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Abstract The ecoregions along the southern edge of the
Boreal Plains have experienced rapid and extensive agricultural
encroachment over the last 60 years. Over 200 wetlands and
shallow lakes in central and northern Alberta and northeastern
British Columbia, Canada were surveyed along an agricultural
encroachment gradient to investigate the effect of land use on
water quality between 2005 and 2007. Study wetlands were
typically small (median 29.8 ha), shallow (median 0.8 m) and
highly eutrophic (median 148 pgTP L™"). Wetlands in the
southern Boreal Plains were regionally variable and dynamic.
Drought in 2006 caused significant increases in TP, TN, chlo-
rophyll a (chla), conductivity, silica and significant decreases
in maximum depth and light penetration. Increased agricultural
activity within a 1.6 km buffer surrounding wetlands enhanced
nutrients but not chla concentrations or submersed aquatic
vegetation (SAV) coverage. Wetlands with higher amounts of
agriculture in the buffer zone tended to be shallower with
decreased secchi depths. Due to shallow depths, SAV thrived
even under hypereutrophic conditions with high agricultural
encroachment in the buffer zone. Our study suggests that SAV
has a significant role in maintaining clear water states in Boreal
Transition Zone wetlands and shallow lakes through its ability
to suppress concentrations of chla and TP.
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Introduction

Conversion of native landscapes for agriculture has resulted in
extensive loss of wetlands globally and in Canada (Turner et
al. 1987; Watmough et al. 2002; Zedler and Kercher 2005;
Dahl and Watmough 2007) as well as increased runoff of
nutrients from agricultural lands (Harmel et al. 2006).
Agricultural encroachment into forested catchments can in-
crease runoff of nutrients and other ions into surface waters
(Carpenter et al. 1998), including wetlands (Verhoeven et al.
2006). Increased runoff of nutrients has altered vegetation,
biodiversity and productivity of wetlands (Zedler and Kercher
2005; Verhoeven et al. 2006). In Canada, agricultural and
industrial development in the southern portion of the Boreal
Plains ecozone is rapidly reducing and degrading the remain-
ing forest cover and its associated wetlands and shallow lakes.
Recent agricultural development in this region has been rapid
and large scale with annual deforestation rates commonly
ranging from 0.87 % to 1.76 % per year over the past three
decades (Fitzsimmons 2002; Hobson et al. 2002). In particu-
lar, the Boreal Transition Zone (BTZ), generally defined as the
southern tier of ecoregions in the Boreal Plains (Fig. 1),
has suffered extensive wetland losses in recent decades
(Watmough and Schmoll 2007). Much of this loss has
occurred as forest land has been converted into production of
annual crops, hayland, and improved pasture. The effect of
agricultural conversion on nutrient status of shallow lakes and
wetlands (hereafter collectively referred to as wetlands) has
not been well studied in the BTZ. The region is unique in that
background levels of nutrients are high in soils (Macrae et al.
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2005) and in undisturbed wetlands and shallow lakes (Prepas
et al. 2001; Bayley and Prather 2003). The effect that agricul-
ture may have on nutrient status of shallow open waters will
be a complex function of water inputs such as surface and
ground water inputs, infiltration rates, drainage patterns, de-
position of windblown material and wetland buffer and land-
scape characteristics. There are substantial differences in
hydrologic processes in wetlands associated with naturally
forested landscapes versus cleared agricultural systems (van
der Kamp et al. 2003; Devito et al. 2005a; Redding and Devito
2011) and it is likely that this will be reflected in the nutrient
status and productivity of wetlands across a gradient of agri-
cultural disturbance. Water in boreal wetlands is likely sup-
plied primarily by summer precipitation and ground water
discharge (Redding and Devito 2011); although in years of
high precipitation intermittent flows can connect typically
isolated basins (Devito et al. 2005a, b). Soil infiltration and
storage of moisture appears to reduce surface runoff (Ferone
and Devito 2004; Redding and Devito 2011), while forest
cover inhibits windblown snow and accumulation of snow
drifts which are characteristic of prairie pothole wetlands
further south. Increasing cultivation near wetlands may lead
to increased importance of surface water and nutrient runoff
over frozen soils during the spring melt period, but the hydro-
logic impacts of agriculture are unknown. We expect that
increased agriculture surrounding a wetland will result in
increased nutrients in surface water despite limited evidence
of surface water runoff in boreal landscapes.

Although studies have shown that agriculture can even
affect the nutrient status of isolated depressional wetlands
(Neely and Baker 1989; Whigham and Jordan 2003), other
studies on seasonal prairie wetlands have shown that changes
in water levels and vegetation structure are typically stronger
determinants of nutrient dynamics (Detenbeck et al. 2002). We
expect that drought and declining water levels will increase
concentrations of nutrients and ions in northern wetlands.
Numerous other factors, including climate, geology, topo-
graphic position, air borne sediment deposition and basin mor-
phology also play an important role in controlling water quality
of aquatic systems (Kratz et al. 1997; Devito et al. 2005b).

