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ABSTRACT

The Columbia Wetland complex is a rare example of a North American river system with relatively little
disturbance from human infrastructure and is the only undammed portion of the main 2000 km stretch
of the Columbia River. Declining river flows in western North America, including the upper Columbia
River, have reduced the area of open water wetlands in the floodplain and raised concern that the
Columbia Wetlands will not remain viable under increasing climate change. In this study we use water
isotopes (3'0 and &%H) and electrical conductivity to quantify the proportion of groundwater, river
water and precipitation contributing to wetland water balance, as well as the role of evaporation, in
the Columbia Wetlands through the spring, summer and fall of 2019. We found strong seasonality of
water input sources. Groundwater and precipitation were important in spring and fall, while river water
was dominant during the summer. An individual wetlands’ location in the floodplain as well as relative
connectivity to the river channels influenced its seasonal pattern of input sources. Quantifying the rela-
tive contributions of the main input water sources to wetlands provides important new understanding
of hydrologic connectivity in the Columbia Wetlands.

RESUME

Le complexe Columbia Wetland est un exemple rare d'un systeme fluvial nord-américain avec
relativement peu de perturbations par l'infrastructure humaine et est la seule partie sans bar-
rage du trongon principal de 2000 km du fleuve Columbia. La baisse des débits fluviaux dans
I'ouest de I'Amérique du Nord, y compris le cours supérieur du fleuve Columbia, a réduit la
superficie des zones humides d’eau libre dans la plaine inondable et fait craindre que les terres
humides du Columbia ne restent pas viables dans un contexte de changement climatique crois-
sant. Dans cette étude, nous utilisons les isotopes de I'eau (3'80 et §%H) et la conductivité
électrique pour quantifier la proportion d’eau souterraine, d’eau de riviere et de précipitations
contribuant a I'équilibre hydrique des zones humides, ainsi que le role de I'évaporation, dans les
zones humides Columbia au printemps, en été et automne 2019. Nous avons constaté une forte
saisonnalité des sources d’apport d’eau. L'eau souterraine et les précipitations étaient impor-
tantes au printemps et a l'automne, tandis que l'eau des rivieres prédominait durant I'été.
L'emplacement d’'une zone humide individuelle dans la plaine inondable ainsi que la con-
nectivité relative aux canaux de la riviere ont influencé son modele saisonnier de sources
d'apport. La quantification des contributions relatives des principales sources d’eau d’entrée aux
zones humides fournit une nouvelle compréhension importante de la connectivité hydrologique
dans les zones humides du Columbia
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Introduction

The dominant sources of water in mountain environ-
ments are from high precipitation, snowmelt and glaciers
(Messerli, Viviroli, and Weingartner 2004; Cooper,
Chimner, and Merritt 2012). Most research on mountain
hydrology has been on snowpack and glaciers while
groundwater was considered a less important source
of water. The importance of groundwater as a source of
water in mountain environments, contributing to stream

flow and alluvial and lowland aquifers is increasingly
being acknowledged (Somers and McKenzie 2020).
Subsurface flow of groundwater from mountain environ-
ments to lowland aquifers is known to be very important,
but difficult to quantify (Markovich et al. 2019).
Groundwater discharge is highly variable spatially and
seasonally and vulnerable to climate change but critically
important to montane rivers and wetlands (Huntington
and Niswonger 2012; Cooper, Chimner, and Merritt
2012).
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The Columbia Wetland complex is a rare example
of a North American river system with relatively little
disturbance from human infrastructure. It is the only
undammed portion of the main 2000 km stretch of the
Columbia River and comprises a 26,000 ha Ramsar
Wetland of International Importance. The natural flood
pulse arrives in June and structures the ecology of the
floodplain wetlands. The wetlands are dominated by the
seasonal flood pulse (Carli and Bayley 2015, MacDonald
2020), but the relative importance of river water,
groundwater discharge and direct precipitation to the
water budgets of the Columbia Wetlands is unknown.
Generally, groundwater emerges from aquifers and
springs at the base of the mountain ranges. In the
Columbia Valley, groundwater discharge is derived
primarily from unconfined sand and gravel aquifers
(UCBGMP, 2021)

Climate change is expected to increase temperatures
and evaporation in the region and change precipitation
and snowmelt patterns (Utzig 2021). Changes in snow-
melt have reduced the flows in western North America
(Mote et al. 2005; Schnorbus, Werner, and Bennett 2014;
Mote et al. 2018) and in the upper Columbia River in
Canada in recent years (Rood et al. 2016; Brahney et al.
2017). Using remote sensing to construct a time series,
Hopkinson et al. (2020) found that climate change also
reduced the area of open water in wetlands of the
Columbia Wetlands complex. There is great concern for
the future viability of the Columbia Wetlands given the
projected increases in temperature and decreases in river
flows.

