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Abstract

Ecologists collectively predict that climate change will enhance phytoplankton bio-
mass in northern lakes. Yet there are unique variations in the structures and regulating
functions of lakes to make this prediction challengeable and, perhaps, inaccurate. We
used archived Landsat TM/ETM+ satellite products to estimate epilimnetic chloro-
phyll-a (Chl-a) concentration as a proxy for phytoplankton biomass in 281 northern
temperate lakes over 28 years. We explored the influence of climate (air temperature,
precipitation) and landscape proxies for nutrient sources (proportion of wetlands in a
contributing catchment, size of the littoral zone, potential for wind-driven sediment
resuspension as estimated by the dynamic ratio) or nutrient sinks (lake volume) in a
random forest model to explain heterogeneity in peak Chl-a. Lakes with higher Chl-a
(median Chl-a = 2.4 ug LY, n = 40) had smaller volumes (<44 x 10* m®) and were more
sensitive to increases in temperature. In contrast, lakes with lower Chl-a (median Chl-
a=0.6pg L%, n = 241) had larger volumes (244 x 10* m®), contributing catchments
with smaller proportions of wetlands (<4.5% of catchment area, n = 70), smaller litto-
ral zones (<16.4 ha, n = 137), minimal wind-driven sediment resuspension (as defined
by the dynamic ratio; <0.45, n = 232), and were more sensitive to increases in precipi-
tation. Lakes with larger volumes were generally less responsive to climate factors;
however, larger volume lakes with a significant proportion of wetlands and larger litto-
ral zones behaved similarly to lakes with smaller volumes. Our finding that lakes with
different landscape properties respond differently to climate factors may help predict

the susceptibility of lakes to eutrophication under changing climatic conditions.
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1 | INTRODUCTION alterations in land-aquatic hydrological and biogeochemical linkages
(Creed et al., 2018). These environmental changes can be best stud-
Northern temperate lakes are being affected by global environ- ied in lakes, as lakes integrate atmospheric, terrestrial, and aquatic
mental changes (Bedford et al., 2020; Richardson et al., 2018).

An increase in temperature and changes in precipitation patterns

processes (Williamson et al., 2009). An important signal of alter-
ations is an increase in the frequency and duration of phytoplankton

and atmospheric nitrogen deposition are leading to fundamental blooms (Ho et al., 2019; Winter et al., 2011) as well as changes in
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phytoplankton composition (e.g., toward more cyanobacteria domi-
nated ecosystems; Freeman et al., 2020); these have been observed
even in remote northern temperate lakes located far from any con-
founding local or regional human activities (Winter et al., 2011).

Lake phytoplankton biomass is a product of complex interactions
among forces that are external and internal to lakes (Baines et al.,
2000; Blenckner, 2005). External forces are broad-scale climate-
related variables such as temperature and precipitation (Hollert
et al., 2018). Although the direct effect of temperature on phyto-
plankton biomass has been a major focus of research in recent years,
the findings of these studies are contradictory. For example, phy-
toplankton biomass was found to increase (Jeppesen et al., 2009;
Kraemer et al., 2017), decrease (Tadonléké, 2010), or to have no
significant change (Kosten et al., 2012; Rasconi et al., 2017) in re-
sponse to an increase in temperature. However, there is consensus
that the growth rates of many cyanobacteria (that constitute over
50% of phytoplankton biomass in temperate lakes; Downing et al.,
2001) generally increase with temperature (De Senerpont Domis
et al,, 2007; O'Neil et al., 2012). Recent studies suggest that al-
though temperature should be considered, precipitation might be
more important in influencing lake phytoplankton biomass (Hrycik
et al., 2021; Klimaszyk & Rzymski, 2011; Larsen et al., 2020; Sinha
et al., 2017) because precipitation-driven runoff influences both nu-
trient delivery to lakes and nutrient availability in lake catchments
via runoff. Given that phytoplankton biomass depends on nutrient
availability, even slight changes in precipitation patterns might trig-
ger increases or decreases in phytoplankton biomass (Scheffer et al.,
2001; Scheffer & Van Nes, 2007). However, increases or decreases
in precipitation do not always imply a subsequent positive correla-
tion with phytoplankton biomass (i.e., low precipitation = lower phy-
toplankton biomass or vice versa). For instance, a combined effect
of decreased precipitation and high temperatures during droughts
can cause a drop in lake water level, a longer water residence time,
a lower dilution of nutrients in the water column, and, as a result,
higher phytoplankton biomass.

