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1 Executive Summary

Wetlands provide several critical hydrological functions onthe landscape, such as reducing flood risks
and improving low flows through water storage, infiltration, and groundwater recharge, which can
reduce drought risks. However, due to their dependency on the hydrologic cycle, wetlands are highly
sensitive to changesinlocal hydrology caused by a changing climate and studies have found that north
America could lose 10% of its wetland area because of climate change. Within the Upper Columbia River
Valley there are approximately 26,000 ha of wetlands, recognized as being of international importance
under the RAMSAR Treaty. These wetlands have already experienced drying and loss of their wetted
area, which is of great concern given theirimportance ecologically.

Snow accumulation and melt play an important role in shaping the Columbia River and the Columbia
Wetlands giventhatthe Columbia Riverisa nival (snowmelt driven) system. Climate changeis predicted
to cause an increase in air temperatures, leading to a reduction in snow accumulation and an
advancement of melt. Due to the relative importance in snowmelt in the Columbia Wetland water
supply, reductionsinwinter snowpackmay resultinareductionin wetland recharge from streamwater
and groundwater sources.

Fortunately, the Columbia Wetlands are surrounded by levees and beaver dams at various elevations,
which are often overtopped by floodwater. These levees dictate wetland connectivity to the Columbia
River, and how fast water drains from storage. The dynamic of changes in water supply from the
Columbia Riverand altered states of wetland connectivity pose a challenge for maintaining the diversity
and ecological functioning of these systems.

This study examines the vulnerability of the Columbia Wetlands to climate change based on their
location using a combination of field investigation and hydrological modelling, with special attention
paid to select wetlands that have either experienced or have planned restoration efforts to improve
water retention.

We found there is regional variationin wetland vulnerability, where the northern portion of the study is
likely to be less affected by shifts in climate due to an increase in water supply and less atmospheric
sensitivity. The southern portion of the study area is highly vulnerable, with an earlier onset of spring
freshet accompanied by an insignificantincreasein peak streamflow and substantial water loss under
awarmer climate. Allwetland groups are likely to be equally vulnerable; however, water retention will
be critical to maintain wetland diversity. The Beaver Dam Analogues are an important adaptation
measure, particularly inthe southern portion of the study area. Without these structures, it is likely that
water levels would continue to follow the patterns of the Columbia River. Alonger streamflow recession
period with hotter and drier summer conditions could lead to a substantial reduction in open water
area, already being observed in other studies.
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Our conceptual understanding of wetland hydroperiod and behavior of connected vs. disconnected
groupings has evolved substantially using intense field sampling and hydrological modelling. We
recommend applying this knowledge to prioritize restoration efforts, focusing on increasing the
numbers of wetlands with retained summer and fall storage. This will improve ecological integrity
through the development and maintenance of a diverse range of wetland types, creating redundancy
across the floodplain.
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2 Introduction

Wetlands are valuable semi-aquatic ecosystems that provide countless hydrological functions,
including modulating peak flows and increasing low flows through water storage, infiltration, and
groundwater recharge (Ferreira etal., 2023; Ferreira et al., 2020; Wu et al., 2023), and improving drought
and flood resilience (Golder, et al., 2021; Phillips, 1996). However, as wetlands are highly responsive to
changes in the surrounding surface-water and groundwater hydrology (Wang et al., 2016; Wang et al,,
2018; Hathaway et al., 2022), they are largely considered to be sensitive to changes in climate (Lee et
al.,2015). Changesinairtemperatures and precipitation patterns from climate change are expected to
have largeeffects on local hydrology, subsequently impacting wetlands. Xu et al., (2024) found that the
projected impacts of climate change on wetlands across North America from 25° to 53° North could be
a 10% reductioninarea by the end of the century under a higher emission (SSP585) scenario. However,
regional impacts vary, and not all wetlands will experience the same degree of drying, underlying the
importance of forming a strong understanding of the local impacts of climate change on an area.

The Columbia Wetlands are a series of floodplain wetlands within the Upper Columbia River Basin,
locatedinthe Rocky Mountain Trench between the Rocky Mountainsto the eastand the Purcellsto the
west. They occur as far south as Invermere, British Columbia, and continue north to Golden, BC, and
contain 26,000 ha of Ramsar Wetlands of International Importance. As this section of the Columbia River
is the only undammed section of the Columbia River, the natural hydrology is governed largely by
seasonal flood pulses that occur around June and are driven by snowmelt and rainfall (MacDonald
Hydrology Consultants Ltd. 2020; Carli and Bayley 2015; Makaske et al., 2009). The seasonal pulses have
shaped the Columbia Wetlands, where the combination of high and low flows of the Columbia River has
resulted in anaggradation of sediments forming and maintaining levees that then withhold water after
flood waters have receding into the late summer and fall (Filgueira-Rivera et al., 2007).

Over the past several decades, many hydroclimatic changes have occurred in the region, including
increased air temperatures and evapotranspiration, precipitation shifts, and changes in flow timing,
duration, and magnitude (Stewart, 2004; Utzig 2021; Rood et al. 2016; Brahney et al. 2017). The increase
in air temperatures has already begun causing a shift in precipitation type with more precipitation
occurring as rain and instead of snow (Zhang et al., 2000; Schnorbus et al., 2014; and Vincent et al,,
2015). Thisisin turn driving a decrease in snow accumulation and duration, particularly at low to mid
elevations (Stewart, 2009; Valeo et al., 2007; Whitfield, 2014), resulting in earlier onset and more rapid
snowmelt during the spring freshet period and an earlierand longer low flow period inthe summer and
fall (DeBeer et al., 2021; Foster et al., 2016; Leppi et al., 2012) with overall reduced flows n the Columbia
River (Rood et al. 2016; Brahney et al. 2017). These hydroclimatic shifts have already resulted in a
discernable reduction in open water in the Columbia Wetlands (Hopkins et al., 2020) and a change in
landcover, with wetlands drying out and shifting from marshes and open water towards woody shrub
landcover (Rodrigues et al., 2023).