The stable isotopes of oxygen and hydrogen have
long been used to characterize water sources and the
influence of evapotranspiration in lakes and wetlands
(i.e. Blasch and Bryson 2007; Yi et al. 2008; Wassenaar,
Athanasopoulos, and Hendry 2011). The stable isotopes
approach has proven particularly valuable in understand-
ing the dynamic hydrology of northern floodplains and
remote, wetland-dominated landscapes (e.g. Gibson and
Edwards 2002; Brock, Wolfe, and Edwards 2007;
MacDonald et al. 2017). For example, water stable iso-
topes were valuable in quantifying the role of input
water sources to water bodies in the Peace-Athabasca
Delta (Wolfe et al. 2008, Remmer et al. 2020a,2020Db),
the Slave River Delta (Brock, Wolfe, and Edwards 2008),
and the Old Crow Flats (Turner et al. 2014). Additional
insights into hydrological processes in dynamic, wetland-
rich landscapes are becoming available as researchers
combine stable tracers, such as water isotopes, with stat-
istical analyses underlying source-portioning mixing
models commonly used for animal diet differentiation
(e.g. Wynants et al. 2020; Kay et al. 2021).

Our overall goal was to use stable isotope tracers
to quantify the amount of groundwater, river water,
and precipitation inputs to the water budgets of the
Columbia Wetlands in the spring, summer and fall.
The relative contribution of these water sources likely
varies seasonally. We hypothesize that i) snowmelt
runoff plays an important role in the spring, ii) that
river water inputs coincide with the peak flood pulse
in late June and early July, iii) and that groundwater
sources are more important in the fall and spring
when the river is less influential. We also sought to
understand the role of evaporation in determining
wetland water levels, and hypothesised that iv) evap-
oration to inflow ratios would display both spatial
(increasing with increased isolation from the river)
and seasonal (highest in summer and fall) patterns.

Methods
Study area and geographic setting

The upper Columbia River in Canada flows northwest
from Columbia Lake between the Rocky Mountains in
the east and the Purcell Mountains in the west of south-
ern BC (Figure 1). The entire floodplain is laterally
restricted (~1.5km wide) but longitudinally continuous
from the towns of Invermere, B.C. to Donald, B.C. with
a gentle slope, averaging 11.5cm/km (Makaske et al.
2009). The average spring snow/water equivalent is 500-
750 mm in the Purcell Mountains (Hare and Thomas
1974). Above the Nicholson, B.C. gauging station, the
drainage of the river is 6660 km?® with a mean annual
discharge of 115.1m’/s and a mean peak discharge
(1903-2020) of 435.4m’/s. Discharge in the upper
Columbia River increases in June and early July in
response to rainfall and snowmelt, while glacial melt-
water constitutes only a minor component of the total
discharge (Makaske et al. 2009).

The floodplain is a complex of wetland types depend-
ant on proximity to flood waters from the Columbia
River. Some wetlands retain surface water over the winter,
while others drain almost completely dry; the different
types of wetlands are characterized by different vegetative
communities (Rooney, Carli, and Bayley 2013, Carli and
Bayley 2015). In the ~50% of years when floodwaters
overtop the natural levees, all the wetlands receive the tur-
bid peak floodwaters for a short period of time. During
low to moderate flood years, river water will not rise high
enough to overtop the levees and will aggrade the flood-
basin floor (Filgueira-Rivera, Smith, and Slingerland
2007). During years with low to moderate peak flows (or
later in the season), wetlands are more isolated from the
main flood peak by natural levees and beaver dams, such
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Figure 1. Location of sampling sites in the upper Columbia Valley, British Columbia. Rivers are denoted as a triangle, wetlands as
a circle, groundwater as a cross and Columbia Lake as a square. Note that this section of the Columbia river flows from South-east
to northwest. The regions within the red and purple boxes are expanded in the insets so that overlapping points can be visualized.
This map was created using R version 4.2.2. Map tiles by Stamen Design, under CC BY 3.0. Data by OpenStreetMap, under ODbL.

that they only receive water through gaps in the levees or
from groundwater. Thus, some wetlands are more isolated
and consequently receive less flood water, have lower
water levels and different vegetation characteristics than
wetlands well-connected to the main river. All the wet-
lands show some indication of groundwater in all seasons
but the importance of the groundwater to the water
budget is unknown and likely differs among types of wet-
land basins.