Phytoplankton biomass in lakes often does not show synchro-
nous behavior in response to climate factors (Baines et al., 2000;
Freeman et al., 2020; Kraemer et al., 2017; Oliver et al., 2017; Paltsev
& Creed, 2021) because catchment- and lake-specific properties
modify regional climate signals (Blenckner, 2005; Hollert et al., 2018;
Palmer et al., 2014). Catchment properties (i.e., catchment size, to-
pography, vegetation and soil type, and the presence of wetlands)
affect the source, storage, and transport of water and nutrients (e.g.,
dissolved organic matter (DOM), nitrogen (N), and phosphorus (P))
to receiving waters (Creed et al., 1996; Creed & Beall, 2009; Kayler
et al., 2019; Mengistu et al., 2014; Noges, 2009; Staehr et al., 2012).
Several studies have shown strong relationships between catch-
ment topography and the magnitude and composition of exported
nutrients (Kritzberg et al., 2020; Mengistu et al., 2014; Senar et al.,
2018). For example, wetlands in lake catchments are sinks of inor-
ganic solutes (e.g., nitrate [NO,]; Enanga et al., 2017) and sources
of organic solutes, especially dissolved organic carbon (DOC), dis-
solved organic nitrogen (DON), and P (Creed & Beall, 2009; Creed
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et al., 2003, 2008; Enanga et al., 2017), while deciduous forests are
generally associated with larger exports of N and P than coniferous
forests (Klimaszyk & Rzymski, 2011). Properties of receiving lake
basins (e.g., lake area, depth, volume) affect the fates of nutrients
within lakes (Read et al., 2015; Richardson et al., 2018; Sendergaard
et al., 2001, 2005). Smaller volume and shallower lakes usually have
shorter P retention time in sediments than larger volume lakes be-
cause P can be easily re-suspended due to wind disturbance or water
level fluctuations (Néges, 2009). Similarly, lakes with well-developed
littoral zones (i.e., wide and with established communities of mac-
rophytes) retain more nutrients and organic matter in surface wa-
ters than lakes with narrower littoral zones (Kornijow et al., 2016;
Vadeboncoeur et al., 2002).

It is difficult to separate the “direct” response of phytoplankton
biomass to climate from “indirect” responses modified by landscape
properties (Anderson, 2014; Palmer et al., 2014). Phytoplankton
biomass is principally determined by processes that affect the avail-
ability of nutrients (i.e., growth-limiting nutrients such as P and N,
but also micronutrients such as iron; Molot et al., 2010; Sorichetti
et al., 2014a, 2014b), the community composition of phytoplank-
ton (e.g., the presence of N-fixing cyanobacteria taxa; Carey et al.,
2012; Lurling et al., 2013; Winder & Sommer, 2012), and the pres-
ence and abundance of grazing zooplankton (Baines et al., 2000).
Therefore, to predict patterns in phytoplankton biomass in lakes,
both catchments and receiving lakes should be examined for prop-
erties that influence phytoplankton biomass. However, in contrast
to many studies where catchments and their lakes are explored as
separate units (catchments or receiving lakes; e.g., Magnuson et al.,
1990; Palmer et al., 2014; Sharma et al., 2019), there are relatively
few studies where the properties of the coupled terrestrial-aquatic
system (catchments plus receiving lakes) are studied (e.g., Isles et al.,
2020; Senar et al., 2018; Staehr et al., 2012) and even fewer stud-
ies where the coupled terrestrial-aquatic systems in a large number
of lakes are explored to assess phytoplankton biomass (e.g., Hrycik
et al., 2021; Stomp et al., 2011).