Snow playsa criticalrolein shaping the hydrograph of the Columbia River and the Columbia Wetlands,
both due to the large flood pulse that results in the late spring due to melting snow and rain on snow
events, but also due to groundwater recharge. Remmer et al., 2023 found that alpine snowmelt is a
major contributortoriverand groundwater contributionsin the Columbia Wetlands, and that snow-fed
groundwateris an important source of water for many wetlands later in the season. This is in keeping
with previous research that has found that snowmelt dominated watersheds tend to have a higher

B ntroduction page 5



percentage of snowmelt contributing to groundwater recharge (Earman et al., 2006; Ajami et al., 2012),
and that snowmelt is better able to infiltrate deeper into soils than rainwater (Earman et al., 2006).

Increasing air temperature is predicted to alter snow accumulation, even at higher elevationsin the
region (Carver, 2017). This is due partly due to less precipitation falling assnow (Dierauer, et al., 2021),
but also due to rain on snow events, which canreduce snow accumulationsand even reduce the SWE
due to snowmelt (Brandt et al., 2022) and instigate floods and debris flows (Surfleet and Tullos, 2013;
Hatchett et al., 2020). Due to the relative importance in snowmelt in the Columbia Wetland water
budgets, reductions in winter snowpack may result ina reductionin wetland recharge from stream and
groundwater sources. This is likely to result in higher floodplain wetland vulnerability, leading to
potential long-term challenges for the Columbia Wetland ecosystem.

Wetland vulnerability to climate change has been shownto be linked to their locationand connection
on the hydrologic landscape (Winter, 2000; Meng et al., 2020). Here we examine vulnerability to climate
changeusing a combination offield investigation and hydrological modelling,extending to an area that
encompasses a broad geographic range. Locally, recent work has shown that beaver dams play acritical
role in determining wetland connections to the Columbia River (Leven, 2024) and efforts are underway
to improve water storage in wetlands by repairing and enhancing beaver dams in floodplain wetlands
(Leven et al., 2024). Combined, an understanding of vulnerability and local adaptations focused on
increasing storage havea chanceatimproving the functioning of floodplain wetlandsin this important
region.
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3 Study Area

The Columbia Wetland Complex extends from south of Invermere, BC, to Golden, BC in the Rocky
Mountain Trench, approximately 180 km in length and 260 km? in area (Environment and Climate
Change Canada, 2018). The wetlands examined in the current project fall within this reach, extending
just north of Wilmerto Parsons, BC, spanning approximately 75 km and covering nearly 24 km? of area,
a little under 10% of the overall Columbia Wetland Complex (Figure 1). The wetlands exist along the
Columbia River floodplain, which is restricted laterally in a 1.5 km wide valley between the Rocky
Mountain Rangeand thePurcell Mountain Range, with an averageslope of 11.5 cm/km (Makaskeet al,,
2009). As the regional climate and hydrologic model were developed using data from several gauging
stations located throughout the watershed, a larger Regional Study Area is used to develop the
hydrologic models, whereas a smaller Local Study Area that encompasses the area directly affecting
the study wetlands (Figure 1). The regional models developed considered watersheds with long-term
hydrometric records to calibrate and validate model performance (Table 1).

Table 1. Water Survey of Canada hydrometric stations used in this study.

Name Station Number [Date Range Drainage Area (km2)
COLUMBIA RIVERAT DONALD 08NB005 1944-2021 3048
COLUMBIA RIVER AT NICHOLSON 08NA002 1903-2022 6688
KOOTENAY RIVER AT CANAL FLATS 08NF002 1939-1995 5456
KICKING HORSE RIVER AT GOLDEN 08NAO006 1911-2022 1848
SPILLIMACHEEN RIVER NEAR SPILLIMACHEEN 08NAO11 1912-2022 1458
COLUMBIA RIVER NEAR FAIRMONT HOT SPRINGS 08NA045 1944-1996 897
TOBY CREEKNEARATHALMER 08NA012 1912-1984 681
PALLISER RIVER IN LOT SL49 08NF006 1973-1995 672
BLAEBERRY RIVER ABOVE WILLOWBANK CREEK 08NB012 1970-2022 590
KOOTENAY RIVER AT KOOTENAY CROSSING 08NF001 1939-2022 423
BUGABOO CREEK NEAR SPILLIMACHEEN 08NA001 1912-1956 378
BLAEBERRY RIVER BELOW ENSIGN CREEK 08NBO015 1974-1996 234
KICKING HORSE RIVER BELOW SHERBROOKE CREEK 08NAO053 1952-1996 119
SPLIT CREEK AT THE MOUTH 08NBO016 1974-2022 80
ALBERTRIVER AT 1310 M CONTOUR 08NF005 1972-1999 69
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Figure 1. The floodplain wetlands examined within the local (red) and regional (orange) study areas within
the Upper Columbia River Watershed.
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3.1 Regional Study Area

The Regional Study Area consists of the drainage area upstream of the gauging station at Donald, BC,
whichdrainsan area of 15, 193 km?. The study area for the models focused on the mountainrangeson
eachside of the Rocky Mountain Trench, including the headwaters of the Columbia River and Kootenay
River. The area extends from below 800 m.a.s.l. at Donald, BC to over 3500 m.a.s.l. atthehighest peaks
along the Continental Divide and in the Selkirk Mountains. Land cover consists primarily of forests
below 2200 m, with biogeoclimatic zones of Interior Cedar Hemlock (ICH) in wetter low elevation areas,
Montane Spruce (MS) at mid-elevations, and Engelmann Spruce Subalpine Fir (ESSF) at higher
elevations. The Columbia Rivervalley bottom consists of large lakes and wetlands. Above treeline, large
areas of Alpine characterize most mountain tops, with several glaciers and icefields located at the
highest elevationsin both mountain ranges; these include the Wapta and WaputikIcefields, located in
Yoho National Park, and the Conrad Glacier located in the Columbia Mountains.