The Columbia River Valley ranges from 4.8 to
9.6 km wide with a physiology typical of glaciated val-
leys. It is flanked by the Purcell mountain ranges to

the west and the Kootenay, Brisco and Stanford
Ranges to the east. These mountain ranges primarily
consist of limestone and shale, while the river valley
is underlain by glacial till and silt deposits (Columbia
Wetland Stewardship Partners 2009; Figure S1).

Sample collection

Water samples were collected in collaboration with the
Columbia Wetlands Stewardship Partners during the
spring (50 samples, April 26™ to May 19™), summer
during peak flood (59 samples, June 4™ to June 26%)
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and fall (57 samples, Sept 14™ to Oct. 20™) of 2019. In
the spring, 27 wetland samples were collected along
with 8 samples from the river and its channels and 14
springs/wells; in summer, 41 wetland water samples
were collected along with 8 samples from the river and
its channels and 11 springs/wells, in fall, 39 wetland
water samples were collected along with 5 samples
from the river and its channels and 13 springs/wells.
Water samples were collected from each site at a depth
of ~10cm and stored in sealed 30ml high-density
polyethylene bottles. Samples were collected by com-
munity volunteers under the supervision and guidance
of Dr. Bayley. Wetlands and rivers were sampled by
wading to an accessible depth from the shoreline, and
wetlands are assumed to be well mixed. The precise
depths of sampled wells are not known but is esti-
mated to be ~30m, except for site 93 which is ~6m.
Numbering reflects multiple years of data collection
during which not all sites were accessed. To keep
internal documentation consistent, the sites are labeled
according to the meta-numbering system.

Wetland water isotope compositions were measured
by Off-Axis Integrated Cavity Output Spectroscopy
(O-AICOS). All samples were analyzed at the University
of Waterloo — Environmental Isotope Laboratory (UW-
EIL). Isotope compositions are expressed as o-values,
representing deviations in per mil (%,) from Vienna
Standard Mean Ocean Water (VSMOW) such that
Osample = [(Rsample/Ryspow) — 1] x 10°, where R is
the '80/'°0O or *H/'H ratio in the sample and VSMOW.
Results of 3'®0 and 8°H analyses are normalized to
—55.59,, and —4289,, respectively, for Standard Light
Antarctic Precipitation (Coplen 1996). Isotope composi-
tions were measured using 8 injections per sample ana-
lysis with the first two being rejected, such that the
remaining six are averaged for the final value. The stand-
ard ranges are —21.28 to —2.99 for '®0, and —165.7 to
—9.9 for *H. Standards are analyzed in four groups
across the run with one at the beginning, a second
approximately 1/3 (37% mark of run), third group
approximately 2/3 (67% mark of run) and final group at
the end. Check standards are included in the analysis
starting at the top of the run, placed every 8th in a full
run size of 36 discrete samples and ending with check
standard (Position:1,9,17,25,33,37) Across two runs the
standard deviation of the check standards were +/—
0.1 and 0.11 '®O, and 4/—0.61 and 0.31 for *H.
Normalization was done with Los Gatos Research
Liquid Water Isotope Analyzer Post Analysis software
(LGR LWIA Post Analysis) version 4.5.0.6. Settings
within the software are to use a Cubic Spline Fitting
for standard normalization. Uncertainty was calcu-
lated by using the normalized data (standards

calibrated against international VSMOW Standards)
and taking the difference of normalized data against
known standard value. The standard deviation is
determined between all the differences of respective
standard values and averaged as a final uncertainty.
Analytical uncertainties are +0.09%, for §'*0 and +0.4%,
for & H. Measurements of electrical conductivity were
obtained using a Thermo Fisher Scientific Orion™
Versa Star Pro'™ pH/ISE/Conductivity/Dissolved Oxygen
Multiparameter Benchtop Meter with the Orion™
DuraProbe™ 4-Cell Conductivity Probe (model
013005MD) and are reported in pS/cm. Orion
Application Solution Orion 011007 1413 pS/cm cali-
bration solution was used to calibrate at the beginning
of each of 4 days of measurement.

