where there is
no distinctive catotelm development, the mineral substrate is the only slow flow zone, with considerably lower
hydraulic conductivities than the organic soils. This gives rise to a two-layer flow system in which the bulk of runoff is
shed through the organic layer as quick flow (Carey and Woo 2001a). The changing positions of the frost table and its
overlying saturated zone govern whether quick flow and/or slow flow will occur.
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In the spring when the frost table is still shallow, water can infiltrate the highly porous (but frozen) organic
layer, but percolation is retarded by the frozen mineral substrate. Rapid meltwater infiltration coupled with much
slower downward percolation usually leaves a perched saturated zone above the organic-mineral interface (Carey and
Woo 1999) to support matrix flow and pipeflow in the peat layer. Surface runoff along rills may be produced briefly,
for one to several days (Leenders and Woo 2002). As ground thaw continues and the frost table drops within the
mineral layer, slow flow may be produced but its magnitude is meagre compared with quick flow. Quick flow ceases
when the water table falls below the organic layer.

The role of ground ice in the soil, or the absence of it, has been emphasized. Leenders and Woo (2002)
examined runoff from the subalpine willow-shrub to the subarctic open woodland downslope, both with a two-layer
flow system. They measured slow flow in the ice-poor mineral soil which, though allowing downward percolation,
yielded negligible lateral drainage. In a simulation study using the SLURP model, they found that neither increasing
the snow water equivalent nor changing the temperature (which affects the calculated melt and evaporation rates) has
much effect on the flows but raising the ground ice content in the soil, leading to reduction in percolation, would
enhance lateral fast flow from snowmelt.

The role of pipeflow in the frost-affected two-layer system was studied by Carey and Woo (2000). Pipes
generally occur at the organic-mineral interface and are usually linked to rills (which may develop when the pipe roofs
collapse) to form drainage networks that can convey water rapidly downslope. The Manning=s equation is found to be
applicable in representing the flows. The occurrence and magnitude of pipeflow is markedly controlled by the frost
table: a shallow frost table in the spring can inhibit deep percolation to enable the saturated zone to remain near the
surface, to be tapped by the pipes; whereas a deep thaw during the summer, dry period drops the water table below the
organic layer and pipeflow ceases.

Hillslope-streamflow connections

In the arctic tundra, Quinton and Marsh (1999) observed that the peat thickness is about 0.3 m on most of the slopes, but
reaches 0.4-0.7 m near the streambanks, apparently separating the hillslope into a near-stream and an upland zone, the
latter covering almost 90 percent of the study basin. During the wet period, the extent of the saturated area reaches
most parts of the slopes. With a high water table, slope runoff is conducted principally through the upper peat layers
while seepage from the catotelm is limited. Then, hillslope-streamflow connection is facilitated by (1) flow
contribution from large distances upslope and (2) a high water table that permits rapid flow delivery in the acrotelm.
The duration of high flow contribution to streamflow varies, depending on the width of the near-stream saturated area,
gradient and length of the slopes, the snow water equivalent the melt rate (Quinton and Marsh 1999). In the dry
summer season, saturation is confined largely within the near-stream zone and the upland is then hydrologically
disconnected from the streams. An expansion of the runoff source area by summer storms will be delayed until the
storage capacity of the near-stream zone is satisfied.

In the subarctic with discontinuous permafrost, Carey and Woo (2001b) demonstrated that not all hillslopes
yield runoff to basin discharge. Four slopes with distinct topography, soil, frost and vegetation were studied. A south-
slope with seasonal frost in ice-poor silt permits deep percolation at the expense of lateral flow, and such a slope makes
no contribution to streamflow. Only slopes with a two-layer flow system and with much ice in the mineral substrate
yield lateral fluxes in support of stream discharge. Snow usually accounts for about half of the annual water input and
the melt period is when most slope runoff is delivered. In this period, slopes with the greatest snow water equivalent
and thin organic layer generate more runoff than the other slopes, mainly due to more water being available and less
storage capacity to withhold the meltwater. The lower slopes may receive lateral inflow from the higher elevations and
this can maintain discharge for an extended period. Where such inflow occurs, the recession limb of the streamflow
hydrograph shows two segments that reflect different source areas of stormflow (Carey and Woo 2001a). A steep
segment represents the local (lower slope) contribution and a gentler segment indicates inflow from upslope. The
extent of the flow contributing area is variable, being much controlled by the hillslope wetness and the properties of the
organic layer. In summer, evaportranspiration often exceeds rainfall (Carey and Woo 2001b) and only slope segments
with continued inflow would sustain runoff to enhance streamflow discharge.

General hydrological characteristics

The general features of organic soils in a frozen ground environment may be summarized as follows.

(1) Infiltration into the frozen but highly porous organic layer is not limited

(2) Subsurface flow is the principal mode of runoff, with most of the flow passing through the organic soil regardless of
whether it lies on the mineral substrate or infills the channels between the mineral earth hummocks.

(3) Quick flow and slow flow can be distinguished: in a two-layer system with peat overlying mineral soil, quickflow
occurs in the porous organic cover while in well developed peat accumulations, quickflow is in the top acrotelm layer.
(4) Pipeflow and matrix flow are the major mechanisms of quick flow delivery.

(5) Where the soil is not ice-rich, percolation allows deep drainage whereas an ice-rich mineral soil will prevent
percolation.

(6) The frost table in ice-rich soils restricts downward percolation and facilitates the presence of a saturated zone above
it so that if the frost table is shallow, the saturated layer would reside in the organic soil to enable lateral discharge.
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(7) Spring snowmelt is the period of maximum slope runoff and low summer runoff (which may be absent) is sustained
slow flow in the catotelm or the mineral layer.

(8) Thee source area for streamflow is highly variable in space and in time, and is dependent not only on water supply
and slope wetness, but also on the properties of the organic layer (such as thickness, porosity, piping).

The flow systems

Different arrangements of organic and mineral soils will affect soil runoff processes differently. Several cases become
apparent from the results of these studies.

(1) no organic soil, mineral soil with low ice content (e.g. south-facing slope in Wolf Creek):

vertical processes dominate and runoff is negligible.