Increased nutrients, especially phosphorus, have in-
creased the productivity and biomass of phytoplankton com-
munities in fresh waters around the globe (Schindler 2006).
We expect that biomass of the phytoplankton community in
BTZ wetlands will increase due to the additional nutrients
from agriculture. However in shallow lakes and wetlands,
where submersed aquatic vegetation (SAV) can grow, the
response of phytoplankton to additional nutrients is complex
(Scheffer et al. 1993; Jeppesen et al. 2003; Zimmer et al.
2009). Increased concentrations of phytoplankton and the
associated increases in algal turbidity often cause the loss of
SAV due to increased shading (Scheffer et al. 1993; Carpenter
et al. 1998; Jeppesen et al. 2003). However, shallow depths
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often allow light to penetrate permitting the growth of SAV.
Furthermore, SAV provides several mechanisms that help
decrease water turbidity and control suspended algal popula-
tions including 1) providing a refuge to zooplankton popula-
tions that graze on phytoplankton, 2) decreasing re-suspension
of nutrient rich sediments, 3) shading, and 4) reducing nutrient
availability in surface waters (Scheffer et al. 1993). The pro-
ductivity of northern shallow lakes and wetlands can be dom-
inated by either phytoplankton or by SAV (known as
alternative stable states) (Jackson 2003; Bayley et al. 2007,
Zimmer et al. 2009). We expect that with increased nutrient
loading from agriculture, concentrations of chlorophyll «
[chla (representing algal biomass)] will increase and that
abundance and density of SAV will decline due to shading.
The relatively recent agricultural expansion in the BTZ and
the resulting conversion of mixed forest to pasture, hayland, or
cropland, offers us the ability to contrast the nutrient character-
istics of wetlands still embedded within large remnant tracts of
native cover with those surrounded by varying amounts of
agricultural encroachment. Our objectives for this study were
to: 1) describe the physical and nutrient characteristics of BTZ
wetlands over 3 years (including a dry year), 2) describe the
effect of agricultural encroachment and drought on the nutri-
ent status of wetlands and 3) contrast the effect of SAV relative
to agricultural encroachment on chla and TP concentrations.
We hypothesize that increasing agricultural encroachment
surrounding wetlands and drier conditions would increase
nutrient concentrations in surface waters. In response to in-
creased nutrients from agriculture or evapoconcentration from
drought, phytoplankton biomass (measured as chla concen-
tration) will increase and SAV abundance will decrease.

Methods

Study Area The BTZ is located in the southern portion of
Canada’s Boreal Plains where most agriculture reaches its
northern limits, and ranges from northeastern British
Columbia to southern Manitoba (Fig. 1). Fifty-seven percent
of the entire BTZ area (~34,000,000 km?) is located within
Alberta. Most of the wetlands included in this study (88 %)
were in Alberta while a smaller number of wetlands (12 %)
were included from the Peace Parklands in British Columbia.
Overall, the BTZ is characterized by a subhumid low boreal
ecoclimate with a mean summer temperature of 14 °C and
mean winter temperature of —13.5 °C. Annual precipitation is
approximately 450 mm (Environment Canada 2007).
Wetlands are a common feature across the BTZ and the ones
studied in this project can be generally classified as permanent
and semi-permanent shallow open water and marshes (National
Wetlands Working Group 1997). Relief is generally low with
low-lying valleys and rolling plains with most study wetlands
lacking permanent inflow or outflow streams. Geologically
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Fig. 1 Map of the Boreal Transition Zone study regions in Alberta and northeastern British Columbia, Canada. Inset figure shows the full extent of

the Boreal Transition Zone in western Canada

the region is deep glacial till overlain primarily by luvisols.
Study wetlands ranged in size from 0.4 to 746.8 ha with a
median area of 29.8 ha. To achieve good spatial coverage in the
western BTZ, shallow open water wetlands were randomly
sampled among 5 sampling regions and stratified across a range
of agricultural encroachment: eastern Peace Lowlands of
British Columbia (EPL-BC; 55°31'N, 120°13'W), western
Peace Lowlands of Alberta (WPL-AB; 56°14'N, 117°17'W),
eastern Peace Lowlands of Alberta (EPL-AB; 55°10'N, 118°
49'W), west central Alberta (WC-AB; 54°07'N, 114°24'W),

and east central Alberta (EC-AB; 54°46'N, 111°58'W) (Fig. 1).

Environmental and Physical Data Area and perimeter of
wetlands were acquired through the National Topographic
Database (NTDB). Wetland morphometry data were cross
referenced with recent aerial photographs and corrected for
the present wetland area during helicopter-based waterfowl
surveys which were conducted concurrent with this project
(Ducks Unlimited Canada, unpubl. data). Land use data were
obtained from the Prairie Farm Rehabilitation Administration
(PFRA) GIS database which is based on Landsat imagery from
1995 (Government of Canada et al. 2001). Agricultural land
use within a 1.6 km buffer surrounding all study wetlands was
calculated based initially on the PFRA data. Subsequently, the
estimated percentage of agriculturally impacted area within the

buffer surrounding each basin was confirmed or updated dur-
ing the 2005-07 helicopter-based waterfowl surveys. The
1.6 km buffer size from the wetland edge was based on the
area adjacent to wetlands that would include most nesting
waterfowl. No attempt was made to define basin-specific
watersheds because much of Alberta is characterized by low
relief and little surface runoff (Devito et al. 2005b). No wet-
lands have been altered by tile drainage, although ditching and
channels are common in the some agricultural areas. While
there may be some differences associated with surface runoff
from cultivated, agricultural land and unimproved pasture (van
der Kamp et al. 2003) or aspen forests in undeveloped BTZ
lands, recent studies suggest that summer precipitation is more
important to the wetland water budget than spring melt flows
in areas with vegetated cover (Ferone and Devito 2004; Devito
etal. 2005a; Redding and Devito 2011). The focus of our study
is on the overall effect of agriculture on nutrient concentrations
regardless of how nutrients arrive.