Meteorological calculations

Relative humidity (h) and temperature (T) were calcu-
lated as the average (monthly) evaporation-flux-
weighted values during 2019, using climate data from
Environment and Climate Canada (station number
71305; www.climate.weather.gc.ca) and the National
Research Council of Canada (http://www.nrc-cnre.gc.
ca/eng/services/sunrise/). The average ice-free season
h and T were flux-weighted based on potential evapo-
transpiration determined by Thornthwaite (1948):

h x E;
e = 3 (E) ) (1)
Thx = Z M (2)

(Et)

where T, is the monthly average temperature and E,
is the monthly total evaporation. E, was calculated
using the equation:

)

I

where L is the average day length in hours in a
month, N is the number of days in the month, I is
the annual heat index and a is a calculated coefficient.
I was calculated as the total of each ice-free month

using the equation:
I= Z I; (4)

and I; was calculated using the equation:

T\
I = (g) (5)

and a was calculated using the equation:
a=049+0.0179-1-7.71-107° -’ +6.75-10" - I’
(6)


http://www.climate.weather.gc.ca
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Isotopic framework

An isotopic framework was developed to interpret the
dominant hydrological processes influencing wetlands.
Isotope framework parameters were calculated (in deci-
mal notation) using approaches described in Gonfiantini
(1986), Gibson and Edwards (2002), Edwards et al
(2004), and Yi et al. (2008), which are based on the lin-
ear resistance model of Craig and Gordon (1965). The
framework consists of two linear trends. The Global
Meteoric Water Line (GMWL), described by ’H=38
8'80 410, represents the observed global relationship
between §'°0 and §’H in amount-weighted annual pre-
cipitation. In a region, the isotopic composition of pre-
cipitation will cluster along a Local Meteoric Water Line
(LMWL). For the Columbia Valley the LMWL was
approximated by 8*H =8.21 §'*0 — 9.36, based on pre-
cipitation collected at the nearest Global Network of
Isotopes in Precipitation (GNIP) site (Calgary, Alberta).
The Local Evaporation Line (LEL) represents the trajec-
tory of surface water undergoing evaporation (Gibson
and Edwards 2002). Here we use a predicted LEL, based
on the linear resistance model of Craig and Gordon
(1965), which allows water isotope compositions to be
interpreted independently based on their position along
or about the LEL. This is advantageous to the more
common technique of applying linear regression through
measured water isotope compositions, as it allows isotope
compositions to be interpreted independently based on
their position along (degree of evaporation) and about (i.e.
above/below; relative influence of different input waters
such as snowmelt and rainfall) the LEL.

For the Columbia Valley, the predicted LEL was
determined as the line intersecting the isotope compos-
ition of precipitation (3p), the isotope composition of a
terminal basin at steady-state (8ss;) and the theoretical
limiting non-steady-state composition of a water body
approaching complete desiccation (8*). 8p was obtained
from the Online Isotopes in Precipitation Calculator
(Bowen 2016; Bowen and Revenaugh 2003; JAEA/WMO
2015. 6* was calculated from Gonfiantini (1986):

_ h-das + & + o

h—Sk—;—i

6*

7)

where h is the relative humidity (see EQ. S1), 84 is the
isotope composition of atmospheric moisture for the
ice-free season (Gibson et al), Oy is the kinetic separ-
ation factor between liquid and vapour phases, 6* is
the equilibrium separation factor between liquid and
vapour phases, and o* is the equilibrium liquid-vapour
isotope fractionation factors (Horita and Wesolowski

1994). o* for 8*H and 80 was derived from the
equations described by Horita and Wesolowski (1994):

T3 T2
1000 In In In of =1158.8 (—9) — 1620.1(—6)
10 10

+ 794 84<T3 ) +2 9992(109 >
’ 10° ' T3

—161.04
(8)
for °H and
. 10°
1000 In In In o = —7.685 + 6.7123 T—
10°
— 1.6664 T—2
10°
+0.35041 | - )

for 3'0 where T represents the interface temperature
in degrees Kelvin. The equilibrium separation factor
between liquid and vapour phases is expressed as

e =o" —1 (10)

and the kinetic separation factor between liquid and
vapour phases is expressed as

g = 0.0125(1 — h) (11)
for °H and
g = 0.0142(1 — h) (12)

for 5'%0, where h is the relative humidity (Gonfiantini
1986). Isotope composition of atmospheric moisture
for the ice-free season (5,5) was calculated using the
equation from Gibson and Edwards (2002) and is
assumed to be in equilibrium with evaporation-flux-
weighted summer precipitation

5p5 —¢*

a*

Oas = (13)
The calculated limiting steady-state isotopic compos-
ition (dgs1) was obtained from the Craig-Gordon equa-
tion for the isotopic composition (8g) of the evaporating
flux from a lake (§;) undergoing steady-state evapor-
ation (also for 9, € and h values in decimal notation)
(3—¢)
8 _ of — h-0ps—&x 14
Tl —h+e (1
for the special case in which 8 = Jp.
Results of the isotope framework calculations are
reported in Table 1.
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Table 1. Values used for calculations of the isotope framework,
with references and equation numbers where appropriate.