(2) the active layer lies entirely within the organic soil (e.g. west-facing slope in Wolf Creek):

high ice content near the permafrost table prevents percolation into the frozen zone below; the soil may develop distinct
acrotelm with quickflow and catotelm that only support slow flow.

(3) organic soil between earth hummocks (e.g. Siksik slope):

flow and storage are focused within the interhummock zone with organic soil which may have an acrotelm and a
catotelm.

(4) organic above permeable soil with low ice content (e.g. shrubland in Wolf Creek):

easy infiltration and percolation, with flow increasing when the saturated zone rises from the bottom.

(5) organic above soil with low permeability (e.g. north-facing slope in Wolf Creek):

a perched water table is formed during the melt season at the organic-mineral soil interface; a distinct two-layer flow
system is developed to include quick flow (in organic) and slow flow (in mineral layer).

Subarctic Canadian shield

The Canadian shield in the subarctic is a mosaic of Precambrian bedrock uplands separated by soil-filled valleys that
also contain lakes and wetlands. Discontinuous permafrost underlie the rolling terrain. Contrary to popular belief, the
crystalline bedrock outcrops are not necessarily impervious to water entry because there are many rock fractures and
cracks to provide avenues for meltwater and rainwater seepage (Spence and Woo 2002).  Furthermore, sporadic
presence of thin soil patches on the rock can absorb water input and gradually release the moisture to bedrock
infiltration or to evaporation. Thus, the runoff ratio from the shield upland is highly variable, depending on the density
and size of the bedrock cracks, the patchy soil cover and the intensity of water input. Frost has no apparent effect on the
hydrological behaviour of the bedrock uplands as the cracks are seldom ice-filled to the extent that would inhibit
infiltration in the snowmelt period.

CONCLUSION

This review of Canadian research in snow, frozen soils and permafrost hydrology has identified advancements over the
previous 4 years. This has continued to include advances in process studies, model development, and snow ecology for
example. Continued advancement of appropriate hydrologic models, and the linkages between atmospheric and
hydrologic models has resulted in a suite of models that are available for both use in scientific studies of the interactions
between climate, snow and permafrost hydrology, and which will soon be available for use by the use community.
However, much still needs to be done in order to better understand the linkages between climate, snow, hydrology and
ecology.
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Advancesin river ice hydrology

Brian Morse' and Faye Hicks?
'Université Laval, Québec, PQ
2University of Alberta, Edmonton, AB

Abstract:

We identify three significant recent advances in the hydrology of river ice: (1) by bringing together disparate
information, excellent review articles (Shen 2003; Prowse 2001a&b; Beltaos 2000) have noticeably advanced our
appreciation of river ice hydrology. Recently, there have also been two special journal issues on river ice (CJCE 2003
and HP 2002) and five conferences (CRIPE 1999, 2001 and 2003 and IAHR 2000 and 2002); (2) There has been the
recognition that in order to advance, collaborate efforts are required (Prowse, 2001b) and Shen (2003) has specifically
called for a collaborative research project; and (3) perhaps the greatest advance is the fact that there has been the birth
of the discipline of the hydrology of river ice: The case has been made that river ice is too important to ignore when
studying water quantity (Water Survey of Canada has launched a program to address this issue), water quality
(temperature, dissolved oxygen, nutrients and pollutants), sediment transport and geomorphology (particularly as it
relates to breakup), stream ecology (plants, food cycle, etc.) and fish habitat, behaviour and survival. There have also
been significant advances in modelling (1-D public domain ice jam models are now available; the first public-domain 2-
D model capable of simulating flows with an ice cover is now available and a commercial version of a complete 2-D
ice-process model is being completed). The main need for further work is to: (1) interface geomorpological and habitat
models with these river ice hydrodynamic models; (2) develop a complete package (database management, remote
sensing, forecasting, intervention methodologies, etc.) to better intervene in ice jam induce flash floods (e.g. Badger
Nfld, February 2003). We would add that, given the importance of winter navigation on the St. Lawrence River to the
Canadian economy (approximately $2 billion annually), a durable and dependable solution to prevent ice jams
downstream of Montreal is still required.

INTRODUCTION

On one level, the need to include river ice processes in the study of hydrology in geographical areas subject to freezing
temperatures seems ridiculously self-evident. For example, in Canada, our rivers and lakes are frozen a substantial
portion of the year. To ignore ice and its impact on the water cycle seems therefore completely naive. However, it is
amazing that the winter period is still usually ignored despite the fact that the issue of 'riparian flow' (the minimum flow
release that flow regulators and water users must guarantee to support the aquatic environment) is currently a very
critical concern. In April 2003, there was a major workshop on this issue in Quebec City that brought together most of
the key provincial players (some of the given conference papers will eventually be published). When one of participants
was asked if river ice issues were addressed ('by at least one of the speakers'), he said that the workshop did not address
them because river ice processes have no impact on fish (which in fact contradicts the findings of all researchers
exploring this issue to date, (e.g. Brown et al.1999)

At a recent workshop in Quebec, Hamilton (2003) provides another example of the disregard for river ice. He
suggested that the "what we don't see can't be important" attitude of some winter-hydrological-information-providers is
in total contradiction to the map-makers of the 18™ century who surrounded their regions of 'no data' with scary dragons
and monsters to indicate to the navigator that the uncharted waters hold many potentially very dangerous surprises. He
then made the case that at many gauged locations, the most extreme events (low and high stages) are related to river ice
processes and that in ignoring the winter period, we may be ignoring the most ecologically important period (see Table

1).

THE BIRTH OF RIVER ICE HYDROLOGY

Despite this disregard by some hydrological researchers of river ice processes, we believe that during the last few years,
we have witnessed the birth of the discipline of the hydrology of river ice. Our hope is that this article lends further
credence to this assertion. That being said, we recognize that some may argue that this statement is a gratuitous
exaggeration for the following reasons.

There have been annual conferences on river ice for decades and, after all, Ashton (1986) already presented the
hydrology of river ice as a formal subject in the first chapter of his book. As well, articles on the ecology of
river have been around for at least 10 years (e.g. Gray and Prowse 1993; Prowse 1994). In fact, there is even a
review of the hydrology of river ice given by Beltaos in 2000. Furthermore, the hydrology of river ice has
always been an implicit part of the engineering-related studies of river ice that date back many decades.