The gauging station on the Columbia River at Nicholson, BC (a few km south of Golden, BC) is
downstream of the wetlands used in the field study. There are several major tributaries that flow into
the Regional Study Area; most of these flow into the Local Study Area and are covered in the following
section, but downstream of these the Blaeberry and Kicking Horse Rivers drain the northeast corner of
the regional study area from the Rocky Mountains.

Soilswithinthe study area includevarious types with textures including silt, sand, sandy loams, loamy
sands, and loams (BC Ministry of Environment, 1990). Soils are imperfectly, well and rapidly drained.
Depositional modes include glacial tills (especially within the valley bottoms), glaciofluvial, fluvial, and
colluvial processes (BC Ministry of Environment, 1990). The regions to the western portion of the study
areain the headwaters are predominantly undifferentiated bedrock, whilesilt is notably more present
inthe river bottoms of tributariesand the Columbia River floodplain, asis loam, sandy loam, and loamy
sand.

The study area is made up primarily of sedimentary rocks from the Proterozoic to Paleozoic Eras,
including the following (taken from the BC Data Catalogue):

- Coarseclastic sedimentary rocks fromthe Neoproterozoic associated with the Horsethief Creek
Group,

- Conglomerate coarse clastic sedimentary rocks from the Neoproterozoic associated with the
Toby Formation,

- Quartzite, quartz, arenite sedimentary rocks found throughout the study area from the
Mesoproterozoic thatare associated with the Mount Nelson Formation, as well as sliversin the
north from the Neoproterozoic to Lower Cambrian associated with the Cranbrook Formation

- Undivided sedimentary rocks from the Mesoproterozoic associated with the Dutch Creek
Formation, from the Ordovician associated with the Mount Wilson, Skoki, Tipperary, Glenogle,
Survey Peakand Lyell Formations, and; Upper Ordovicianto Middle Silurian associated with the
Beaverfoot and Mount Wilson Formations

- Dolomitic carbonaterocks from the Mesoproterozoic in the southern portion of the study area
that are associated with the Kitchener Formation and from the Middle Silurian to Upper
Ordovician that are associated with the Beaverfoot Formation in the north

- Limestone, marble, calcareous sedimentary rocks from the Middle to Upper Cambrian thatare
associated with the Lyell, Sullivan, Jubilee, or Chancellor Formations

- Mudstone, siltstone, shale fine clastic sedimentary rocks from the Cambrian to Ordovician
associated with the McKay group.
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3.2 Local Study Area

The Local Study Area is the drainage area upstream of the Columbia River atthe same location as the
outflow of the most downstream study wetland, consisting of a total of 6,152 km? with an elevation
range between 782 m.a.s.l. and 3489 m.a.s.l. (Figure 2). The main tributaries to the Columbia River
withinthe Local Study Area arethe Spillimacheen Riverand Bugaboo, Horsethief, and Toby Creeks, all
originating inthe Purcell Mountains. Inaddition, therearealso Dutch, Sinclair,and Windermere Creeks
that flow into the Columbia River, all of which are 6% order streams.

Glacierscover2.7% of the Local Study Area and existin the headwaters of many of the major tributaries,
such as Conrad Glacier in Spillimacheen River watershed Malloy Glacier, Vowell Glacier, Crescent
Glacier, and Bugaboo Glacier in the Bugaboo Watershed, and Jumbo and Toby Glaciers in the Toby
Creek Watershed.

3.3 Restoration Wetlands

The fourindividual wetlands that have either undergonerestoration efforts or arein the planning phase
for restoration activities arewetlands 38, 71, 24, and 145. These wetlands are all located within the LSA
Columbia River floodplains (Figure 2).

3.3.1 Wetland 38

Site 38 is dammed by a natural beaver dam in the levee which was destroyed in flood waters during
2020. Despite the damage, the wetland has been classified as a wetland with low connection to the
Columbia Riverexceptin 2022, where it was partially connected, likely due to the large flood pulse that
year. A beaver damanalogue (BDA) wasbuiltin the original beaverdamlocation onsite 38 in the fall of
2021, andreceived repair work in 2022 and 2023. The restoration efforts haveresulted in anincreasein
water levels of 0.6 m from prior to the installation of the BDA.

3.3.2 Wetland 71

Site 71 has a small levee gap which was dammed by beaversin 2023, improving water levels of a 0.22 km
wetted area. This increased water levels by 0.25 m, resulting in an estimated increase in retention of
27,500m3. This allowed the wetland to retain a greater amount of water into the fall in 2023 than was
evident in previous years, despite 2023 being a low water year. Prior to the beaver activities, site 71
bounced between wetland groupings of partially connected with big gaps (2020, 2022) and most
connected (2021).

3.3.3 Wetland 24

Site24 isa 0.46 km? wetland thatis considered most connectedin all yearsasits hydrographis like that
of the Columbia Wetlands. Waterretention s limited, with only a smallamount of water remaining into
the fall, due to two large gaps. Restoration efforts are still in the development phase and are engaging
with the landowner, the Nature Trust, on future actions to retain water at the site.