Parameter Value Source Equation

h (%) 69.52 Environment Canada EQ.1

T (°Q) 14.42 EQ.2

o* (%0, 2H) (%,)  1.0103, 1.0912 EQ.8, EA9

s* 18o H) (%) 1032, 91.15 EQ.10
(‘80 2H) (%) 433, 3.81 EQ.11, EQ.12

BAS (%0, 2H) (%,) —21.46, —164.92 EQ.13

3 ("0, 2H) (%) —14.12, —111.15 OIPC

&* (“30 2H) (%)  —0.55, —44.92 EQ.7

dss. (%0, 2H) (%) —4.79, —67.22 EQ. 14

LEL Slope 4.7
LEL Intercept —44.68

Water balance metrics

For each wetland, the isotopic composition of lake input
water (8;) was estimated as the intersection of a lake spe-
cific evaporation line through &g and 6* and the
GMWL, utilizing the coupled isotope tracer approach (Yi
et al. 2008). Evaporation-to-inflow ratios (E/I), described
by Yi et al. (2008) and others, where calculated as

E_ (8 —9dr)

T~ (o5 —o0) (15)

and provide an index of water balance.

Statistical analysis

Mixing equations for stable isotopic data within a
Bayesian framework were originally developed to dif-
ferentiate food sources in animal diets but are now
being broadly used across ecology and biology to esti-
mate the proportion of sources contributing to a mix-
ture (Parnell et al. 2010). The simmr package in R
uses a Bayesian framework to estimate the proportion
of a mixture that can be attributed to a suite of
potential sources, based on selected tracers. Here we
use measurements of 3°H, 8'®0 and electrical con-
ductivity to calculate the estimated proportion of wet-
land input water that can be attributed to either
groundwater sources, river flooding or precipitation.
Details of the stable isotope mixing model can be
found in Parnell et al. (2010, 2013). For this study,
the calculated 8*H and §'®0 and measured electrical
conductivity of each wetland were input into the
model as the mixtures. Electrical conductivity was
included to assist in differentiating isotopically
depleted river water from isotopically depleted
groundwater, as groundwater is known to have higher
electrical conductivity due to interactions with the
limestone bedrock of the area (see S.2). To calculate
the mean and standard deviation of the river, ground-
water and rain input sources, all available measure-
ments of isotopic composition and electrical

conductivity were used. For the river n =28 in spring,
n=38 in summer, n=6 in fall and for groundwater
n=14 in spring, n=9 in summer, n=9 in fall. For
rainfall, direct measurements were not possible.
Isotopic composition of rainfall was estimated using
mean and standard deviation of the modelled
monthly value of each wetland site extracted from the
OIPC v3.2 data base (Bowen and Revenaugh 2003,
Bowen et al. 2005) for each of the three sampling
periods (April -May=spring, June-July =summer,
August-September = fall). Modelled values of the iso-
topic composition of rainfall are well established
(Bowen and Revenaugh 2003). To generate an esti-
mate of the specific electrical conductivity of rainfall,
data from the two closest National Ecological
Observatory Network sites (Wyoming, northern
Rockies [D12-WY] and Washington [D16-WA]) col-
lected during the sampling months in 2019 were used
(NEON, 2021). Given that rain has very low and tem-
porally stable electrical conductivity, relative to river
and groundwater (Zuecco et al. 2018) this estimate
was considered sufficient for the analysis. The model
was run separately for each sampling period (spring,
summer and fall) and proportions were calculated for
each wetland individually. In cases where wetlands
did not fall within the bounds of the source tracers,
these sites were removed from the analysis (Tables 2
and 3).

Results
Water isotopes

During the spring, river water and groundwater iso-
topic compositions plot below the predicted LEL
(Figure 2). The groundwater measurements primarily
cluster on the LMWL below 0, suggesting the
groundwater is composed of isotopically depleted
snowmelt (8°H= —146.8 and §'*0= —19.38; OIPC).
River water measurements similarly plot below the
LEL, and lie along the LMWL, a possible indicator of
input of isotopically depleted precipitation. The
exception to this is river site 83 (i.e. Dutch Creek),
which was experiencing evaporation. All the wetlands
plot below the LEL, indicating the dominance of
snowmelt and snowmelt derived water
Spread of wetlands along the LEL suggests varying
influence of evaporation during the spring period.
Some wetlands sites did not contain enough water to
be sampled during the spring due to over-winter
drawdown in these floodplain marshes. Columbia
Lake, situated at the headwaters of the Columbia
River, plots within the groundwater cluster on the

sources.
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Table 3. The proportion of each of three potential source waters contributing to wetland sites in the upper Columbia Valley

wetlands sampled in 2019.