Others may also argue against the assertion for a totally different reason. They may say that the scientific
community does not yet recognize the importance of the subject since river ice issues are discussed in
specialized and marginal articles only; those who do 'core' hydrology have no need for river ice nor do they
make reference to it.
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Finally, some would also say that its socio-economic impact is negligible since it seems that every publication
related to river ice still has to start with an explanation of its relevance.

Perhaps these groups are right. Time will tell. However, we believe that we have indeed witnessed the birth of this
discipline in the last few years:

To the first group we would suggest that whereas there has always been some hydrological river ice activity,
most of the traditional research was primarily aimed at solving engineering problems. It is only recently that
studies of a specifically hydrological nature have being carried out.

To the second group, we suggest that the importance of river ice on streamflow, on sediment transport, on
pollution, on geomorphology, on the fauna, on fish habitat and on fish health can no longer be overlooked (e.g.
see Prowse and Culp 2003; Prowse and Ferrick 2002). We would further suggest that the link to climate and
climate change has also been established (Beltaos 2001; Beltaos 2002). We will present this data more fully
later on.

To the third group, we would suggest that the social-economic impact is significant (Beltaos 1995; Burrell and
Holder 2003). 'The breakup of ice in Canadian rivers and the ensuing ice jams have a multitude of socio-
economic impacts such as flooding, damage to private property and infrastructure, interference with
navigation, and inhibition of hydropower generation. The total tangible annual cost of ice jams to the
Canadian economy has been estimated as $60 million (Gerard and Davar 1995), comparable to the $100
million estimated for the United States (Carlson et al. 1989). A much greater amount is attributed to missed
hydroelectricity production opportunities because of inadequate understanding of river-ice processes in
general (Raban 1995). In New Brunswick, where detailed damage records are available, it has been found that
ice jams cause a third of all flood events, but appear to be more destructive than open-water floods because
they are responsible for two-thirds of all flood damage (Humes and Dublin 1988).' (Beltaos 2002).

To this we would add that the 1993 ice jam in the St. Lawrence river stopped commercial navigation during a
40-day period (Morse 2001). Given that the Port of Montreal by itself grosses $1200 million annually, the
impact of this one jam on transporters and clients could easily be $200 million.

In fact, river ice impacts are felt all around the world: "A significant number of the rivers in the Northern
Hemisphere are annually affected by river ice. A river ice season (freeze-over to break-up) of more than 100
days characterizes most of Scandinavia, Canada and Russia, and as far south as 42 and 30 degrees N in North
America and Asia, respectively.... Despite the large spatial and temporal extent of this region, little is known
about the large-scale hydrologic importance of river ice, except that gleaned from specific case studies. Thisis
surprising given that the results of such studies indicate that in-channel processes associated with river-ice
effects are often more important than those on the landscape in determining hydrologic extremes...." (Prowse
and Beltaos 2002).

We believe that recent concerted efforts to bring the hydrological, climatological and social issues to the scientific
community in these formal reviews and presentations marks the beginning of the discipline in its own right. Its birth
coincides with the increasing awareness of the (a) dearth of winter data; (b) the importance of an ecological approach to
ensure sustainable living and development; (c) the importance of extreme events on the health of ecosystems; (d) the
concern over climate change; and (e) and the importance to develop strategies to prepare our responses to changes in the
environment. We believe that the case has now been made that river ice significantly impacts all aspects of hydrology
and northern ecology. Therefore, there will be consequences for researchers in the traditional hydrological disciplines
working in cold climates who ignore its significance.

In the following sections, we present the key references to river ice engineering and hydrology. We then
present recent advances regarding specific issues. Finally, we suggest future directions.

BACKGROUND: KEY REFERENCES TO RIVER ICE ENGINEERING

The fundamental problems of ice engineering are primarily related to: floods; navigation through ice-infested waters;
hydroelectric installations; transportation over ice and offshore petroleum exploration. The following provides some
key references that present river ice engineering: Michel presented the ice regime of rivers and lakes (1971) and ice
mechanics (1978). Since that time, Canada has played a key role in river ice research. The Canadian Committee on
River Ice Processes in the Environment (CRIPE) began to hold its biannual workshops in 1980. They have all been
compiled on 4 CDs and are distributed on behalf of CRIPE by the second author. CRIPE originally started under a
National Research Council banner but is now under the Canadian Geophysical Union — Hydrology Section (CGU-HS).
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CRIPE has also been instrumental in publishing a comprehensive work on river ice jams (Beltaos 1995) and a primer on
the hydraulics of river ice (Davar et al. 1996). A revised version will soon be available. CRIPE, in partnership with the
Canadian Society of Civil Engineers, is also in the process of publishing a book on breakup. Canadian leadership has
also been provided by the National Research Council particularly related to forces on structures (Johnston and Timco
1999; Timco 2001; Fredreking 2002).

Another centre of river ice research is of course the Cold Regions Research and Engineering Laboratory
(CRREL) that has produced a number of publications on all aspects of subject matter (e.g., Tuthill and CRREL, 1999;
http://www.usace.army.mil/inet/usace-docs/eng-manuals/em.htm).

Ashton (1986) presents a comprehensive book on river and lake ice engineering, he presents a brief overview
of the hydrology of ice, the history of ice research, points to the importance of the international collaborations on the
topics (a point supported by Prowse and Ferrick 2002) including the International Association for Hydrological
Sciences (IAHS); the International Association of Hydraulic Research (IAHR); the Permanent International Association
of Navigation Congresses (PIANC) and the Port and Ocean Engineering under Arctic Conditions (POAC). Since 1969,
these organisations hold (normally biannual) workshops and/or conferences that are still very vibrant today.

KEY REFERENCES TO RIVER ICE HYDROLOGY

River ice hydrology was formerly an implicit an integral part of river ice engineering and as such all the references
quoted previously also form the foundation of research into the specifically hydrological aspects of river ice. Although
there will always be some overlap, it is only recently that the science portion is extracting itself from engineering
dominated issues. The Canadian leaders in this effort are unquestionably Prowse and Beltaos.