3.3.4 Wetland 145

Site 145 is a most connected wetland that loses most of its water by the fall. A 10.5 m long and 1.35 m tall
BDA has been proposedto be builtinalarge hole in the level which would effectively increase water levels
1.35 m, increasing water storage by 175, 500m3. Restoration efforts are still in the development phase.

2
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Figure 2 the local study area of the floodplain wetlands in the Upper Columbia Wetlands.
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4 Methods

4.1 Field Methods

Stilling wells constructed out of PVC pipe were installed in a total of 38 wetlands throughout the
Columbia Wetland Complex, though not all sites have data for allfive years of data collection. Wetland
sites were selected to represent different types of wetlands present in the valley based on local
knowledge. Water-level loggers (Onset HOBO pressure transducers; Model U20-001-01, 4 m range with
a 0.4cmaccuracyor9 m rangewith 0.5 cm accuracy) were placedin each stilling well, along with two
loggers in the Columbia (with one at Spillimacheen, BC, and the other at Brisco, BC). An additional
loggerwasused to collect barometric pressure and placed ina centrallocation within the study reach.
As the deepest location within the wetland could not always be reached, the difference between the
height of the loggerin the stilling well and deepest location withinthe wetland wasrecorded. Loggers
were deployed each year in late April or early May and collected data until October, and were set to
collect water pressure (kpa) and temperature (°C) atfour-hourintervals. Water pressure was converted
to water level (m) using the HOBOware Pro 3.7.26 barometric compensation tools.

4.1.1 Water level analysis

Water levels for each of the wetlands are used to develop a conceptual understanding of overall
wetland hydroperiod. Correlation analysis was used to determine relatedness of wetland water level
between wetland groupings, climate, and streamflow.

4.2 Hydrological Modelling

The study area was split into subbasins with outlets that coincide with Water Survey Canada
hydrometric stations, extended north and south of the field study wetlands. Figure 3 shows the study
area, subbasin delineation, and associated locations of floodplain wetlands in each subbasin. We
expanded this analysisrelative to the field study sites to evaluatethe effect of climatic gradientsalong
the Columbia River Valley.
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Figure 3 Map of study area of hydrological model set up, elevation bands, and associated wetland locations in
each subbasin.

The Raven Hydrological Modelling Framework (v3.8; Craig et al., 2020) was used to predict and assess
the state of wetlands in the Columbia River Valley. Raven is a mixed lumped/semi-distributed model
thatis typically used to simulate state variables and streamflow. Raven allows users to determine the
degree of model complexity from lumped (single subbasin models) to semi-distributed (routing). Each
watershed is assembled from several subbasins, which are assembled from contiguous or non-
contiguous hydrological response units. These are defined as areas that are hydrologically unique
responses to precipitation events. Each HRU can be defined by elevation, land use type, vegetation
cover and terrain type, which is underlain by a soil profile. The model then solves the 1-dimensional
water balance for each HRU where it can be later redistributed amongst surface water channels.
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4.2.1 Model Setup

Meteorological Forcing Datasets

The model requires spatially distributed daily minimum and maximum air temperature to simulate
statevariablesand fluxes. Theforcing dataset used for the historical climate scenario (1980-2024) daily
air temperature (maximum and minimum, °C), precipitation (mm/day) and relative humidity were
collected from DayMet (Thornton et al., 2018). DayMet points were extracted at a regular grid pattern of
approximately 1 degree resolution. While the meteorological forcing dataset used for future climate
change (2021-2080) was obtained from Environment and Climate Change Canada (ECCC, 2021)
statistically downscaled under Shared Socio-economic Pathways (SSPs). These data collected used the
daily median projection from an equal-weighting ensemble forecast of 26 General Circulation Models
(GCM) from the Coupled Model Inter-comparison Project Phase 6 (CMIP6) from 2021 - 2080. For this
work, two SSP median ensembles were chosen: SSP 2-4.5 which represents a middle-of-the-road
pathway of development, and SSP 5-8.5 which represents a scenario with intensified exploitation of
fossil fuel resources.

The daily future meteorological variables from ECCC daily median project were first bias-corrected
using the simulated future air temperature and precipitation and historical (simulated). Each future
month andyearwere then matched with a proxy month from the historical period. These scaling factors
for each month and year (i.e., fractional difference in precipitation and absolute difference in air
temperature between the proxy and scenario) were then used to correct the daily observed record for
each climate scenario.

4.2.2 Conceptual Overview

The water balance problem is defined by the conservation equation whereby a conservative quantity
entering a control volume during a defined period, minus the amount of the quantity leaving the
volume during the period, equals thechangein the amount of quantity stored in thevolume during the
period (Dingman, 2015).

Given the scope of the study, the hydrological model wasset up as a semi-distributed model. Whereby
each HRU water balance is quantified and then amalgamated as a single contribution to streamflow.
To look at the specific implications of climate change on wetlands we assessed the 1-D water balance
of wetlands locatedin thevalley bottom (elevations less than 1400 m.a.s.l.) to conceptually understand
how water storage may change from meteorological drivers. In this water balance, water enters the
wetland through precipitation (P) and leaves from evaporation (PET).

dS =P— PET

Precipitation

Precipitation (rainfall and snowfall) were interpolated directly from the DayMet gauges using the
inverse distance weighting interpolation method to generate a gridded product.
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Potential Evapotranspiration

Potential Evapotranspiration (PET) was determined using the Priestley and Taylor (1972) relationship,
whereby net radiation (calculated via model) derivesdaily PET,and a correction factor PET isdriven by
the vapor deficit.