Historical climate data were obtained from the National
Climate Data and Information Archive (Environment Canada
2007). Climate data from the Grande Prairie A weather station
was the best representative of the BTZ and provided the most
comprehensive climate history dating back to 1943.

Some sites were sampled up to 3 times during the study
period (August 2005-2007) resulting in a total of 326 wetland-
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year observations on 212 unique wetlands. Water depth, secchi
depth and SAV were sampled. SAV coverage was visually
estimated using a ranked scale of percent cover where 1 = no
plant cover, 2 = rare plant cover (<5 %), 3 = occasional plant
cover (5-25 %), 4 = common plant cover (25-75 %), and 5 =
abundant plant cover (>75 %). There is a strong and significant
relationship between the ranked scale and biomass of SAV
(Pearson »=0.77, P<0.001, n=24; Bayley et al. 2007). For this
paper, SAV ranks 1 and 2 were combined into one category
(SAV rank 1 = SAV<S5 %) as there were relatively few wet-
lands where SAV was absent, SAV rank 2 = 5-25 %, SAV rank
3 =25-75 %, SAV rank 4 = >75 %.

Water samples were collected from the center of each of
wetland in mid-August 2005-2007. Water samples were
collected from below the water surface and analyzed for
chemical composition including: total phosphorus (TP), sol-
uble reactive phosphorus (SRP), total dissolved phosphorus
(TDP), total nitrogen (TN), total dissolved nitrogen (TDN),
ammonium (NH,"), nitrite + nitrate (NO,” + NO5 ), sodium
(Na*), potassium (K*), calcium (Ca®"), magnesium (Mg>"),
silica (Si"), sulfate (SO4*7), chloride (CI"), dissolved
organic carbon (DOC), chla, alkalinity (alk), total dissolved
solids (TDS) and color. All chemical analyses were conducted
in the Biogeochemical Analytical Service Laboratory at
the University of Alberta. Turbidity (NTU) was measured
using a turbidimeter, while pH, dissolved oxygen (mg L),
and specific conductivity (uS cm ') were measured in-situ
using the Hydrolab Surveyor 4a (Hach Environmental,
www.hydrolab.com).

Data Analyses The Hamon method was used to calculate
potential evapotranspiration (PET) (Hamon 1961). Annual

Fig. 2 Cumulative
precipitation—potential
evapotranspiration (P-PET) and
annual P-PET from 1943 to
2007 at the Grande Prairie
Weather Station (Environment
Canada historical climate
database)
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effective precipitation (P-PET) and growing season effective
precipitation (May to August) was then calculated from 1943 to
2007. Annual effective precipitation decreased from 93.0 mm
in 2004 to —136.7 mm in 2005 (Fig. 2). The drying trend
continued into 2006 with an annual effective precipitation of
—125.4 mm. Two consecutive dry years (2005 and 2006)
exacerbated already dry conditions in the BTZ leading to
hydrologic conditions that were consistent with drought
(cumulative growing season P-PET 943 2006 0f —2323.0 mm).
Conditions were marginally wetter in 2007 with an annual
P-PET of 2.8 mm which raised the cumulative effective pre-
cipitation to —2320.0 mm (Fig. 2). 2006 will be hereafter
referred to as the dry year. The drying trend in Canada’s
western boreal forest has been on-going for several decades
and is projected to continue as regional temperatures increase
(Schindler and Donahue 2006). This has resulted in many
shallow lakes becoming even shallower open water wetlands.

Statistical Approach

One of our goals was to disentangle the effects of the dry
year, amount of agriculture in the buffer and regional differ-
ences in nutrients, chla and SAV in the study wetlands. In
addition we wanted to determine the effect of SAV relative
to agricultural encroachment on algal biomass (chla) and
TP. Our study was part of a larger study to determine the
abundance and distribution of waterfowl in various regions
of the BTZ and to examine the habitat and limnological
features in a subset (n=212) of those wetlands. Some wet-
lands were sampled multiple times and others were sampled
only once during the 3 years resulting in 326 wetland-year
observations. This made a complex sampling design in