Beltaos, as chairman of CRIPE for the past 12 years, encouraged it to keep an emphasis on the environmental
aspects of river ice; he published articles on the effects of climate in 1997; wrote the overview of advances in river ice
hydrology for Hydrological Processes (HP) in 2000 and continues to present work on the subject as, for example, in the
special issue of HP on the matter in 2002.

Prowse et al. initially edited the Environmental Aspects of River Ice in 1993; presented the significance of ice
to streamflow in 1994; authored articles on river ice ecology in 2000, 2001a&b and authored or co-authored four other
articles in that special issue of HP in 2002. His 2003 article with Culp in CJCE is particularly thorough in making the
link between breakup and other key hydrological issues including all key abiotic and biotic processes.

RECENT ADVANCES IN STREAMFLOW AND RIVER ICE

Across Canada, water quality issues are becoming a critical concern in winter, since this is typically when the lowest
flows occur, and therefore when effluent dilution capacity and oxygen replenishment are at a minimum. Increasing
pressures on water quantity and quality, in response to economic development, have resulted in a need to be able to
accurately quantify river discharge throughout the entire year, rather than just in the open water season (Suzuki et al.
2002, Hamilton et al. 2001; Wang 1999). Despite this urgent need to be able to quantify discharge during low flow, the
Water Survey of Canada (WSC), the division of Environment Canada responsible for measuring river streamflow,
currently has no means of obtaining accurate winter discharge measurements on a real time basis.

Determining the discharge at streamflow gauging sites is a relatively straightforward procedure under open
water conditions. Data collected with automated water level recorders can be readily converted to discharge using
established stage-discharge relationships (i.e. rating curves). Ice conditions, specifically ice thickness and underside
roughness, are influenced both by flow conditions and by the prevailing meteorological conditions and therefore there is
no unique relationship between stage and discharge. The problem is particularly severe during freeze-up and breakup,
since discontinuous ice coverage, and dynamic formation and ice clearing processes result in complex flow physics. As
an ice cover forms on a river, water is abstracted from the river to form the ice sheet. All the while, the formation of the
ice sheet causes an increase in resistance to flow. The stage rises and therefore even more water goes into storage.
While water goes into storage, the flowrate downstream diminishes.

Based on analyses of Water Survey of Canada's (WSC) data, Moore et al. (2002) state that: "Evidence was
found for an abrupt decrease in discharge at freeze-up in one of the case studies and for 10 of the 25 stations in the
synoptic analysis that had measurements within 30 days of freeze-up (an additional 12 stations had no measurements
within 30 days of freeze-up). However, given the paucity of measurements in the early winter, the magnitude, duration
and freguency of these events cannot be specified." To simulate the phenomenon, they built a storage-depletion model
that represents streamflow as outflow from two parallel linear reservoirs.

At breakup, ice melts and (or) flows downstream. When this is combined with the decrease in resistance due to
the breakup of the river's cover, the flow rate can increase substantially. Prowse and Carter (2002) explain that, based
on a case study of the Mackenzie River, water released from hydraulic storage due to flow abstraction during the early
winter is shown to be a major component of the flow volume that comprises the following spring freshet. The amount of
water placed into hydraulic and ice-growth storage over a 60-day period was calculated to be equal to 27% of the flow
that would normally have occurred during this period if an ice cover had not formed. The amount of water released
from this ice-induced hydraulic storage at the time of break-up and the concomitant spring snowmelt peak accounted for
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15 to 19% of the spring freshet volume, depending on the temporal definition of the ‘release’ period. The ice-related
contribution increases to as much as 25% of freshet volume if the ice growth during the fall depression is also included.
On the other hand, interpretation of water level fluctuations at gauging sites using a conventional rating curve approach
can lead to overestimation of discharge. Healy and Hicks (2000), investigating the Athabasca River, AB, found that
during the early breakup period minor ice movement in the vicinity of gauging stations can lead to errors of up to 300%
in the published discharge data.

Hamilton (2003) argued for the need to better gauge and study the impact of ice on the determination of
streamflow. He states that in Canada, 18.7% of WSC station days are influenced by ice (Table 1). Bourdages of WSC
has established a project to address this need, organising a workshop (2003) on the subject where the use of new
acoustic and radar technology was discussed; the use of hydraulic models was presented; the creation of a database
presented and a tool for quality control to estimate the impact of ice was presented. The use statistical models was also
presented earlier (Ouarda 2001) and this year, Ouarda led a workshop in Quebec City (e.g., Hamilton, 2003) on the
subject where the use of neural networks and satellite technology was discussed.

Table 1. Ice affected discharge data in Canada based on WSC data (after Hamilton 2003).

province | Station-days | ‘B’-days [% ofrecord| % of low % of high

extremes extremes
BC 8627 563 1225202 14.2% 34.6% 0.1%
ON 7105110 1 041975 14.7% 11.9% 7.2%
AB 5037259 1 068 452 21.2% 55.9% 11.4%
PQ 4895 833 890 388 18.2% 26.3% 1.2%
SK 3320473 545 186 16.4% 50.0% 26.7%
MB 2 664 249 672512 25.2% 64.6% 26.5%
NF 1042414 192 465 18.5% 25.0% 4.4%
NB 1022985 255992 25.0% 23.6% 7.4%
NS 836 907 86 935 10.4% 1.9% 3.6%
NT 680 209 293933 43.2% 75.8% 17.0%
YT 666 579 341715 51.3% 92.6% 2.2%
NU 269 753 150314 55.7% 89.8% 11.4%
PEI 140 970 13 677 9.7% 10.2% 10.8%
total 36310304 (6778746 | 18.7% 38.0% 9.3%

RIVER ICE AND EXTREME EVENTS

Beltaos (2000) points out that the impact of river ice on streamflow and stage is even more severe for extreme events
than for average flow conditions. Based, once again, on WSC data, Hamilton (2003) demonstrated that the extreme low
discharge is affected by ice 38% of the time and maximum flows are affected 9.3% of the time. (Note that in the case of
stage, the impact on flood levels may be even greater. For example, one-third of the floods in eastern Canada are related
to ice jams (Beltaos 1995)).