Site number Spring GW % Spring River % Spring Rain % Summer GW % Summer River % Summer Rain % Fall GW % Fall River % Fall Rain %

4 34.7 34.2 31.2 30.1
5 not sampled 13.2
6 7.6 526 39.8 19.0
9 446 37.2 18.2 29.6
16 249 37.7 374 121
21 375 36.2 26.2 37.8
24 76.7 13.0 10.4 12.2
27 not sampled 12.1
29 not sampled 25.9
30 removed 11.5
31 23.2 66.2 10.6 40.3
32 383 354 26.3 not sampled
36 missing data 10.7
38 227 55.3 22.0 31.0
39 17.7 72.8 9.5 44.0
40 not sampled 349
43 9.1 82.2 8.7 46.7
44 not sampled 28.8
46 not sampled 25.3
47 12.0 82.6 53 234
48 26.2 56.4 17.4 43.6
49 36.0 55.1 8.9 45.5
50 not sampled 27.3
51 49.4 36.0 14.7 1.1
52 25.0 67.4 7.6 not sampled
59 not sampled 10.8
62 11.9 76.9 11 299
63 449 38.8 16.4 20.1
64 not sampled 24.8
65 not sampled 129
67 not sampled 10.6
68 not sampled 15.9
70 55 71.0 234 17.7
71 353 336 311 14.7
73 not sampled 10.5
76 241 63.4 125 56.7
80 18.8 56.8 244 9.1
101 79.2 11.6 9.1 removed
104 51.8 30.1 18.1 543

42.0 27.9 32.7 45.1 222
78.8 8.1 missing data
68.7 12.3 20.1 4.1 75.8
515 18.9 29.9 54 64.7
82.2 5.7 303 1.4 58.2
27.6 34.6 43.7 16.2 40.1
82.7 5.0 283 545 17.3
82.8 5.1 343 5.2 60.5
61.7 124 77.8 0.9 213
834 5.1 229 29.0 48.2
36.4 234 64.3 14.4 21.2
213 67.5 1.2
853 3.9 53.7 1.9 344
3.2 65.9 234 2.3 743
36.1 19.9 94.0 1.2 4.8
60.0 5.1 80.6 12.0 7.5
39.1 14.2 36.2 2.6 61.2
63.9 7.3 30.7 62.2 7.1
60.6 141 311 4.2 64.7
67.9 8.8 removed
13 55.1 removed
4.2 50.3 45.7 1.7 52.6
65.3 7.4 346 215 43.9
83.5 5.4 46.4 19.0 34.6
not sampled
84.0 5.1 35.2 10.0 54.8
37 66.5 removed
46 753 16.8 1.0 82.1
66.1 9.1 24.2 1.6 74.2
82.0 5.1 11.0 62.7 26.3
853 4.1 12.0 80.6 74
78.6 55 20.1 76.5 34
75.0 7.2 26.3 2.6 711
76.8 8.5 284 3.5 68.1
85.1 43 29.6 10.3 60.1
20.7 22,6 51.8 17.7 304
87.7 3.2 not sampled
removed
14.6 311 66.9 10.2 229

Notes: Note that some sites could not be sampled in certain seasons due to access limitations or were removed from the model as their values fell out-

side the mixing polygon (typically due to high electrical conductivity readings).

the source of groundwater, we used the mean annual
precipitation values from OIPC to model the pre-
dicted recharge elevation of the groundwater sites, fol-
lowing the methods outlined in Jeelani, Bhat, and
Shivanna (2010) and Kanduc et al. (2012). Predicted
recharge elevations ranged from 970 masl to 2940
masl and averaged 2000 masl (Table S.3.1). The pre-
dicted recharge elevation of the groundwater sites was
consistent between seasons, with the exception of site
93, which is a shallow well with strong connection to
the river and had a lower elevation predicted recharge
zone in the spring and summer than fall. Based on
the predicted recharge elevations, the groundwater
sites are likely being recharged from the high eleva-
tion snowpack in the bordering mountains ranges.
Interannual similarity of isotope precipitation patterns
precludes us from determining when groundwater
recharge from snowmelt may have occurred.