Recently, we have shown that phytoplankton biomass is chang-
ing in many northern temperate lakes (Paltsev & Creed, 2021). We
expected that broad-scale temporal factors (e.g., climate) accounted
for most of the variation in phytoplankton biomass and that the
lakes responded to climate signals in a uniform manner. However,
we found that 79.7% of the variation was due to intrinsic properties
of landscape and lake-specific factors (including 35.6% for space and
44.1% for space x time interactions). We also found that some lakes
were trending to eutrophication and some lakes to oligotrophica-
tion, but that there were no significant trends in either direction in
most of the lakes. In this paper, we explore the interactive impact of
climate and landscape properties on long-term median chlorophyll-a
(Chl-a) concentration (as a proxy for phytoplankton biomass) in
lakes in relatively intact northern temperate forests. We asked two
questions. First, is lake Chl-a related to climatic conditions? Here,
we predicted that Chl-a is higher in lakes located in warmer, drier
climatic conditions and that Chl-a is lower in lakes located in cooler,
wetter conditions. Second, is this relationship modified by landscape
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properties? Here, we predicted that Chl-a is higher in small and
shallow lakes with enhanced wind-driven sediment resuspension
and large proportions of wetlands in their catchments, while Chl-a
is lower in large and deep lakes with minimal wind-driven sediment
resuspension and small proportions of wetlands in their catchments.
An improved understanding of these interactive factors influenc-
ing nutrient availability in lakes may improve our ability to predict
responses of lake phytoplankton biomass to global environmental

changes.

2 STUDY REGION

|
The 152,231 km? study region is located between 44.44°N and
48.38°N within the Great Lakes-St. Lawrence forest region of the
temperate forest biome in Canada (Figure 1). Climate in the region is
humid continental. Mean annual air temperature for 1984-2011 was
+5.1°C, ranging between +7.4°C in the south and +2.6°C in the north,
and mean annual precipitation was 960 mm, ranging from 740 mm
in the south to 1180 mm in the north (McKenney et al., 2011).

Precipitation is influenced by lake effects from the Great Lakes and
local orographic effects in areas of relatively high relief (Baldwin
et al., 2000). The frost-free period extends from April to November
in the warmer and more humid southern parts of the region and from
May to September in the colder and less humid northern parts of the
region (Baldwin et al., 2000). Peaks in stream discharge happen in
March to April (during spring snowmelt) and again from September
to November (during autumn storms; Creed et al., 2015). Topography
varies from depressions and flats along the shore of the Great
Lakes to hills in the Algoma and Madawaska Highlands. Bedrock is
the Canadian Shield composed of Precambrian silicate greenstone
formed from metamorphosed basalt (Ontario Geological Survey,
2003). Overlying bedrock is a glacio-fluvial outwash consisting of
sandy loam ablation till with river and deltaic deposits on top of slit
loam basal till (Ontario Geological Survey, 2003). Soils range from
brunisols to orthic ferro-humic podzols, with ferric humisols consist-
ing of highly humified organic deposits in wetlands near rivers and
lakes (Canada Soil Survey Committee, 1978). Forests in the study re-
gion are a mix of deciduous and coniferous tree species, with the lat-

ter being more common in the northern areas (Baldwin et al., 2000).
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3 | METHODS

3.1 | Phytoplankton biomass

Chl-a was used as a proxy for phytoplankton biomass (Boyer et al.,
2009; Freeman et al., 2020; Hrycik et al., 2021). We acknowledge
that Chl-a may not be a precise measurement of phytoplankton
biomass, as the presence of chlorophyll-a is species specific, may
vary with light and nutrient conditions (Kasprzak et al., 2008; Morel
& Bricaud, 1981), or may not (Erratt et al., 2021). However, remote
sensing of Chl-a remains the only approach for tracking changes in
phytoplankton biomass over wide spatial and temporal (decades)
domains (Huot et al., 2007) and has been widely used in ecological
research (e.g., Ho et al., 2019; Kraemer et al., 2017).