Presently, there are important initiatives to better acquire and manage streamflow data in Canada (Liu 2003),
the USA and by globally-based organisations. Combined with new instrumentation technology, new database
construction, new international protocols, better quality control methods, new internet capability and the growing
recognition that reliable winter data is important, we hope that over the next 5 years, better river ice affected
information on discharge and stage will be available.

BREAKUP

Using photos, figures and sketches, Jasek (2003) wrote an excellent article describing dynamic breakup events. Based
on field data, he explains the dynamic nature of the process referring to a historically documented case on the
Athabasca River, AB where the river rose 17m in one hour and surges traveled at Sm/s. Using a non-dimensional
parameter defined as the ratio of the distance downstream from the point of jam release to the length of the jam, he
quantifies surge speed and attenuation for both water and ice. Elsewhere, Guo (2002) presents criteria for the onset of
breakup.

Prowse and Culp (2003) present the impact of breakup on river ecology. Here are some excepts:
* 'River-ice breakup was shown to be a major, if not predominant, source of floods on cold-regionsrivers.
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e 'Aflood can produce a major, even temporarily traumatic, reset of ecological processes and forms, biotic and
abiotic... More generally, as floods have been identified as primary controllers of many ecosystem-level
processes, they have also been gradually incorporated into broad theories of river ecology... notably... the
"river continuum concept" (RCC) and the "flood pulse concept" (FPC). (They conclude ecological studies
using RCC and FPC should make the link with river ice.)

« 'Many studies that indicate that breakup floods have far lower recurrence intervals for at least the large-order
events.

* 'The high flow velocities, high stage, and mechanical action of ice combine to make breakup a highly erosive
agent of change for river channels, bands, and adjacent riparian zones.

e 'Sediment concentrations can reach >1000 mg/l during breakup surges... several times greater than the open-
water values for an equivalent discharge.

« 'Breakup can reverse the erosive process in bends...; river deltas are prone to channel shifting...; breakup
erosion of banks has even been hypothesized as being responsible for high-level benches; ... ice breakup plays
amajor rolein channel enlargement but this remains a point of debate...

*  'High gradients of water temperature may exist at breakup...

e 'Breakup ... also affects the riparian and aquatic vegetation communities found in and along the channels,
including extensive floodplain areas. The floristic composition of such vegetation is influenced strongly by the
frequency and severity of the ice and flow actions that characterize breakup.

« 'Breakup can be considered a disturbance event that can threaten all winter live-stages in ice-covered lotic
systems, the less mobile stages being the most susceptible to damage.

e 'Breakup is known to affect a number of water-quality parameters, ranging from temperature to nutrients, and
to even affect the movement of sediment-related contaminants.

FORECASTING ICE JAM FLOODS

Ice jam floods occur for a number of reasons. Ice jam formation (either due to natural causes or hydro-power peaking)
causes an obstruction to flow, which results in high water levels and the potential for flooding adjacent to and upstream
of the ice jam. If the ice jam suddenly releases, the resulting high velocity surge of water and ice can lead to significant
increases in water level which pose a risk to human life and property downstream of the ice jam location. For example,
"on February 15, the more than 1,000 residents of Badger, Newfoundland were forced to evacuate from their homes
when a massive ice jam sparked major flooding from three rivers, leaving their town rapidly encased in ice and water"
(http://www.redcross.ca/article.asp?id=002379&tid=001). This event is a reminder that there is still a great need to
improve our capability to forecast ice jams and the associated flood levels.

One factor which has significantly limited our ability to forecast ice jam formation and release events is the
fact that few have actually been documented scientifically. This can be attributed to both logistical and safety reasons.
Because of our current inability to predict their occurrence, it is difficult to be in the right place at the right time to
facilitate scientific monitoring efforts. In addition, it is usually too dangerous to even attempt to the most basic
hydrodynamic variables (ice thickness, flow discharge, and streamflow velocity) during ice jam formation and release
events. Consequently, some researchers have used experimental studies to investigate the dynamic aspects of ice jam
formation (Zufelt and Ettema 2000, Healy and Hicks, 2001).

Based on field data, Jasek (1999, 2003) documents and analyses ice jam release events, particularly in terms of
surge propagation velocity and its impact on surface concentrations of ice (Khan et al. 2000 explored this
experimentally). Kowalczyk and Hicks (2003) present detailed documentation of the wave speed and peak magnitude
attenuation of an ice jam release surge at 7 stations over 40 km reach of the Athabasca River, AB, which occurred in
2002.

Because of the complexity of processes involved in ice jam formation, and our lack of quantitative data
describing these processes, a purely deterministic approach to the problem of forecasting ice jam occurrence is not yet
practical. Consequently, numerous empirical approaches have been explored for predicting the risk of ice jam
formation.  They include threshold methods, which explore the possibility of some critical value of a
hydrometeorological factor (e.g. freeze-up level, breakup stage, cumulative heat input, discharge, etc.) beyond which an
ice jam event tends to occur. Threshold models have proven to be of limited success, except in cases where multiple
threshold conditions have been considered integrally. Other researchers have employed regression methods, particularly
multiple regression techniques, in an attempt to rationalize a problem involving a multitude of complex variables.

White (2003) provides an excellent review of many of these ice jam prediction methods and concludes that
“ The complex physical processes involved in the formation of breakup ice jams make them difficult to predict, but the
sudden nature of occurrence and high stages make jam prediction desirable. The lack of a complete analytical model
describing the processes that lead to ice cover breakup, transport, and jamming prevents the development of general,
mechanistically based prediction models. In addition, the lack of an analytical model of breakup jam often resultsin the
arbitrary selection of model variables. The relatively small number of ice jam prediction models that have been
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developed include empirical, statistical, and artificial intelligence techniques. Existing empirical jam prediction
methods are highly site specific and can have a high rate of false positive predictions, leading to low confidence and
poor response to ice jam warnings... The poor performance of several existing models reinforces the use of model
variables that are easily measured, estimated, or forecast to enhance the utility of a breakup jam predication model.
Artificial neural network systems appear to hold much promise for the future but require further testing."