= Cumulative
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terms of years, regions and land use. This sampling design
required the use of a mixed effect modeling approach to
predict water quality as it relates to agricultural encroach-
ment, regional and temporal effects. Linear mixed effect
models with individual basins specified as the random effect
were developed to account for repeated sampling of some
wetlands (Crawley 2007). Data were log transformed prior
to analyses to meet assumptions of normality and was
assessed using diagnostic plots. An information theoretic
approach was taken to develop models (Burnham and
Anderson 2002). To examine the effect of agriculture and
the dry year on nutrients and wetland condition, we devel-
oped a global model and a set of candidate models which
included combinations of temporal, spatial and agriculture
parameters (Supplemental Table A). Sampling year was
treated as a fixed effect and a proxy for precipitation con-
ditions where 2006 was determined to be the driest year. We
examined the effect of agricultural encroachment, year sam-
pled and sampling region on concentrations of TP, TN and
chla, maximum depth, secchi depth, SAV, conductivity and
silica. These variables were chosen as the best response
variables because they represent the productivity and envi-
ronmental conditions of these wetlands. To assess the role of
SAV relative to agricultural effects on chla and TP, we
developed a global model and a set of candidate models
listed in Supplemental Table B. Akaike’s Information crite-
ria (AICc) and weights were calculated for model selection
(Burnham and Anderson 2002). Top ranked models with
AAICc<2.0 were averaged to produce model-averaged esti-
mates of 3 coefficients. Relative importance of covariates
was calculated if they were present in 1 of the top ranked
models. Multiple pairwise comparisons using a post-hoc
Tukey statistic were used to compare differences in nutrient
concentration and environmental variables among year, re-
gion and SAV rank. Analyses were performed inR 2.11.1 (R
Development Core Team 2008) using packages nlme for
linear mixed models (Pinheiro et al. 2011), AICcmodavg
for AIC model selection, relative importance computation
and model averaging (Mazerolle 2011), and multcomp for
post-hoc Tukey multiple comparisons (Hothorn et al. 2008).

Results
Physical and Nutrient Characteristics of BTZ Wetlands

Wetlands were small (median = 29.8 ha), shallow (median
maximum depth = 1.0 m) and supported considerable SAV
beds (median coverage = 25-75 % of the wetland; Table 1).
Despite the eutrophic to hypereutrophic conditions (median
TP =148.0 ug L"), chla concentration remained low (median
chla = 15.5 ugL™") in these wetlands. Although average
overall agricultural encroachment was approximately 50 %

within 1.6 km of the wetland edge (Table 1), agricultural
encroachment varied among sampling regions with EPL-BC
being least affected by land conversion (3.6 %) and WC-AB
being most impacted (48.1 %). EC-AB, WPL-AB and EPL-
AB had average agricultural encroachment of 16.8 %, 19.26 %
and 33.1 % within 1.6 km of the wetland edge, respectively.
BTZ wetlands are also characterized by high concentra-
tions of DOC, color, TDS and specific conductivity (Table 1)
as well as moderately high concentrations of cations and
anions (Table 1). Increasing agricultural encroachment also
increased the concentrations of most anions (CI~, SO4%"),
alkalinity and cations (Na*, K*, Mg®") (data not shown).

Effect of Agriculture on Nutrients and Other Environmental
Characteristics

Increasing agricultural encroachment increased concentra-
tions of nutrients (TP, TN), conductivity and SAV abundance
(Table 2, Fig. 3a). Contrary to our hypothesis agricultural
encroachment did not significantly affect concentrations of
chla (Fig. 3b) and silica (Table 2). Maximum depth and secchi
depth were significantly shallower as agricultural encroach-
ment increased in the buffer around a wetland (Fig. 4a, b).
Limnological conditions and water clarity (TP, TN, chla,
secchi depth, conductivity) varied regionally and temporally
in BTZ wetlands, although maximum depth and SAV abun-
dance did not vary by sampling region (Table 2). Wetlands
were typically eutrophic, particularly in the Peace Lowlands
of Alberta (WPL-AB=101.3 ug TP L', EPL-AB=129.3 ug
TP L"), shallow (<1.5 m) and SAV was generally common
(rank 2-3=5-25 % to 25-75 %; Table 3).

TP concentration was best explained by the extent of
agricultural encroachment, sampling region, and year
(Table 2). The dry year caused evapoconcentration of TP in
wetlands which led to significantly greater TP concentrations
in 2006 and 2007 (Fig. 3a, ANOVA; Fy,,=7.10, P<0.00).
Predicted TP concentration in 2006 and 2007 (65.7 and
72.6 ug L' respectively) was significantly greater than in
2005 (53.2 ug L™'; Table 3). As expected, amount of agricul-
ture in the buffer surrounding wetlands was a significant and
positive influence on TP concentration due to enrichment
through run-off of fertilizers, manure and other nutrient sour-
ces (Fig. 3a). TP also varied regionally with EPL-AB and
WPL-AB regions having significantly richer waters than WC-
AB and EPL-BC (Table 3). Wetlands of the EPL-AB
also had greater TP concentration than those in EC-AB
(Table 3). Even when the positive effect of agriculture on TP
is taken into account (3,,=0.02, P<0.00), wetlands in the
BTZ are still rich in TP. The study wetlands were naturally
eutrophic, the predicted average TP concentration ranged
from 44.6 to 129.3 pg L' with wetlands in EPL-BC being
the least enriched and those in EPL-AB being the most
enriched (Table 3).
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Table 1 Summary of limnologi-
cal and physical characteristics of
BTZ wetlands (N=212). Wet-
lands sampled more than once
were averaged prior to obtaining
overall summary statistics

TN was also significantly affected by the dry year and
agricultural encroachment (Table 2) and varied regionally.
The dry year in 2006 increased concentration of TN,
but concentrations did not remain elevated in 2007
(Table 3). EPL-BC had the lowest concentration of TN