Proportion of wetland water attributed to input
sources

To determine the proportion of wetland water con-
tributed by groundwater, river water, and rainfall, a
three-component mixing model was deployed using
8'%0, &°H and electrical conductivity as tracers.
During Spring, three sites (site 30, 35 and 84) plotted
outside of the mixing polygon defined by the input
sources and were therefore unsuitable for analysis and
removed (Philips et al. 2014). Wetlands mainly con-
tained river water and groundwater during the spring
(Figure 4), with a mean proportion of 47% river water
(+/— 0.16 sd), 32% groundwater (+/— 0.12 sd) and
17% precipitation (+/— 0.09 sd). Wetlands varied
widely in terms of the relative contributions of river
and groundwater sources, but contained little precipi-
tation (Figure 4). Given our hypothesis that spring
groundwater is primarily derived from snowmelt, this
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Figure 2. 3'30-5°H Graphs showing the water isotope compositions of the river, groundwater, wetlands and Columbia Lake in
the Columbia Valley, British Columbia, sampled in (a) spring, (b) summer and (c) fall of 2019.
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Figure 3. Boxplots of 5'80, 8%H and electrical conductivity (EC) values of the groundwater, snow, rain and river water in the
Columbia River Valley during the spring (top panels), summer (Middle panels) and fall of 2019 (bottom panels). River and ground-
water samples were collected at representative locations, while snow and rain are modelled values obtained from the OIPC v3.2
data base.
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Precipitation

a) Spring

Precipitation
b) Summer

Precipitation
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Figure 4. Tertiary plots showing the proportion of water attributed to groundwater by Bayesian mixing model in wetlands in the
upper Columbia Valley sampled in the spring (a), summer (b) and fall (c) of 2019.

suggests winter precipitation is important to retaining
spring water levels in many of the wetlands.

During summer, three sites (site 35, 84 and 101)
plotted outside of the mixing polygon and were
removed. In each case the site electrical conductivity
was substantially higher than the electrical conductiv-
ity of the input sources. The proportion of wetland
water contributed by river water increased in the
summer to an average of 56% (+/— 0.13 sd), while
the average groundwater proportion decreased to 25%
(+/— 0.13 sd) and the average proportion of precipi-
tation remained the same at 18% (+/— 0.5 sd). At
sites 62, 63, 38 and 48, the importance of precipita-
tion increased substantially, whereas most wetlands
were dominated by river water inputs (Figure 4).

During the fall, six sites plotted outside the mixing
polygon and were removed from further analysis (site
35, 47, 48, 62, 84 and 101). The proportion of wet-
land water contributed by river water decreased at all
sites, averaging only 21% (+/— 0.07 sd), while the
average groundwater proportion increased to 38%
(4+/— 0.08 sd) and the average precipitation propor-
tion increased to 41% (+/— 0.5 sd). Sites varied
widely in the relative importance of groundwater
(which dominated sites like 39 and 40) vs. precipita-
tion (which dominated sites like 62 and 6; Figure 4).

Spatial pattern in evaporation to inflow ratio

No significant spatial autocorrelation was detected in
E/T’s during any of the 2019 sampling periods. Most
wetlands had E/I<0.5 in the spring, indicating they
are inflow dominated (Tondu et al. 2013, MacDonald
et al. 2016). Only site 30 (E/I = >1) and site 70
(E/I=0.56) were evaporation dominated in the
spring. In the summer, only sites 48 and 84 were

evaporation dominated (E/I =>1), while all other
sites were inflow dominated. In the fall, wetlands 48
and 84 remained evaporation-dominated, and sites
47, 62, and 63 also became evaporation-dominated.

Discussion

As climate change alters hydrologic patterns, many
sensitive wetland environments are threatened with
decreased water input. In the Columbia River wet-
lands, where the area of open water has already been
reduced by decreased snowpack (Hopkinson et al.
2020), altered hydrology is expected to have cascading
effects on vegetation and biota (Rooney, Carli, and
Bayley 2013, Carli and Bayley 2015). Quantifying the
relative contributions of the main input water sources
to wetlands throughout the ice-free season provides
an important new understanding of hydrologic con-
nectivity and improves our ability to predict the
future effect on wetlands of shifts in the availability of
each water source. In this study, we found there was
strong seasonality of input water sources across the
ice-free season. The wetlands were primarily sustained
by a mix of groundwater and/or river water in the
spring, by river water during the summer peak flow
and by rainfall and/or groundwater in the fall
(Figure 4).