Massie et al. (2002) explored the viability of neural networks, black-box models that can be ‘trained’ to
properly represent complex non-linear cause-effect relationships. Neural networks consist of a set of nonlinear
computer algorithms that are “trained” to evaluate an input vector and calculate an output that minimizes error.
McDonald et al. (2002) present a successful application for predicting ice jams at a confluence. Mahabir et al. (2002)
used fuzzy logic to quite successfully forecast the risk of ice jams for Fort McMurray.

Daly (2002) used a different kind of modelling approach that incorporates real-time observations for
forecasting purposes. His results indicate that this method is very promising.

The real-time use of Radarsat and other remote sensing techniques are being studied (Gauthier et al. 2001;
Robichaud and Hicks 2001; Weber et al. 2003; Tracy and Daly 2003). Images taken of the 2003 (Pelletier et al. 2003)
Athabasca River breakup indicate that RADARSAT may be a very promising technology for this type of river system
(large) with this type of RADARSAT coverage (daily as opposed to the 2.5 day interval at other Canadian locals).

RIVER ICE AND GEOMORPHOLOGY

Prowse (2001a) specifically demonstrates the linkages between river ice, sediment transport and water quality. He
includes a comprehensive reference list, the most complete ever assembled on this subject. He states that ice can
"significantly modify a number of ... geomorphic and chemical processes that have important biological implications,
such as the erosion and deposition of sediment or the production and transport of oxygen. Geomorphologic effects are
most pronounced at breakup when ice is capable of producing unique erosional and depositional features." A couple of
years later, Prowse and Culp (2003) provide a key overview of the linkages between river ice and geomorphology.

Elsewhere, Milburn and Prowse (2002) discuss the transport of cohesive sediments during the initial phases of
breakup; Beltaos and Burrell (1998) present sediment transport during breakup; Smith (2003) presents the findings of
flood frequency analysis of the Peace-Athabasca-Delta; Hicks (1993) demonstrates that ice can be the principal
geomorpholical agent in an anastomosing river system; and Sui et al. (2000) present sediment dynamics in a frazil
jammed reach.

However, Ettema (1999a&b) is probably the most active researcher in this area. He states (2002): "The extent
to which alluvial channels respond to ice-cover formation, presence, and breakup is not well understood. Some
responses are well known and observed, such as increased flow stage or localized scour beneath the toe of an ice jam.
Other responses are known in concept, such as altered bedform geometry, but are not well documented. Some potential
responses are barely recognized, such as channel-thalweg adjustment. Many responses are temporal, such as the
channel readjusting itself once ice is gone. A few responses may have a more enduring impact, such as a meander-loop
cutoff. Most responses have not been investigated rigorously. The responses affect the full gamut of relationships
between flow discharge and stage, macroturbulence structures, sediment-transport and mixing processes, and alluvial-
channel stability. Of importance are the relative scal es of length and time associated with ice-cover formation, presence
and breakup, and a channel's facility to respond to ice."

RIVER ICE AND WATER QUALITY

The quoted studies on sediment transport and breakup speak also directly to water quality issues because sediments
(especially fine sediments) are great transporters of pollutants and nutrients. Based on field data, White and Laible
2002, present a finite element model to explore the relationship between dissolved oxygen and photosynthetically active
radiation. During breakup, there are very dynamic processes pertaining to water temperatures and the replenishment of
the food chain. Prowse (2001a) provides a review of contributions in the water quality subject area. For example, he
shows that "ice controls water-atmosphere exchanges of oxygen and the receipt of radiation such that it becomes the
primarily control of the under-ice oxygen regime. Smilarly, it directly influences the mixing of dissolved and suspended
substances within the water column and the eros on/transport/deposition of suspended material."

Sydor and Boutot (1999) simulated the increase in minerals concentration in a controlled USA-Canada
boundary water by the growth of river ice. Elsewhere, Singh and Hasnain (2002) carried out a detailed geochemical
study of the water of the Garhwal Himalaya catchments with the objective of evaluating the weathering and
geochemical processes controlling solute chemistry and sediment transfer in the Ganga headwater. These waters are a
very important source for irrigation purposes in India.

RIVER ICE AND AQUATIC ECOSYSTEMS

Numerous researchers have documented the impact of ice on fish and the aquatic ecosystem during the 1990s. Prowse
(2001b) provides a detailed review and description of the biological effects for all stages of winter ice. " Special focusis
placed on the role of ice in seasonal movements and avoidance behavior of fish and benthic organisms, the creation of
unique in-channel and riparian habitats, the modification of aquatic and floodplain vegetation, and some river-ecology
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theories, including disturbance ecology and flood-pulse theory. Included is a comprehensive reference list, the most
complete ever assembled on this subject.” During freeze-up, fish seek particular habitats that will allow them to
conserve energy, be safe from predators and be sheltered from frazil ice, anchor ice and super-cooled water. Border ice
can be beneficial (reduced flows; increased protection from predators and super-cooled water) whereas frazil ice can
irritate the gills and impede the exchange of oxygen to eggs in the bed. Anchor ice can suffocate eggs and once released
can transport organisms downstream. Once the river freezes over, water levels can increase upstream providing habitat
opportunities but can cause severe low levels downstream causing mortality. "As the ice grows down into the littoral
zone, it can also influence the distribution of certain benthic invertebrates. In general, organisms can either migrate to
deeper water or stay in a dormant state (diapause) to be trapped by the growing ice... Spring-fed sites offer ideal winter
fish habitat because they preclude the freezing of eggs and support large populations of invertebrates for winter feed."
As water level recede during winter, locally suspended ice sheets can provide access for many aquatic mammals such as
muskrat, mink, otter, and beaver.

Other recent references include Dolgopolova (2002) who discusses how the turbulent structure of ice-covered
flow impacts on river habitat and Partridge (1999) who discusses the impact of ice on invertebrates in an estuarine
setting. Studies in Japan (Nogami et al. 2002) show that “ whereas (in winter) migratory fish, in winter, tend to choose a
habitat with reduced flows velocity near the river shore, the sculpin, a benthic fish, prefers one with rifflesin the central
parts of streams and a lot of loose stone on the river bottom, regardless of the season.” White et al. (2002) present “ the
first reported information on microbial communities within riverine frazl deposits... that may be important in
wintertime DO processes’ .