PET =1.26 (3)

T Rl
pwipld+y "

Where R,, is the netradiation. Thedefault scaling factorof 1.26 is used to scaletheradiation-driven PET
for the vapor deficientdriven PET. The saturated vapor pressure isdetermined by the airtemperature:

17.23T \  (4)
es(T) = 0.6108 exp exp (m)

And the slope of this curve, A(T) = de/dT,

498 (5)
“T+2733°%
Where the latent heat of vaporization of water, 4,, is calculated by:

A, = 2.495 — 0.002361 T (6)

Where T is the temperature and the psychometric constantis 4,,.

Wetland Water Balance

The outputs of daily average precipitation, P (mm), and potential evapotranspiration, PET (mm), in
wetlands in the region were summarized each year (mm/year) and averaged across a historical (1991-
2020) and two future periods (2021-2050, 2051-2080). Spatial outputs of PET and precipitation were
then used to evaluatevertical waterbalances. For each future period, the changein the surface water
balance was estimated as the future value relative to the historical (1991-2020) period. The absolute
changefromthe historical scenariointheperiod (1991-2020) and climate scenario (historical) was then
used asa metric to understand how meteorological driversinfluence wetlands spatially in the Columbia
River Valley.

The cumulative monthly mean precipitation P (mm), and potential evapotranspiration, PET (mm), of
eachwetland were summarized by subbasin to assess how thewater balancechangesseasonallyin the
future. Lastly, we used simulated streamflow at a subbasin outlet on the northern (Columbia River at
Donald) and southern (Columbia River Near Fairmont Hot Springs) regions to assess theimplications of
climatechangeon streamflow. Theresults fromtheseasonal and yearly water balances and streamflow
onthe Columbia River werethen used to conceptually understand how connected, partially connected,
andisolated wetlands may change under middle of theroad (SSP2-4.5) and worst-case scenario climate
(SSP5-8.5) in current (2021-2050) and future (2051-2080) periods.
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5 Results

5.1 Temporal Evaluation of Water Levels

There is considerable temporal variation in wetland water level characteristics within each of the
groupings (most connected, partially connected, and least connected). Wetland water levels are
responding to streamflow in the Columbia River following the regional temporal patterns. 2020 and
2021 had a similarhydrograph pattern, while 2022, 2023, and 2024 had unique patterns. These pattern
shifts between years were consistent among groups, suggesting a larger-scale synoptic condition is
driving wetland hydroperiod. It is likely that wetland vulnerability isindependent of wetland grouping
andthatall floodplainwetlandsin thestudy area areequally susceptible to changesin climate. Overall,
these results suggest itis important to understand how large-scale processes governing hydroperiod
may change under future climates to understand wetland vulnerability.
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Figure 4 Water levels for the most connected wetlands (130 (red), 132 (orange), 145 (brown), 24 (olive green),
29 (green), 30 (teal), 32 (light blue), 59 (blue), 64 (purple), 68 (pink), and 70 (fuchsia)) from 2020 (top) until 2024
(bottom).
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Figure 5 Water levels for partially connected wetlands (110 (red), 126 (orange), 128 (brown), 129 (olive green),
137 (green), 141 (blue-green), 31 (teal), 36 (light blue), 39 (blue), 43 (dark blue), 48 (purple), 51 (light purple),

62 (pink), and 71 (fuchsia )) from 2020 (top) until 2024 (bottom).
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Figure 6 Water levels for the least connected wetlands (127 (red), 131 (orange), 21 (olive green), 35 (green), 38

(light blue), 47 (blue), 49 (purple), 69 (pink)) from 2020 (top) until 2024 (bottom).
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Figure 7 Water levels for the four restoration wetlands (145 (red), 24 (green), 38 (blue), and 71 (purple)) from
2020 (top) to 2024 (bottom).

The four restoration wetlandsfallinto all three wetland groupings, with 24 and 145 illustrating a strong
connectionto the Columbia River, wherethey rise andfallin a similar pattern to the riverand lose most
of their water by the fall. Both wetlands have large holes in their levees that allow water to drain,
creating this connection with the Columbia River. The two wetlands that have been restored show
changesin their hydrographs because of the beaver dams. A beaver damanalogue (BDA) wasinstalled
in the fall of 2021 in 38. In the years preceding the restoration works the water level drops significantly
in the fall; following the construction of the BDA, water levels do not drop as quickly but hold steady at
a higher level from 2022 to 2024. These effects are even more evident in 71, where a natural beaver dam
was constructed in the spring of 2023. The shape of the hydrograph changesin these yearsand is even
more dissimilar to the flows of the Columbia River, now showing strong retention of water levels
following the freshet pulse. Considering that 2023 and 2024 were low flow years, this illustrates how
beaver dams and BDAs can influence wetland connectivity and shows the benefit of beaver dams at
improving wetland water storage and helping combat the effects of climate change on the Columbia
Wetlands.

B Results page 20



2020 2021 2022

500 4
w
400 - z_o
38852
300 A =833 §
=N
_ = =
200 28=5
100
50 4 = i
4///‘_7\‘;'7-'-" //// _\‘-. — %
404 ~ e e N i M <]
\ \ < - 359
30 - \. N\ 5295
AN R N =& =
20 1 AN R \ 28
AN \_\ \\ =
10 1 - g
40 4 v
304 58
=]
20 4 EXy
10 4 S
O -
_r=3
3<2F
2558
[«3

25 30 35 25 30 35 25 30 35
Week
1 - Most Connected — 3 - Least Connected — PET
— 2 - Partially Connected — Columbia River At Nicholson Precip

Figure 8 Mean weekly water levels, PET, precipitation, and streamflow for 2020, 2021, and 2022 from all
wetlands in each grouping.