Chl-a was modeled for the lakes of the temperate forest biome
using remote sensing techniques (for details see Paltsev & Creed,
2021). We acquired 1067 Landsat 4-5 TM and 159 Landsat 7 ETM+
(30-m) images from the United States Geological Survey archives over
the study region for the period of August to October for 28 years
(1984-2011; Figure 1). The period from August to October is when
peak phytoplankton biomass occurs in the study region (Winter et al.,
2011). Lake locations and boundaries were determined by reclassi-
fying as water those pixels below the local minimum in the bimodal
distribution of Band 5 (shortwave infrared) radiance. Lakes with an
area less than 4.5 ha (90 pixels) or high standard deviation of Band
5 radiance values (>median standard deviation of all lakes in an image)
were discarded to avoid the problem of mixed reflectance due to adja-
cency near or along lake shorelines (i.e., areas with shallow water and
abundant aquatic vegetation). The remaining lakes were then buffered
using a 15-m (0.5-pixel length) buffer inside the lake boundary. A par-
tial atmospheric correction was performed on Bands 1-3 (blue, green,
and red) of each image, including subtraction of the Rayleigh scattering
radiance from top-of-atmosphere (TOA) radiance (Lobo et al., 2015)
followed by the conversion of TOA radiance values to bottom-of-
atmosphere (BOA) reflectance values (Chander et al., 2009). The re-
flectance values in each Band 1-3 were averaged for each lake over all
images available for each year (i.e., August-October).

A regression model based on in-situ lake Chl-a measurements
and average annual BOA reflectance values in Bands 1-3 (expressed
as [Band 1-Band 3]/Band 2) was developed to predict natural
log-transformed Chl-a (In Chl-a) observations in 62 lake samples
(r* = .78, p < .001). This regression model was then applied to aver-
age annual [Band 1-Band 3]/Band 2 in each lake, resulting in a 28-
year (1984-2011) time series of modeled In Chl-a in 12,644 lakes.
We used universal space-time kriging to interpolate missing annual
In Chl-a where clouds obscured lake pixels. Modeled annual In Chl-a
was validated with available in-situ In Chl-a data over both space
and time. Median modeled annual Chl-a (pg L) was calculated for
each lake over the 28-year period. Finally, lakes were classified into
three trophic states using median modeled annual Chl-a according
to Carlson and Simpson (1996): oligotrophic (Chl-a < 2.6 pg LY, me-
sotrophic (Chl-a = 2.6-7.3 pg L'?), and eutrophic (Chl-a > 7.3 pg L'
Table 1).
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For this study, we selected a subset of 281 lakes using the follow-
ing criteria: (1) the availability of topographic (digital elevation mod-
els (DEMs)) and bathymetric data (lake contour maps) to characterize
landscape properties (see Table S1); (2) lake trophic states represent-
ing approximately the same distribution of trophic states as in the
original dataset of 12,644 lakes (Table 1); (3) Chl-a representing the
natural range of Chl-a in the original dataset (Figure 1; Table 2); and
(4) a relatively uniform spatial distribution of these lakes across the
study region (Figure 1). Water chemistry samples (e.g., total P) were
limited for these remote lakes; therefore, we could not measure the
amount and composition of nutrient export to the lakes. Instead, we
applied a theoretical approach where the effect of nutrient loading

is perceived as “a loading potential” (Table 3).

3.2 | Climate factors

Median monthly maximum air temperature (hereafter: tempera-
ture) and total precipitation (hereafter: precipitation) from July to
October were determined for each lake and for each year 1984-
2011. Temperature and precipitation values were extracted from
60-arcsecond historical monthly air temperature and precipitation
grids (see McKenney et al., 2011). The period from July to October
was chosen over August to October (i.e., the period for peak Chl-a in
the study region) to account for a delay in response of phytoplank-
ton biomass to meteorological conditions. One month (i.e., July) is
considered a reasonable period for phytoplankton to respond to

these conditions over the summer period (Downing et al., 2006).

3.3 | Digital terrain models for landscape factors
Catchment boundaries for each lake were delineated from a hy-
drologically conditioned 20-m DEM (Ontario Ministry of Natural
Resources, 2015) using gridded lake polygons as pour points
(Tarboton et al., 1991). Sixty lakes had vector polyline bathymetric
data in digital format (Ontario Ministry of Natural Resources, n.d.)
and 221 lakes had bathymetric maps in analog format (Western
University Map and Data Centre, n.d.); the latter were manually geo-
referenced and digitized. Digital polylines were interpolated to 20-m
grids using the “Topo to Raster” interpolation function in ArcGIS
10.8 (see Hutchinson et al., 2011).