Of particular significance, Alfredsen and Tesaker (2002) are trying to include winter habitat into their overall
assessment tools. They note that "short periods with adverse winter conditions may be the limiting factor for the fish
population. A winter habitat assessment procedure will include a study of fish behaviour in winter conditions, the
effects of various ice types on habitat selection and the dynamics of ice breakup on the microscale... Our (their) paper
outlines how fish respond to winter conditions and how hydraulic, hydrologic and biological modelling can be applied
to describe winter conditions and their impact on physical fish habitat. Some of these processes are currently being
incorporated into the Norwegian habitat modelling system. This paper also points out several areas where more
research is needed to describe the physical processes and the biological responses to a changing environment."

They come to the conclusion that it is a very tough job. Of particular interest in their paper is their treatment of
the macro-, meso- and micro-scales. Whereas overall climate factors (and hydrological models) are the most important
driving forces at the macro-scale (i.e., a stretch of river), most hydraulic models concern themselves with reaches
(meso-scale) whereas the habitat issues are primarily centered at the micro-scale. Therefore, before we advance in this
area, we must have tools that can seamlessly move from one model at one scale to a different type of model at another
scale. This will be quite a challenge.

RIVER ICE AND CLIMATE CHANGE

Prowse et al. (2002), Prowse and Bonsal (2003) and Beltaos (2000; 2002) describe the potential links beween river ice
and climate change. Prowse and Beltaos (2002) state the following: "A brief review of the hydrologic aspects of river
ice shows strong climatic links and illustrates the sensitivity of the entire ice regime to changes in climatic conditions.
To date, this sensitivity has only partly been documented: the vast majority of related studies have focused on the timing
of freeze-up and break-up over the past century, and indicate trends that are consistent with concomitant changesin air
temperature. It is only in the past few years that attention has been paid to the more complex, and practically more
important, question of what climatic change may do to the frequency and severity of extreme ice jams, floods and low
flows. The probable changes to the ice regime of rivers, and associated hydrological processes and impacts, are
discussed in the light of current understanding.”

"Although some regional records suggest a general shortening of the ice season has occurred in
approximately the last century, the records are not consistent. Furthermore, while reductions in the ice season have
been linked with air temperature, other hydroclimatic factors such as changes in precipitation could masgque or even
override such a relationship. Both winter drought and increases in snowfall could have significant effects, especially in
the case of ice-jam floods, where changes in precipitation can influence a number of flow and ice characteristics.
Overall, changes in almost any of the major meteorological fluxes are capable of producing significant change in ice
conditions, including the nature and timing of freeze-up, ice thickness and break-up severity. In addition to having
important hydrologic implications, such changes can produce important geomorphologic, ecological and socio-
economic impacts.”

RIVER ICE BEARING CAPACITY

Kuryk (2003) expresses great concern about the potential impact of climate change on winter transportation. He states
that: "The winter road network in Manitoba spans a length of 2178 km and services 30 communities (approximately
29000 people). It is extremely important for the shipment of goods, employment of locals and travel between
communities. With the certainty of climate change and expected temperature increases of 4-6°C by the end of this
century, thereis a real threat to the seasonal operation of winter roads. The inevitable climate change from greenhouse
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gas emissions will result in later freeze-ups, earlier spring melts and more frost-free days'. Beltaos (2001) provides a
methodology to calculate short term bearing capacity while van Steenis et al. (2003) present a finite element secondary
creep model to calculate ice deformation under long term loading conditions.

ICE FORCES ON STRUCTURES

Considerable advances have been made recently concerning ice forces on structures. Important data has been obtained
from the monitoring of the Confederation Bridge (Brown 2000). The Canadian Hydraulics Center under the leadership
of Timco has built up a database of ice forces on structures (e.g., Johnston et al. 1999; Timco and Johnston 2002;
Frederking 2002) and Carter et al. (1998 and 2001) present a comprehensive model of static ice forces on dams. This is
a very current issue; for example, the new Quebec law on dam safety requires the systematic review of dam stability.
Under the current code, most of the thousands of small dams do not meet the code regarding their resistance to static ice
forces. The same is probably true of most other small dams in Canada.

ICE CONTROL STRUCTURES AND ICE BOOMS

Although this may be considered more an 'engineering' topic than a 'hydrology' topic, the subject of ICS is included
here because hydrology is always concerned with flood control and the primary purpose of ICS's is to protect residents
from ice-jam related floods. Over the last few years, there have been significant advances in this area: A lot of work has
been done on the design of ICS's by the group at CRREL (Lever and Gooch 2001; Lever and Daly 2003; Lever et al.
2000) and the group at Laval University (Delcourt 2002; Francoeur 2002; Morse et al. 2003). Also, the design of ice
booms has seen great progress recently (Hopkins and Tuthill 2002, Abdelnour et al. 2002; Tuthill and Gooch 1998 &
1999; Morse 2001a&Db).

WINTER NAVIGATION

Given the desire on the St. Lawrence to prevent flooding and to open a winter waterway, a large number of river ice
studies were carried out on the river in the 1960s. For example, there were studies to see if nuclear power could keep
the Seaway open all year round. Although that particular idea was abandoned other studies led to the construction of
bridges, booms and artificial islands to control ice and a modern ice breaker fleet was purchased. Winter navigation and
flood protection seemed to be fine until a major congestion ice jam blocked the River in 1993. To improve the situation,
a number of studies and actions were carried out regarding (a) ice management (Carter 2003), (b) real-time ice
information systems (Dumont 2001; Morse and Crookshank 1998), (c) brash ice characteristics (Morse et al. 2001 and
Morse and Hessami 2003a), (d) the congestion jam process (Morin et al. 2000) and the use of neural networks to model
congestion jams (Morse and Hessami 2003b). Hopefully these studies have helped reduce the risk of jams but further
studies are still required to a secure a dependable winter waterway.