A visual assessment of mean weekly water level, PET, precipitation, and streamflow suggests all
groupings primarily follow the temporal pattern of the Columbia River (Figure 8). The most connected
wetlands have a faster hydrograph recession in all three years, indicating storage ability is lacking.
Precipitation likely adds some amount of water to wetlands; however, it is a minor contributor. PET is
a negative flux away from wetland storage and is a driver of loss. However, again relative to the
contributions to the Columbia River, it is likely minor. These results suggest the Columbia River
hydrologic condition is the dominant driver of wetland function with a secondary driver being
connectivity, and the ability to store water post-freshet. The results also suggest that overall
vulnerability to climate change is driven by changes in the Columbia River watershed. Although BDA
and natural dam construction has the potential to improve water retention, inter-annual variation in
wetland water levels across groups suggests BDA’s and natural dams cannot alone mitigate larger-scale
dynamics affecting vulnerability.
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5.2 Projected Changes in Large-Scale Hydroperiod Drivers

Figure 9 showsthe simulated precipitation foreach wetland overthe historical and future time periods.
This figure shows that precipitationin the wetlands located in the north of the study area, specifically
the Blaeberry River, northern portion of Upper Columbia River (Columbia River at Donald) mainstem,
andKicking Horse Riveris projected to increase under SSP2-4.5and SSP5-8.5 climate change scenarios
in the near-term and long-term future periods. These trends are amplified near the end of the century
under both climate forcing scenarios where they increase by over 150 mm. The wetlandsin centraland
southern Columbia River Valley are projected to increase in precipitation, albeit lesser than the north
with only 10-50 mm increase under both scenarios and in near-term and long-term future periods.
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Figure 9 Simulated precipitation (mm/year) under current (1991-2020) and future periods (2021-2050 and
2051-2081) under climate change scenarios (SSP2-4.5 and SSP5-8.5).

Figure 10 shows simulated potential evapotranspiration (PET) for historical and future periods. These
results show that evaporation rates are projected to increase in the wetlands adjacent to the Upper
Columbia River at Donald and Blaeberry River. Over the next 30 years, 2021-2051 PET is predicted to
increase to 50 mm of loss a year under SSP2-4.5 and 100 mm loss under SSP5-8.5. The centrally and
southern located wetlands near Columbia Riverat Nicholson and Spillimicheen River are predicted to
increase marginally by 50 mm/year. In 2051-2080 these trends persist but become more drastic with the
northern wetlands losing up to 150 mm/year while the wetlands adjacent to Spillimicheen River and
Columbia River by Donald are expected to lose up to 100 mm/year. The southern wetlands have the
highest PET and are projected to further increase by another 50 mm/year under these climate scenarios.
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Potential Evapotranspiration
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Figure 10 Simulated potential evapotranspiration (mm/year) current (1991-2020) and future periods (2021-2050
and 2051-2081) under climate change scenarios (SSP2-4.5 and SSP5-8.5).

Figure 11 shows simulated P-PET foreach wetland over the historical and future periods. All wetlands
have a negative water balance, with higher PET than precipitation, demonstrating the importance of
water from the Columbia River and from nearby groundwater sources. The northern wetlands are
expected to remain reasonably stablein the next 30 years under both climate change scenarios (SSP2-
4.5 and SSP5-8.5). The southern wetlands are likely to see dramatic shifts towards negative water
balance, highlighting their susceptibility to climate change.
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Figure 11 Absolute change of P-PET (mm/year) under future periods (2021-2050 and 2051-2081) under climate
change scenarios (SSP2-4.5 and SSP5-8.5) relative to the historical period (1991-2020).

Figure 12 showcases the annual mean cumulative precipitationand PET for floodplain wetlandsin the
northern catchments ofthe Columbia RiverValley. For the wetlands located in the northern basins such
as Blaeberry River above Willowbank Creek, Columbia River at Donald, Spillimacheen River Near
Spilliamacheen and Kicking Horse River at Golden, precipitation is likely to increase in the winter
months (December and January). The future period of 2041-2080 under both scenarios showcase the
largest influx of precipitation under the worst-case climate scenario (SSP5-8.5) increases historically
from 875 mm/year to 1003 mm/year.

Floodplain wetlands of these northern areas are expected to lose waterto PET earlierin the yearduring
February. Moreover, PET is expected to increase substantially during the growing season. Although
both scenariosare predicted to have PET increases, SSP5-8.5 is expected to increase the most by 11 to
15% annually. Asa result, the PET increases just enough to exceed the precipitation. Thissuggests that
over the next several decades the northern region is likely to be more resilient to changes in climate;
however, a tipping point may be reached in later decades where a depletion in storage is likely.
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Figure 12 Monthly mean cumulative potential evapotranspiration (PET) and precipitation (PRECIP) for
historical (1991-2020) and future periods (2021-2050 and 2051-2081) under climate change scenarios (SSP2-
4.5 and SSP5-8.5).

Figure 13 showcases theannual mean cumulative precipitation and PET for floodplain wetlands located
in the more southern catchments of the Columbia River Valley. Southern wetlands have a similar
general trend to the northern sites with precipitation increasing during the winter months but to a
lesser extent (4 to 5% increase). Meanwhile PET in these wetlands such as Toby Creek Near Athlmer are
expected to decrease or stay the samein the current period under climatescenarios. Columbia River at
Nicholson and Kootenay River at Canal Flats are projected to increase only 6% by 55 mm/year in the
next period, while in 2050-2081 these values are expected to increase up to 14.3% to from 882 mm to
1029 mm. PET is expected to increase on average and will very likely continue to exceed precipitation
resulting in a water deficit making the pulse of inflow from the Columbia River critically important.
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Figure 13 Monthly mean cumulative potential evapotranspiration (PET) and precipitation (PRECIP) for
historical (1991-2020) and future periods (2021-2050 and 2051-2081) under climate change scenarios (SSP2-
4.5 and SSP5-8.5).