The selected landscape factors extracted from digital elevation
or bathymetric data and their hypothesized effects on lake Chl-a are
summarized in Table 3. We grouped the landscape factors into five

categories as follows:

1. Location: latitude, longitude, and altitude values of lake cen-
troids extracted from the DEMs.

2. Nutrient loading potential from contributing catchments: estimated
by the ratio of catchment area to lake area and wetland cover (per-
centage of catchment area excluding lake area that is covered by
wetlands; Ontario Ministry of Natural Resources, 2013).
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Oligotrophic lakes
(Chl-a<2.6 pglL™?)

Mesotrophic lakes
(Chl-a=2.6-7.3 pg L}

All lakes
n 8,986 2,700 958
% 711 214 7.6
Lakes (subset)
n 203 59 19
% 72.2 21.0 6.8

(Chl-a> 7.3 pg L)

TABLE 1 Number and proportion of

LU :ZIII(es lakes according to the trophic state for all
lakes (n = 12,644) and a subset of lakes
(n = 281) used in this study
12,644
100
281
100

TABLE 2 Descriptive statistics for Chl-a and climate and landscape factors used in the study (for 281 study lakes)

Standard 95% confidence
Mean deviation interval (+/-)
Chl-a (ug L' 1.9 47 0.6
Monthly median 19.6 1.1 0.1
maximum
temperature (°C)
Monthly total 90.4 6.1 0.7
precipitation (mm)
Latitude (°) 4591 — —
Longitude (°) -79.68 — —
Altitude (m) 302.1 86.4 10.2
Wetland cover (%) 6.3 7.2 0.8
Ratio of catchment 51.0 168.7 19.8
area to lake area
(catchment/area)
Littoral zone (ha) 7.7 17.5 21
Dynamic ratio 0.25 0.33 0.04
Lake surface area 1.1 1.8 0.2
(km?)
Lake mean depth (m) 5.4 3.7 0.4
Lake volume (10° m®) 9.33 26.23 3.08
Fetch distance (m) 2153.7 1724.4 202.5

3. Nutrient resuspension potential from the land-water interface:
estimated by the area of the littoral zone, defined as the area
adjacent to lakeshore with a depth of <2 m and a bathymetric
slope <2°.

4. Nutrient resuspension potential from the lake sediments: esti-
mated by the dynamic ratio, defined as DR = vA/D
A is lake area in km? and D,
(Hakanson, 2005).

5. Nutrient dilution within the lake: estimated by the lake volume

(m®) and the fetch distance (m).

means Where

is mean lake depth in meters

3.4 | Statistical analysis

Since the overall accuracy of random forest models can be affected
by highly correlated variables used in the models (Strobl et al., 2009;
Tolosi & Lengauer, 2011), we performed the Pearson correlation
test to determine correlations among landscape factors. Landscape

Coefficient
of dispersion

Median (75th-25th/50th) Minimum Maximum
0.7 1.3 0.1 41.3
19.8 0.1 16.9 21.4
90.4 0.1 79.6 104.0
45.51 — 44.49 48.17
-79.40 — -84.88 -76.21
310.2 0.5 120.0 478.9
4.6 1.3 0.01 64.0
12.1 1.8 1.6 2232.6
2.0 3.8 0.1 181.3
0.17 1.12 0.02 3.59
0.5 0.0 0.1 13.9

4.6 0.9 0.1 23.8
2.09 0.000003 0.001570 308.90
1599.6 1.2 208.8 10715.7

factors that did not have correlations with other landscape factors
were selected for the regression tree and random forest analyses.
Skewed factors were In-transformed (all but latitude, longitude, dy-
namic ratio, and wetland cover).