Table 2 AIC, summary of
models investigating agricultur-
al, regional and yearly effects
on limnological and physical
characteristics of BTZ wetlands.
Response variables were
log(x+1) transformed where
necessary. Basin ID was treated
as a random effect. Models with
AAIC.>2.0 are not shown
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Variable Average Median Minimum Maximum
Wetland area (ha) 71.96 29.81 0.38 746.81
Depth (m) 1.07 0.84 0.03 6.68
Secchi (m) 0.65 0.58 0.03 232
Maximum depth (m) 1.31 1.00 0.03 6.68
SAV rank 25-75 % 25-75 % <5 % >75 %
% agriculture 41.12 44.25 0.00 100.00
Conductivity (uS-cm ") 405.07 368.61 51.70 1541.34
pH 8.97 9.05 6.56 12.32
TP (ugL™h) 283.96 147.95 12.63 3375.00
SRP (ug'L ™) 133.17 13.12 1.00 2904.20
TDP (ugL™") 200.34 68.92 5.01 3312.50
TN (ug'L™h 3518.28 3174.00 878.00 13560.00
NH," (ug'L™h 100.20 49.10 1.00 1547.00
NO, +NO;~ (ug'L™) 6.38 2.73 1.00 214.34
TDN (ug'L™") 2719.14 2568.33 737.00 8350.00
TN:TP 27.44 20.30 1.44 110.32
available N: SRP 12.83 481 0.02 693.50
Chla (ug'L™") 52.05 15.50 0.37 1562.62
DOC (mg-L™h) 42.70 3831 10.20 127.70
Cl” (mgL™ 9.70 434 0.10 136.04
S04% (mgL™" 54.63 8.21 0.05 508.46
Na* (mg'L™) 22.24 13.77 0.00 173.40
K" (mgL™) 17.89 13.88 0.15 109.07
Ca* (mg'L™h 78.14 28.98 3.03 995.40
Mg** (mg-L™") 28.59 17.31 3.37 166.40
Silica (mg-L™") 3.46 226 0.30 15.40
Alkalinity (mg-L™" as CaCO5) 144.15 142.34 22.10 442.98
Bicarbonate (mg-L™") 134.28 118.79 27.00 407.05
Color (mg'L™" as Pt) 111.64 98.70 9.60 439.65
TDS (mg-L™h) 344.57 306.33 52.00 1647.50

(Table 3).

in the BTZ (Table 3). Conductivity showed similar patterns
where significant increases occurred in 2006 and the western
regions of the BTZ (EPL-BC and WPL-AB) had significantly
lower levels of conductivity than regions in the east

Response Fixed effects K AlCc AAICc Ww;
TP % agriculture + Year + Region 10 760.18 0.00 0.99
TN % agriculture + Year + Region 10 383.66 0.00 0.99
Chla Year + Region 9 1086.07 0.00 0.72
% agriculture + Year + Region 10 1088.06 1.99 0.27
Maximum depth % agriculture + Year 6 629.21 0.00 0.83
Secchi depth % agriculture + Year + Region 10 542.80 0.00 0.97
SAV % agriculture + Year 6 892.88 0.00 0.92
Conductivity % agriculture + Year + Region 10 387.72 0.00 0.86
Silica Year + Region 9 668.61 0.00 0.73
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Fig. 3 Effect of agriculture on A. TP concentration (log(TP+1) ~ %ag +
year + sampling region, w;=0.99; 3,,=0.015, P<0.000) and B.
chla concentration (log(chla+1) ~ %ag + year + sampling region, w,=
0.27; 8,3=0.001, P=0.71) over 3 years. Lines: 2005 = solid, 2006 = dash,
2007 = long dash, short dash

Chla concentration was best explained by regional and
temporal factors and there was no significant relationship be-
tween agriculture and chla concentration (Table 2, Fig. 3b).
Chla concentration steadily and significantly increased over

Agriculture (%)

Fig. 4 Effect of agriculture on A. maximum depth (log(maxdepth+1)
~ %ag + year), w;=0.83; 3,,=—0.007, P<0.000) and B. secchi depth
(log(secchi+1) ~ %ag + year + sampling region, w;=0.97; 3,,=—0.005,
P<0.000) over 3 years. Lines: 2005 = solid, 2006 = dash, 2007 = long
dash, short dash

time (Table 3) and ranged from 8.2 to 28.3 ug L™ over the
3 years. WPL-AB had significantly greater chla concentrations
than EC-AB and EPL-BC (Table 3). Concentration of silica
also follows a similar pattern as chla where agricultural
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Table 3 Model predicted averages of selected limnological and phys-
ical variables on BTZ lakes from the best supported models listed in
Table 2. Predicted averages for each factor (Year, Sampling region) are
what would be expected once the effects of the other covariates are

considered. Predicted average values were obtained from back-
transformed 3 coefficients. Superscripts indicate multiple pairwise
comparison post-hoc Tukey test results (P<0.05) within year and
sampling region

Variable Year Sampling region Effect of
agriculture (B,g)

2005 2006 2007 EPL-BC WPL-AB EPL-AB  WC-AB  EC-AB

TP (ug L") 53.17° 65.72° 72.55° 44.61° 101.32° 129274 53.17° 63.35®  +0.02

TN (ug LY 2478.90°  2942.77°  2745.01%°  1143.32%  2364.89°  2224.78°  2478.90°  2359.89°  +0.005

Conductivity (uS'em™")  272.80*  307.69°  298.80"°  142.21*  200.11°  317.64°  272.80°  291.07°  +0.06

Chla (ng L™ 8.18° 17.45° 28.25° 4.47° 16.07° 11.13%® 818" 6.29°

Silica (mg L") 1.66 2.35° 2.59° 2.02% 1.22° 1.03° 1.66™ 2.53°

Maximum depth (m) 1.39% 1.03° 1.36" - - - - - -0.07

Secchi depth (m) 59.30° 45.77° 57.73 109.39°  71.85° 76.22% 59307 75.55®  —0.05

SAV rank 2.80° 2.92° 2.36° - - - - - +0.05

encroachment did not affect silica concentration and concen-
tration significantly increased from 1.7 to 2.6 pug L™ over the
3 years (Table 3). Contrary to regional patterns of chla, silica
concentration was significantly higher in EC-AB than in WPL-
AB and EPL-AB (Table 3).