Figure 14 showcases the simulated streamflow for the most northern subbasin Columbia River at
Donald. The hydrological regime is expected to shift earlier under both future periods, as snow melt
occurs earlier causing freshet to occurin late May and early June in both periods with SSP5-8.5 having
the most extreme shift in 2051-2080. In the current period, evapotranspirationis supposed to stay
consistent asthe baseflow and recession of the hydrograph maintain values like historical streamflow.
However, in future period of 2051-2080 the streamflow is expected to become depleted more quicklyin
the summer months while consistent precipitationincreases winter and fall result in higher baseflow.
The freshet pulse is expected to be largerinto the future; however, a longer open water period will likely
result in increased vulnerability to higher PET.
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Figure 14 Average daily streamflow for future periods comparing historic streamflow to climate change
scenarios (SSP24 and SSP585) for north location on the Columbia River.

Figure 15 showcases the simulated streamflow at Columbia River Near Fairmont Hot Springs, the most
southern subbasin inthe study area. Peak streamflow is expected to increase very marginally and shift
earlierin the year. Streamflow is expected to decrease dramatically throughout the summer and fall
periods. A similar freshet to current conditions that occurs earlier and recedes rapidly is very likely to
result in substantial changes in wetland water levels and increase vulnerability to climate change.
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Figure 15 Average daily streamflow for future periods comparing historical streamflow to climate change
scenarios (SSP24 and SSP585) for southern location on the Columbia River.
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6 Discussion

6.1 Wetland Water Budgets Response to Climate Change

Wetland groupings from Leven (2024) were used in this work, though an analysis of wetland
characteristics and groupings should be completed for the 2023 and 2024 data, as some significant
group changesareevidentinthedata. Dueto the compounding impact of multipledrought years, some
wetland hydrographs in 2024 did not show typical features, such as a variation in level due to a flood
pulse or seasonalvariationsin flow. It is evident that wetland group recruitment variesyear to yearin
response to flows, as various flow qualities can dictate groupings year to year, including peak flow
volume, duration, and timing. In general, high-water years will result in a greater number of wetlands
being connected to the river, and vice versa. In general, the most connected wetlands would remain
most connected in all wetland years, and the most isolated wetlands would remain isolated all year,
whereas those of moderate connectivity may fluctuatein their groupings based on the Columbia River
flows and alterations to their physical surroundings, such as the introduction or loss of a beaver dam.

Wetland water budgets are largely driven by the position in the hydrological landscape and their
connection to the Columba River, which is heavily impacted by changesin climate. In the northern
region of the study area, precipitationand PET increase, but the effects are offsetting so the reduction
in storage potential is minimal. However, some reductions are still likely to occur due to the shift in
more winter precipitation occurring during the winter as rain. As peak flows also increase, there is a
shift for wetlands to show more connectionto the Columbia River, particularly with wetlandsthat are
already showing a tendency to be fully or partially connected to the river. In the southern regions of the
Upper Columbia, precipitation, which is already lower than in the north, decreases further, and PET
increases, causing an even greater reduction in storage.

More connected wetlands will fluctuate more depending on the changesin hydrology that the Columbia
River experiences. More northern wetlands will experiencevery little overall changeto the streamwater
leaving the wetlands, despite an increase in stream water in, as the changes in precipitation and PET
will be offset, resulting in only a marginal decrease in the existing water storage (Figure 16). In the
southern region of the study area, precipitation decreases while PET increases because of climate
change. The spring pulse also gets flashier with less water later in the season, depleting connected
wetlands and reducing storage (Figure 16). For wetlands that already go dry before the end of the
season, drying may occur earlier in the year.
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Figure 16 Conceptual model showing connected wetland water balances for wetlands in the North (top) and
South (bottom).

Partially connected wetlands show similar trends to connected wetlands, and with streamflow peaks
increasing these wetlands may shift to being more connected to the Columbia River. Due to the
offsetting effect of increases in precipitation and PET in the north, changesin storage will again be
minimalinthe north, whereas further south wetlands will seeincreasingly less precipitation and greater
PET, resulting in reductions in storage (Figure 17).

However, it should be noted that these water budgets characterize general trends, but drought years
might have different results where wetland specific factors need to be considered. For example, 2023
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and 2024 were back-to-backlow wateryears with small pulses inthe Columbia River. Wetlands 62 and
137 are both partially connected wetlands that showed no connection to the Columbia River in 2024,
andinstead experienced a slow, steady reduction in water levels throughout the season. Efforts should
be made to investigate the causes of these abrupt changes in the hydrograph and characterize what

characteristics of partially connected wetlands make them either better able to store floodwaters or
prone to drying out.
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Figure 17 Conceptual model showing partially connected wetland water balances for wetlands in the North
(top) and South (bottom).
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Like more connected wetlands, northern less connected wetlandswill not see a largechangein water
storage due to the offsetting effect of precipitation decreases and PET increases, while further south
wetlands will see a greater drying effect in the summer. (Figure 18) However, the individual factors
surrounding a wetland being less connected to the Columbia River need to be considered, as there are
effectively two kinds of least connected wetlands. For example, 49 is a less connected wetland that,
during 2024, wasfully isolated, with no discernableinfluence from the Columbia River and no indication
that the river overtopped its banks. However, there is strong groundwater influence at the site, so
instead of losing water and potentially drying out, the wetland gradually gained water throughout the
season. However, wetlands 62 and 137, discussed above, would be considered isolatedin 2024, but the
impact is vastly different. These wetlands experienced no pulse from the Columbia River and then
experienced a reduction in their water storage throughout the season and showed signs of drying out.
Thisillustrates the importance of water sources maintaining wetland formand function, and that least
connected wetlands that do not receive large contributions from the Columbia River need to have an
alternative inflow, such as groundwater or another stream, as precipitations contributions will not be
enough to sustain wetlands in a changing climate.