Regression tree analysis was used to identify climate and land-
scape factors that were related to Chl-a. The regression tree was
pruned at the branch where the complexity parameter minimized
the cross-validation error (De'ath & Fabricius, 2000). Because
regression trees may produce unstable models (Breiman, 2001),
random forest analysis was also performed where a thousand re-
gression trees (instead of a single tree) were produced and results
then aggregated into a single random forest model. These results
were presented on a “variable importance plot” that shows the
list of factors in increasing order of importance from the bottom
to the top of the plot (Strobl et al., 2009). “Importance” was mea-
sured by the percent increase in mean squared error of residuals
with repetition (%IncMSE), a special attribute assigned by random
forests (De'ath, 2002; Strobl et al., 2009). The closer %IncMSE is
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TABLE 3 Hypothesized landscape controls on phytoplankton biomass in the study lakes

Landscape control

Location and uniqueness of place

Nutrient loading potential from
contributing catchments

Nutrient resuspension potential from
land-water interface within littoral
zone

Nutrient resuspension potential from
lake sediments

Nutrient dilution potential within the
water column

Hypothesized effects

Areas with more precipitation lead to more nutrient
export from catchments to lakes (Kosten et al.,
2012; Noges, 2009; Pollingher, 1990)

Higher proportion of wetlands indicates larger
input of the nutrients to lakes (e.g., DOC, DON,
P; Creed & Band, 1998a; Creed et al., 2008;
Mengistu et al., 2014; Verhoeven et al., 2006)

Wider littoral zones lead to development of rooted
aquatic plants increasing the potential for
enhanced loading of DOM (Kornijéw et al., 2016)

Higher dynamic ratios indicate increased probability
of wind-driven sediment resuspension, more
exposure to the sun/wind (Bachmann et al.,
2000; Hakanson, 2005)

Lakes with larger volumes are characterized by
higher nutrient dilution in water and enhanced
stratification (Noges, 2009; Staehr et al., 2012)

S ey

Landscape factor

Latitude (°), longitude (°), altitude (m)

Wetland cover (%)
Ratio of catchment area to lake area (unitless)

Littoral zone (ha)

Dynamic ratio (VA/D,..), where A is the lake
surface area (km?), and D, is the lake
mean depth (m)

Lake volume (m%), Fetch distance (m)

to 0, the less important it is. Climate and landscape factors with
the lowest %IncMSE were considered “unimportant” (Strobl et al.,
2009). We also used partial dependence plots to demonstrate the
relationship between Chl-a and an individual factor while all other
factors were held constant (Friedman, 2001). We evaluated the
accuracy of the random forest model by calculating out-of-bag
(OOB) errors as a function of the number of trees (see Breiman,
1996). Both regression tree and random forest analyses were per-
formed in R (R Core Team, 2018) using rpart, party, and randomFor-
est (for the random forests) packages.

Median values of climate and landscape factors for each lake tro-
phic state (i.e., oligotrophic, mesotrophic, and eutrophic) were calcu-
lated to produce a generalized conceptual model describing climate
(i.e., temperature and precipitation) and landscape factors of each

trophic state.

4 | RESULTS

The 281 study lakes covered the range of trophic states found in the
region; 203 lakes were oligotrophic, 59 lakes were mesotrophic, and
19 lakes were eutrophic (Table 1; Figure 1). Descriptive statistics of
the climate factors, landscape factors, and Chl-a for these lakes are
provided in Table 2.

Pearson correlation analysis revealed that many landscape fac-
tors were correlated with each other (Table 4). Only landscape fac-
tors that were not correlated with other landscape factors but that
were correlated with Chl-a were used in the regression tree and ran-
dom forest analyses. Five landscape factors were selected: latitude,
wetland cover, littoral zone, dynamic ratio, and lake volume. Latitude
was selected over longitude because of its strong effect on lake phy-
toplankton abundance and composition (Kosten et al., 2012; Noges,
2009; Pollingher, 1990).

Regression tree, random forest analysis, and the partial depen-
dence plots revealed complex interactions among climate factors,
landscape factors, and Chl-a (Figure 2; Figure S1). The OOB error
estimation showed that there was no overall decrease in the OOB
error after ~800 trees (the lowest OOB error, equal to 0.54, was
obtained between 950 and 1000 trees), indicating that there were
sufficient trees in the random forest model (Figure S2).