Wetlands under greater agricultural encroachment tended
to be shallower than those less impacted by agriculture and
were negatively influenced by drought (Fig. 4a). Maximum
depth did not significantly vary among regions, however the
short-term temporal effect of the dry year was apparent
(Fig. 4a; Table 3). Maximum depth returned to 2005 levels
in 2007. Secchi depth varied temporally and regionally and
was significantly and negatively affected by agricultural
disturbance (Table 2). Effects of the dry year were tempo-
rary because secchi depth (as a surrogate for water clarity)
significantly decreased in 2006 but recovered to 2005 levels
by 2007 (Table 3, Fig. 4b). EPL-BC had significantly clearer
water (greatest secchi depth) than WC-AB and WPL-AB
(Table 3).

SAV abundance was best explained by agriculture
and temporal effects (Table 2). There was a significant
decrease in SAV in 2007 compared to the previous 2 years
(Table 3), however, SAV still covered 5-25 % of most wetland
basins (average rank 2.36). Regional differences in SAV
were not significant indicating that SAV was able to
grow abundantly throughout the BTZ (SAV rank~3.0=
25-75 % cover).

The Effect of SAV Relative to Agricultural Encroachment
on Chla and TP

To further examine how SAV might affect chla and TP
concentrations, a SAV covariate was added to the best
supported model for TP (Table 2) and SAV + TP covariates
were added to the best supported models for chla (Table 2).
SAV, year, sampling region and agricultural encroachment
were important in explaining TP concentration (Table 4).
The addition of the SAV covariate improved the model
substantially (wi=0.89 with SAV; w,=0.11 without SAV).
Agriculture had a positive effect on TP concentration (3,,=
0.02, P<0.00). In addition, the predicted average of TP
significantly increased during the dry year and remained
elevated in 2007 (Table 5). TP concentration varied region-
ally where WPL-AB and EPL-AB were significantly richer
in TP than EC-AB, EPL-BC, and WC-AB (Table 5). SAV
had a significantly negative influence on TP concentration
and was able to suppress TP at SAV densities greater
than 75 % (Table 5). Predicted average concentration of
TP was significantly lower in wetlands with abundant
SAV (> 75 %) than in wetlands with less SAV coverage
(< 25 %, Table 5).

The best supported model to predict chla concentration
included SAV, TP concentration, year, agriculture and sam-
pling region (Table 4). The relationship between chla and TP
was highly significant (Table 6; S1p=0.73, P<0.00) and chla

Table 4 AICc summary of nu-

trient models examining the Response variable Model Specification K AlCc AAICc wi

effects of SAV and agriculture

(%ag) on TP and Chla. Models TP SAV + Year + %ag + Region 13 747 0.00 0.89

with AAIC.>2.0 are not shown Chla SAV + Year + %ag + Region + TP 14 961.28 0.00 0.53
SAV + Year + %ag + TP 10 961.52 0.25 0.47
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Table 5 Model predicted average of TP concentrations by SAV abun-
dance, year, and sampling region. The effect of agriculture was signif-
icant (3,,=0.02, P<0.000). Predicted averages for each factor (SAV,
Year and Sampling region) are what would be expected once effects of
other covariates are considered. Superscripts indicate significant pair-

Table 6 Best supported model averaged summary statistics to predict
chla concentrations. Superscripts indicate significant pairwise differ-
ences from multiple comparison post-hoc Tukey tests (P<0.05) within
each factor

wise differences from multiple comparison post-hoc Tukey tests (P< Predictor B coefficient ~ SE Post-hoc
0.05) within each factor Tukey test
Predictor TP (ugL™")  SE post-hoc SAV <5 % -0.24 0.39 a
Tukey test 525 % ~0.57 021 @
SAV <59 61.76 023 @ 25-75 % —0.86 021 °
5-25 % 59.03 014 ° >75 % 124 020 °
2575 9, 5334 0.15 ab Year 2005 -0.24 0.39 a
=75 9 43.43 015 ° 2006 0.29 013 °
b
Year 2005 6176 023 ° 2007 0.44 0.19
2006 7727 0.07 b Agriculture (%) —-0.01 0.00
2007 8103 011 ° v 0.73 0.07
Sampling region ~ EPL-BC 53.73 029
b . .
WPL-AB 12045 021 . Annual rates of sediment accumulation of 4-9 mm per year
EPL-AB 154.45 0.25 have been measured in fine and medium-grained soils in
WC-AB 61.76 023 ™ arid, semi-arid and subhumid regions (Skagen et al. 2008).
EC-AB 74.27 0.19 a