It isimportant to note that changesin groundwater recharge are not considered in the model, but due
to more precipitation in the winter falling as rain instead of snow, late season groundwater
contributions to wetlands may also decrease, further reducing wetlands storage. Determining
groundwater pathways is especially challenging but is an important consideration with isolated
wetlands that depend on groundwater contributions.
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Figure 18 Conceptual model showing partially connected wetland water balances for wetlands in the North
(top) and South (bottom).

6.2 Effect of Beaver Dam Analogues

Wetland restoration efforts havea discernable impacton wetland water retention, whichis evident in
the hydrographs of wetlands before and after beaver damand BDA installation. These wetlands shift to
being less connected to the Columbia Riverin that they do not lose waterat the same rate as theriver
does following freshet. Instead, these wetlands maintain higher flows, which is evident even in
extremely low flow years like 2023 and 2024. This illustrates that wetlands 38 and 71 have improved
climate change resilience following restoration efforts and shows that BDAs and beaver dams can
effectively improve waterretention in a changing climate (Figure 19). However, efforts should be made
to assess individual wetlands for potential inflows and for critical elevations to ensure that wetlands
will still have an inflow source (whether it is the Columbia River, another stream, or groundwater) as
partially and least connected wetlands still require a water source to withhold water into the dry
season.
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Figure 19 Conceptual model of how the water budget changes with the introduction of a beaver dam or BDA
to a wetland, increasing its water storage and reducing stream water outflow.

6.3 Wetland Vulnerability

The results of this study suggest that the floodplain wetlands within the Upper Columbia River Valley
are vulnerable to changesin hydrologic conditions resulting from climate change regardless of the
category of wetland. However, thereis a strong gradient from south to north, where southern floodplain
wetlands are much more vulnerable than northern wetlands. As the floodplain wetlands are
intrinsically tied to the Columbia River and receive minimal inputs after the freshet period, a longer
drying period will likely result in substantial loss of wetland function later in the season under climate
change.

Given thatthere are limited waterinputs inthe later part of summer, one of the most important drivers
in climate resilience for the floodplain wetlands will be increasing water storage. The more
disconnected a floodplain wetland is, the more important the capacity of the wetland to store water
during the dry, hot summer months when there are no streamflow inputs. This will be dependent on
the peak flows occurring ata great enough magnitude andfora long enough duration to fill the wetland,
aswell as requiring that the wetland’s levees provide adequate water storage capacity. This is critical
during drought years, especially if drought conditions last for several years (Middleton, 2012) as
seedbanks may not withstand severe, multi-season droughts (Brock et al., 2003) and could affect the
geographicdistribution of species (Lake, 2008). Further, the encroachment of woody/shrub cover may
result from drier conditions (Liu et al., 2022; Rodrigues et al., 2023). This suggests a fundamental
ecosystem shift could occur under future climates and efforts should be made to increase storage at
the individual wetland scale.
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7 Recommendations

The results of this study demonstrate the importance of streamflow in driving wetland hydroperiod.
This suggests all wetland types are vulnerable to climate change, independent of grouping. We also
suggest increasing storage on the landscape through BDAs is an important adaptive measure to help
with increasing resilience to climate change. We recommend allocating resources to increase the
number of BDA installationsacrossthe Columbia Wetlands and developing additional communication
tools to further promote the importance of their ecological function. Additional hydrological analysis
would refine our understanding of individual wetlands; however, itis not likely that our understanding
of overall vulnerability will improve.
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8 Closing

The Upper Columbia River floodplain wetlands are experiencing climatic pressures and many are
vulnerable to the effects of ongoing climate change. The Columbia River supplies the majority of the
waterto the water balance of each wetland, with minimalinputs occurring in the form of precipitation
later in the season. Under climate change projections, there will likely be an earlier onset of freshet
resulting in the drying period beginning earlier in the year and lasting longer, creating a greater
seasonal water deficit. Increasing water storage potential can improve climate change resilience in
floodplain wetlands in the Upper Columbia Valley.

MacHydro prepared this document for the account of the Columbia Wetland Stewardship Partners. The
material in it reflects the judgment of the MacHydro considering the information available to the
MacHydro at the time of document preparation. Any use which a third party makes of thisdocument or
any relianceon decisions to be based on itis the responsibility of such third parties. MacHydro accepts
no responsibility for damages, if any, suffered by any third party because of decisions made or actions
based on this document.

As a mutual protection to the Columbia Wetland Stewardship Partners, the public, and ourselves, all
documents are submitted for confidential information of our client for a specific project. Authorization
for any useand/or publication of thisdocument or any data, statements, conclusions, or abstracts from
or regarding our documents and drawings, through any form of print or electronic media, including
without limitation, posting or reproduction of same on any website, is reserved pending MacHydro’s
written approval. A signed and sealed copy of this document is on file at MacHydro. That copy takes
precedence over any other copy or reproduction of this document.

We trust the above satisfies your requirements. Please contact us should you have any questions or
comments.
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