The Chl-a in each terminal node of the regression tree showed
a systematic increase from the first node (median Chl-a = 0.4 pg L%,
n = 32) to the last node (median Chl-a = 13.7 pg L'}, n = 7; Figure 2).
Lake volume was the most important predictor of Chl-a, making
the first split in the tree at 44 x 10* m®, clearly differentiating lakes
with larger volumes (244 x 10* m®) from lakes with smaller volumes
(<44 x 10* m3). Figure 2b shows that after lake volume, precipita-
tion was the second most important predictor of Chl-a followed by
temperature. However, the regression tree shows a more complex
relationship (Figure 2a), where precipitation was the second most
important predictor of Chl-a in lakes with larger volumes, while tem-
perature was the second most important predictor of Chl-a in lakes
with smaller volumes (i.e., <44 x 104 m3). Furthermore, temperature
was the sole climatic predictor of Chl-a only in seven smaller vol-
umes lakes, which were all eutrophic. Dynamic ratio, wetland cover,
and littoral zone also contributed to the variation of Chl-a but only
in larger volume lakes. Latitude did not appear in the tree and was
the least important factor reported by the random forest analysis
(Figure 2b).

Conceptual models depicting relationships between cli-
mate and landscape factors and lake trophic states revealed
that each lake trophic state had its “typical” set of climatic con-
ditions (i.e., temperature and precipitation) and landscape prop-
erties (Figure 3). Lake volume was largest in oligotrophic lakes
(265 x 10* m®), followed by mesotrophic (156 x 10* m®) and eutro-
phic lakes (34 x 10* mS; Figure 3 but also Figure 2). Precipitation
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TABLE 4 Pearson's correlation matrix for Chl-a and landscape factors

In Fetch
distance

In Lake
volume

In (Catchment area/

lake area)

Dynamic ratio

In Littoral zone

Wetland cover (%)

In Altitude

Longitude

Latitude

-0.18
-0.02
-0.08
-0.11
0.16
0.08
0.64
0.41
0.81

-0.39
-0.06
-0.07
-0.03
0.02

0.17 0.35

0.01
0.01

0.07

-0.28 0.31

0.49

0.23

-0.40

In Chl-a

-0.03
0.03

-0.04
0.04

-0.13
0.16

-0.75

Latitude

-0.38

Longitude

-0.20
0.15
0.15
0.15

-0.19
0.14
0.66

-0.13

0.03

-0.43

In Altitude

Wetland cover (%)

-0.02
0.14

In (Catchment area/lake area)

In Littoral zone

-0.04

Dynamic ratio

In Lake volume

obal Change Biology

Note: Data are presented as Pearson's r. Factor names in boldface indicate factors selected for the regression tree and random forests analyses. Pearson's r values in boldface indicate relationship between

factors at p < .05.
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decreased from oligotrophic (92 mm), to mesotrophic (89 mm), to
eutrophic (84 mm) lakes. In contrast, temperature increased from
oligotrophic (19.5°C), to mesotrophic (20°C), to eutrophic (21°C)
lakes. Eutrophic lakes had the highest dynamic ratio (0.50), with
the maximum ratio reaching 3.60. Mesotrophic lakes had the sec-
ond highest dynamic ratio (0.20), followed by oligotrophic lakes
(0.15). Wetland cover increased from oligotrophic (4.4%), to me-
sotrophic (4.8%), to eutrophic (7.1%) lakes. Maximum wetland
cover was also found in eutrophic lakes where it reached 64%.
Oligotrophic lakes had the smallest median littoral zones (1.8 ha),
followed by mesotrophic lakes (2.7 ha) and then eutrophic lakes
(3.3 ha).

5 | DISCUSSION

A broad range in long-term median Chl-a (our proxy for phyto-
plankton biomass) exists in thousands of lakes within the relatively
intact northern temperate forest (Paltsev & Creed, 2021). Here, we
combined climate (i.e., long-term median air temperature and pre-
cipitation) and landscape factors for 281 lakes into a single model
to understand how landscape properties regulate the response of
phytoplankton biomass to climatic conditions. We provide convinc-
ing evidence that climate effects are filtered by landscape prop-
erties resulting in the heterogeneity of lake Chl-a (Figure 2). We
found that climate factors were important determinants of Chl-a,
but that landscape factors that influence nutrient sources, path-
ways, and fates in lakes were more important determinants. Based
on these findings, we developed a simple conceptual model that
shows the effects of climate and landscape factors on phytoplank-
ton biomass in northern temperate lakes in a region with minimal
human activities (Figure 3).