We hypothesized that snowmelt would be impor-
tant in the spring, and our results largely support our
hypothesis. We found that groundwater was primarily
derived from alpine snowmelt (Figure 3) originating
in the surrounding mountain ranges and was an
important source of input water to several wetlands,
particularly in the spring and fall (Figure 4). This
aligns with the research on mountain block recharge,
which describes the importance of high-elevation
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watershed in recharging groundwater that feeds
stream and river headwaters (Hayashi 2020; Wilson
and Guan 2004; Markovich et al. 2019). Most of the
wetlands had both groundwater and river water as
major water input sources. Exceptions include sites
like 101, which is known to be groundwater fed in
the absence of large floods and was found to have
groundwater as the strongly predominant water input
source. Site 24 was also predominately fed by ground-
water, which aligns with observations that the wetland
is connected to an upland spring.

Our hypothesis that river water plays a dominant
role in wetland water budgets in the summer was well
supported by our results. A majority of the wetlands
had >50% river water, which aligns with the summer
flood peak. The main river pulse was the dominant
input water source in the summer, even though the
river water did not overtop the levees in 2019. For
the majority of sites, levee gaps and channels are pre-
sumably sufficient to recharge wetlands. Some excep-
tions include sites 62, 63, 38, 48 and 49 which have
reduced connections to the main river, site 24 which
is an upland site, and site 104 which is spring-fed and
therefore groundwater-dominated. These results agree
with the wetland categorizations reported in
MacDonald and Chernos (2020).

We predicted an increased importance of ground-
water in the fall, however we found both groundwater
and rainfall contributed to the water balances of the
majority of wetlands at this time. Exceptions include
sites 32, 65, 67 and 68 which are all located close to
the Columbia River and are easily flooded by river
water, so the large contribution of river water to these
wetlands during all seasons, including the fall, is not
surprising. The predominance of rainfall in most sites
aligns with meteorological records indicating large
rainfall events in the week prior to as well as during
the fall sampling period. The contribution of ground-
water to sites in the fall indicates additional support
for the conclusion that groundwater derived from
mountain snowmelt is an important component of
the wetland water balances. Given this, groundwater
residence times and flow paths are important ques-
tions for further study.

We hypothesized that there would be a spatial rela-
tionship between the influence of evaporation on the
wetland water balance and the wetland’s distance
from the main river stem; however, we did not detect
any significant spatial pattern in isotope composition.
This aligns with the findings of Hopkinson et al.
2020, which showed that decreases in permanent
open water during 2003-2019, compared to 1984-

2002, were located throughout the Columbia River
Valley and were not spatially clustered in any notable
way. The majority of the wetlands had a low E/I
value, indicative of greater water input than evapora-
tive losses.

The inclusion of additional water chemistry tracers
would aid in distinguishing the input sources, and
potentially improve the reliability of the model. For
example, analysis of major ions, such as Na and Cl,
has been shown to be useful in distinguishing
groundwater from surface water (Baskaran et al.
2009). Additional stable isotope-based research to bet-
ter resolve the relationship between precipitation and
groundwater would be useful in this landscape, as
would further investigation into the residence time of
the groundwater. However, the model presented here
largely aligns with our knowledge of the individual
wetlands sampled and provides a robust ‘first cut’ at
determining the relative contributions of source
waters to wetland water budgets in the Columbia
River wetlands. Our water isotope and electrical con-
ductivity-based approach allowed us to distinguish
between three key input water sources, and provides
important new understanding about the contributions
of groundwater to wetland recharge and the seasonal
variability of these inputs.

Given predicted decreases in precipitation in the
Columbia River Valley and reductions in river flow
(Rood et al. 2016), the relative contributions of input
water sources may be expected to shift over time,
with increasing reliance on groundwater to sustain
wetland ecosystems. Groundwater in similar land-
scapes has been found the have long hydraulic mem-
ory (Cuthbert et al. 2019) and relatively long
residence times (Hayashi 2020). The delayed response
between declining alpine snowpack and groundwater
availability, however, may increase the likelihood of
groundwater overallocation, resulting in long term
loss of groundwater input essential to sustaining these
habitats. This has ecological implications, as these
wetlands are known to be important stopover habitat
for many migratory birds and the region is currently
under consideration by BirdLife International for des-
ignation as an Important Bird Area (pers. com. R.
Darvill 2022). There are substantial differences in the
amount of groundwater between different wetlands
that may relate to their position in the floodplain, the
number and size of the gaps in the levees, the activity
of beavers and other geomorphological processes.
Under predicted climate change induced increases in
discharge during the winter and spring season in the
Upper Columbia River Valley, and decreased
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discharge during the summer (Werner et al. 2013),
wetlands may become increasingly reliant on ground-
water and precipitation-derived water input sources
as peak river flow declines. Improving our under-
standing of the role of groundwater on these ecosys-
tems is therefore imperative to making informed
management and conservation decisions.
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