concentration significantly increased with year (ANOVA,
Fy..,,=16.01, P<0.00). We expected chla concentrations to
increase with increasing agricultural encroachment because
TP has a significantly positive effect on chla (Grp=0.7, P<
0.00, model not shown) and there was a positive relationship
between TP and agriculture (3,,=0.02, P<0.00, Fig. 3a). The
lack of any agricultural effect on chla concentration was
unexpected (Fig. 3b). Although agriculture was retained as a
predictor in the best model, agricultural encroachment had an
unexpected weak negative effect on chla concentration (3,5=
—0.01, P=0.00). SAV clearly suppressed chla concentration
when SAV was abundant. Wetlands with >75 % SAV cover-
age had significantly reduced chla concentrations compared to
wetlands with less than 5 % SAV, 5-25 % SAV and 25-75 %
SAV abundance (Table 6). Even wetlands with 25-75 % SAV
had significantly lower chla concentrations than wetlands
with SAV <5 % (Table 6). Chla concentration did not vary
by sampling region, however chla significantly increased in
the dry year and remained elevated in 2007 (Table 6).

Discussion

Effects of Agriculture on Nutrient Concentrations
and Sediment in BTZ Wetlands

Increased soil loss due to wind and water erosion in agri-
cultural landscapes can increase sedimentation in wetlands
with annual inputs of sediment being largely a function of
soil texture, slope, size and land use (Skagen et al. 2008).

In our study, wetlands surrounded by a greater percentage of
agriculture were shallower than wetlands surrounded pri-
marily by native land cover (Fig. 4a). If we assume 7 mm
per year sediment input (Skagen et al. 2008) over approxi-
mately 60 years since land clearing, there could have been a
42 cm loss of depth in the agriculturally affected wetlands,
which is the approximate difference in depth between agri-
culturally impacted and undisturbed wetlands in the BTZ.
Continued sedimentation from agricultural activities along
with climate warming will exacerbate ongoing loss of shal-
low wetlands from drainage and infilling in the BTZ region.

Wetlands surrounded primarily by agriculture also had
significantly higher concentrations of nutrients (TN, TP),
decreased secchi and increased SAV abundance. Houlahan
and Findlay (2004) found that nutrient levels were negative-
ly correlated with forest cover at over 2 km from the wetland
edge in eastern Canada, although in the boreal plain in
western Canada, groundwater discharge appears to be more
important than surface runoff to small wetlands (Devito et
al. 2005a; Redding and Devito 2011). Increases in TP, TN,
chla and total suspended solids are often associated with
intensification of agriculture. Numerous studies have detected
increased nutrient concentrations associated with increased
agricultural land use (Egertson et al. 2004) and even isolated
depressional lakes with little surface runoff show increased
nutrient concentrations in water and sediment (Neely and
Baker 1989; Whigham and Jordan 2003). Our study supports
the findings of previous studies showing a significant positive
relationship between agricultural encroachment and concen-
trations of TP and TN in wetlands and shallow lakes. Despite
significant increases in total and available concentrations of N
and P in wetlands surrounded by a high percentage of agri-
culture, chla surprisingly did not increase, but marginally
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decreased even though chla itself was highly influenced by TP
(Table 6).

Effect of SAV Relative to Agriculture on Chlorophyll
a Concentrations

SAV in BTZ wetlands surrounded by high agriculture was
not light-limited due to their relatively shallow depth and
high water transparency. The maximum depth of SAV col-
onization is largely dependent on availability of light
(Canfield et al. 1985) and SAV in this region typically does
not grow at depths greater than 1.75 m (Bayley unpublished
data). BTZ wetlands have lower chla concentrations and
contained high SAV densities despite the high nutrient con-
centrations associated with agriculture. After controlling for
temporal variation, TP and agriculture effects, chla concen-
tration was significantly lower in basins with SAV coverage
above 25 % compared to basins with less than 5 % SAV
(Table 6). Other research have shown that prairie wetlands
with high salinity (TDS>1,000 mgL™"), may limit nutrient
availability to chla thus explaining low chla growth in hyper-
eutrophic conditions (Waiser and Robarts 1995; Evans and
Prepas 1996), however the majority of BTZ wetlands studied
were not saline (TDS<947 mgL ") except for 2 wetlands with
TDS between 1,000 and 1,200 mgL_1 and one wetland that
was considered to be brackish with TDS of 1,648 mgL .
While it remains unclear what controls the growth of chla in
our shallow wetlands, we suggest that SAV is a very important
factor relative to agricultural encroachment in regulating algal
productivity as well as TP concentrations in BTZ wetlands.
Abundance and density of SAV has been found to
dampen or buffer the effect of TP on chla in northern
wetlands of the Boreal Plain (Bayley et al. 2007). SAV
persisted for at least 3 years under the high nutrient
conditions in BTZ wetlands, which is contrary to other
findings where SAV disappears with eutrophication (Blindow
1992). For example, SAV coverage has been found to decline
with increasing TP especially within the range of 50-200 pg
L' and TN above 1,000-2,000 ugL ™" (Kosten et al. 2009).
However, it is likely that this clear, high SAV state in our BTZ
wetlands is not stable and unlikely to persist especially if
nutrients remain high or water levels increase. Ultimately,
increasing water depths may change light penetration leading
to increased algal growth which may switch BTZ wetlands to
a turbid, low SAV state.