Tuthill (1998) presents navigation through ice on the Mississippi. He (1999) also presents Soo Locks ice
problems and possible solutions and Tuthill and CRREL (1999) present flow control measure to manage ice. Hopkins
and Daly (1999) present a discrete element model of river ice at navigation structures and Liu et al. 2001 "report on an
ongoing two-dimensional numerical ice-hydraulic model study on the dynamics of ice passage at locks and dams in the
Ohio River for a generic navigation project... Smulations are carried out for a variety of lock and dam configurations
and operation conditions. These simulations include ice accumulation and ice passage in the upper approach of the
lock under different dam gate settings, as well as upper lock gate and guide wall configurations. The capability of high
flow air bubblers to deflect and retain ice is also simulated by imposing horizontal water velocity distributions at the
selected location.”

RIVER ICE AND ESTUARIES

In addition to the work by Partridge quoted above (2001), at the initiation of Burrell (Morse et al. 1999), there has been
some headway made into the understanding of ice processes in estuaries. With the collaboration of Hydro-Québec, the
interplay between river ice, hydrodynamics and thermodynamics for a mesotidal estuary on the north shore of the St.
Lawrence has been documented (Morse et al. 2003). It was found that the ice is very unsafe, that the temperature of the
salt water played a key role and that the neap/spring tidal cycle was a real driving force that dominated ice formation
and ice breakup.

FRAZIL ICE

There has been a renewed interest in frazil ice in recent years (Terada et al. 1999; White and Acone 1998; Doering and
Morris 2003). Frazil affects the behaviour and survival of fish (Brown et al. 1999; White et al. 1999); it impacts
sediment transport (Smedsrud 1999); it causes floods (Asvall 1998); it impedes the efficient operation of hydro-electric
facilities (Morse and Quach 2002) and it must be taken into account for the design of municipal intake structures
(Ettema et al. 2002, Morse and Trudeau 2003). There has been a particular interest in frazil ice on the Yellow River
where very impressive field studies have taken place (e.g., Li and Zhu 1999; Ke et al. 2000).

ICE PROCESSES
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In addition to the dynamic ice process studies discussed above, over the last few years, studies have continued on other
ice processes as well. Shen (2003) provides an excellent overview on ice formation processes, the ice covered period
and breakup. He gives a brief explanation of key processes and refers the reader to the most important key articles on
each subject. He discusses skim ice, border ice, frazil ice, anchor ice, ice thickening, ice accumulating, ice transporting,
ice thinning, ice breaking and ice jamming and it recommends areas for further research (see 'future directions' below).
For those who are new to the field, this article is the ideal introduction.

Andres and Van der Vinne (1999) describe the insulating effect of snow on ice cover thickness. Ettema and
Zabalanski (2001) discuss the formation of open leads in an ice cover. Timco and Cornett (1999) quantify the angle of
internal friction for ice accumulations (required for numerical model simulations of ice jams). Granular ice (marble ice)
has been documented in the lab and in the field (Hammar et al. 2002)

NUMERICAL MODELLING

DYNARICE is a coupled Eulerian-Lagrangian model. The hydrodynamics of the flow are simulated with a finite-
element scheme and the ice dynamics are simulated with a Lagrangian discrete-parcel method has already been referred
to under the heading 'Winter navigation' and the link with fish habitat modelling has already been presented under the
heading 'Aquatic ecosystems'. Another published application presents the jam dynamics of the Upper Niagara River (Lu
et al. 1999). Further information is presented by Shen (2002) in his overview of numerical modelling of ice processes.
Shen's team is working on producing a commercial version of this model. Once available, this model will be a great
asset to all hydrologist seeking to evaluate the interplay between river ice and ecological and geomorphological
processes; to flood protection agencies to reduce the risks of ice jams and to engineers to help optimize hydro-electric
operations and winter waterways. In Canada, Doyon (2001) collaborated with Shen and produced a Canadian draft
version of the model.

Elsewhere in Canada work is still on-going on RIVICE which will lead to a public-domain 1-D general
purpose ice process model; CRREL researchers continue to improve their 2-D model (e.g., Daly and Hopkins 2001,
2003); there is now a public-domain version of a 2-D hydrodynamic model that allows the user to model specified ice
conditions (www.River2d.ca). Blackburn and Hicks (2003) explored the applicability of a public domain finite element
model for ice jam surge release modelling. Model comparison and evaluation has also been undertaken regarding ice
jam modelling (Healy and Hicks 1999, Carson et al. 2001, 2003).

FUTURE DIRECTIONS
We have summarized our view of future directions in the abstract. Here are a few quotes from the leading researchers
that inspired that view:

"Despite the great strides made in recent decades in understanding river ice processes, several aspects of ice
breakup, movement, and jamming require further study” (taken from the preface to the special CSCE river ice
issue by Burrell and Holder 2003).

"River ice has been shown to affect numerous environmental processes and to create unique ecological
conditions at all scales of riverine systems, from brooks to major rivers and deltas. Incorporating information
about river iceinto the ecological understanding of lotic systems, however, will be most difficult for the larger
scales. Thisis primarily because there is no clear theoretical basis for the functioning of large-river ecology
even under open-water conditions.... Hence, achieving a greater understanding of the environmental aspects
of river ice will not only require further advances in the physical sciences but in the field of aquatic ecology as
well. The most efficient method to achieve thisisto conduct, whenever possible, multidisciplinary studies of
river ice. From a more general river management perspective, it would also seem prudent to begin expending
resources to a degree that more closely reflects the proportion of the year that rivers are affected by ice. For
many hydrologic regimes of the world, streams and rivers are ice covered for a majority of the year, yet
minimal research is conducted during this period compared with the more ‘‘researcher friendly”’ open-water
period. Without a doubt, scientific progress is hampered by the logistical difficulties and high costs associated
with conducting ‘‘winter’’ research. Such obstacles, however, can no longer be deterrents if a comprehensive
under standing of lotic systemsis to be achieved" (Prowse 2001b).

"Areas that are in most need of advancement are suggested. These areas include the development of surface
and suspended ice discharges during the freeze up ice run, and the phenomenon of dynamic break up. It is
recommended that future research should focus on these weak links in our knowledge in order to provide a
comprehensive understanding on river ice processes... it is clear that we still need to develop a concise method
to predict the occurrence of ice cover breakup. In particular, the rate and magnitude of the rise of discharge
that can trigger a dynamic break up on a controlled or uncontrolled river are to be determined. A joint effort
from the ice engineering community might 