This study underscores the importance of SAV commu-
nities in maintaining water clarity and suppressing algal
populations through top-down cascade mechanisms such
as providing habitat for zooplankton which graze on algae,
reducing re-suspension of sediments, competing with phy-
toplankton directly for nutrients and light, or indirectly via
allelopathic relationships (Scheffer et al. 1993; Hilt and
Gross 2008).

@ Springer

Controls on SAV Abundance

N and P were very high in shallow BTZ wetlands and exceed
many of the previously proposed nutrient thresholds for SAV
dominance. In our agriculturally affected wetlands [and the
natural boreal wetlands sampled by Bayley et al. (2007)], total
nitrogen values above 2.0 mgN L™ did not inhibit growth of
abundant SAV as has been found in Europe (Gonzalez
Sagrario et al. 2005). While generally both TN and TP con-
centrations are high in our sites, the available N to SRP ratios
are quite low (3.66:1, Table 1) suggesting that the available N
species are low and potentially limiting to algal growth. Given
that sediments of BTZ wetlands and shallow lakes are rich in
both N and P (Bayley unpublished data), it is likely that SAV
is more limited by water clarity than by nutrients.

Contrary to previous studies that report a switch to turbid
regimes and loss of SAV with increased eutrophication
(Blindow 1992; Egertson et al. 2004), BTZ wetlands with
high TP concentrations and high agricultural impacts did not
exhibit a detectable loss of SAV between 2005 and 2006.
There was a small decrease in SAV abundance in 2007 when
water levels rose; however SAV still covered at least 5-25 %
of most wetland basins (Table 3). SAV generally remained
abundant and chla concentration remained below or at the
threshold of 18-20 pg L™ that defines turbid regimes in the
southern boreal and prairie regions (Bayley and Prather
2003; Bayley et al. 2007; Zimmer et al. 2009).
Furthermore, SAV cover was within the 25-75 % range
(rank = 3.0) in wetlands with high agricultural encroach-
ment. Other studies have also found that when shallow
wetlands are not light limited, SAV is able to grow abun-
dantly and persist throughout the wetland (Mjelde and
Faafeng 1997; Kosten et al. 2009) despite higher nutrient
loads.

Wetlands can have complex interactions between
SAV, chla and TP that affect the chla -TP relationship
(Bayley et al. 2007). Wetlands can exhibit alternative
regimes including a clear SAV-dominated state or a
turbid algal-dominated state when TP concentrations
range between 50 and 250 pgL™' (Gonzalez Sagrario
et al. 2005; Kosten et al. 2009). However, SAV domi-
nates many of our study wetlands even though median
TP is 148.0 pg L~'. While excessive TP can promote
the growth of algae which leads to high turbidity, low
light penetration and loss of SAV (Scheffer et al. 1993),
SAV appears to persist with much higher concentrations
of phosphorus and nitrogen (Bayley and Prather 2003;
Bayley et al. 2007; Kosten et al. 2009). In pristine
boreal wetlands, SAV can weaken the overall impact
of TP on chla concentrations and in relatively undis-
turbed wetlands containing >75 % SAV coverage there
is no significant effect of TP on chla concentrations
(Bayley et al. 2007). In our study, there is also evidence that
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high abundance of SAV (>75 % coverage of the lake) can
suppress TP; that is TP concentrations are significantly lower
in lakes with SAV >75 % than in lakes with 5-25 % SAV
(Table 5). This may be due to uptake of TP by the submersed
vegetation (Dierberg et al. 2002). This ability to cope with
elevated concentrations of phosphorus also may be partially
due to frequent fish kills in shallow lakes which affects top-
down control mechanisms (Zimmer et al. 2001). The lack of
fish allows for stronger grazing pressure on phytoplankton by
zooplankton and lower amounts of phytoplankton reduces
shading of macrophytes (Zimmer et al. 2001; Norlin et al.
2005). Excess nitrogen, that is nitrogen levels exceeding
2.0 mgN L' can also limit SAV growth and even cause SAV
to disappear (Gonzalez Sagrario et al. 2005; Kosten et al.
2009). Despite average TN values exceeding 3.2 mgN L™
over 3 years, as well as TP values exceeding 148.0 ug P L™,
SAV continued to cover >25 % and often >75 % of the open
water area in most BTZ wetlands. This suggests that there is no
consistent TP threshold determining SAV loss and that other
climatic (water depth and clarity) and/or food-web interactions
such as fish presence and their control on grazing zooplankton
may also be important.

Our results support our hypothesis that agricultural en-
croachment increases nutrient concentrations in surface waters
however there was no evidence of a positive relationship be-
tween agricultural encroachment and chla. Our results suggest
that SAV plays a significant role in maintaining clear water
states by its ability to suppress concentrations of chla and TP.
However, it is unlikely that shallow BTZ wetlands can persist
over the long-term in a SAV-dominated state. Factors such as
climate and continuation of the long-term drying trend along
with increased sedimentation from agricultural activities will
cause wetlands to transition more rapidly toward terrestrial
systems or become increasingly isolated from inflows/out-
flows. Additionally, continued eutrophication from surround-
ing land use or nutrient release from senescing and
decomposing SAV may affect persistence of the clear, SAV-
dominated regime. The dynamic climatic environment in the
southern Boreal Plains, increasing agricultural expansion as
well as the lack of clear regulatory protection for wetlands in
western Canada and the instability of stable states suggests that
these wetlands and their biota, especially the millions of water-
fowl which use them, are facing great uncertainty in the future.
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