Lake volume was the most important factor for predicting Chl-a.
Our finding that Chl-a increases with decreasing lake volume is in good
agreement with other studies (e.g., Duarte & Kalff, 1989; Kosten et al.,
2012; Staehr et al., 2012; Stomp et al., 2011). This inverse correlation
between Chl-a and lake volume might be explained by lake residence
times. Not only do larger volume lakes have more water, but they also
have longer water residence times, which result in lower concentra-
tions of nutrients and therefore lower phytoplankton biomass (Cardille
et al., 2004; Mosley, 2015; Reckhow, 1988; Staehr et al., 2012).

5.1 | Smaller volume lakes

In smaller volume lakes (<44 x 10* m3), warmer and drier condi-
tions related to higher Chl-a. Specifically, temperature was the sole
climatic predictor of Chl-a in lakes with a temperature above 21°C.
These lakes had the smallest volumes (median = 16 x 10* m®), the
shallowest depths (median maximum depth = 1.5 m), and the high-
est temperatures (median = 21.3°C; Table S1). These lakes were
also eutrophic with the highest Chl-a (>12.0 pg LY. Direct factors
associated with temperature (e.g., heat distribution through the
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water column) likely played a significant role in determining phy-
toplankton biomass in these small and shallow lakes. Indeed, the
water columns of smaller volume lakes generally warm up faster
and deeper (often to the lake bottom) compared to the water col-
umns of larger volume lakes (Johnson et al., 2014; Sharma et al.,
2019).

Below the temperature threshold of 21°C, precipitation con-
tributed significantly to Chl-a, with lower precipitation correlating
with higher Chl-a. Lakes in regions of lower precipitation were pre-
dominantly mesotrophic and lakes in regions of higher precipitation
were predominantly oligotrophic. The interactive effects of higher
temperatures accompanied by reduced precipitation or prolonged
droughts can lead to longer water residence times (Zwart et al.,
2017), lower dilution potential, and increased nutrient levels in the
water column (Mosley, 2015)—all of which lead to higher Chl-a.
These climatic conditions can also cause a significant decrease in the
water level of smaller volume lakes, resulting in sediments being in
direct contact with the trophogenic layer (the upper photosynthet-
ically active layer of lakes; Noges, 2009; Sgndergaard et al., 2001).
In this case, lake sediments (especially in lakes with relatively large
surface areas) might be easily disturbed by wind leading to intensi-
fied internal nutrient loading.

The idea that temperature is the major driver of phytoplankton
biomass has little support in field studies and laboratory experi-
ments. Many studies on the temperature versus phytoplankton
biomass relationship show that this relationship is complex and
depends upon the rate of temperature increase, changes in precipi-
tation and runoff patterns, nutrient availability in lakes, and the com-
munity composition of phytoplankton and zooplankton (Blenckner
et al., 2007; Gerten & Adrian, 2002; Ho et al.,, 2019; Moss et al.,

2003; Richardson et al., 2018; Striebel et al., 2016). Here, we found
that temperature was the sole predictor of Chl-a only in a minority
of lakes, which were also the smallest lakes. The positive correla-
tion between temperature and Chl-a of small lakes is unlikely to be
unique to the lakes of our study region. Kraemer et al. (2017) ana-
lyzed phytoplankton biomass in 188 lakes from all continents (ex-
cept Australia and Antarctica) and found that Chl-a in smaller lakes
had higher positive correlation coefficients with lake surface tem-
perature than Chl-a in larger lakes. The authors also found that an
increase in temperature tended to increase Chl-a in phytoplankton-
rich lakes (i.e., eutrophic lakes) and decrease Chl-a in phytoplankton-
poor lakes (i.e., oligotrophic lakes).

5.2 | Larger volume lakes

In larger volume lakes (244 x 10* md), precipitation and not tem-
perature was the most important predictor of Chl-a. The relationship
between precipitation and phytoplankton biomass is also known to
be complex. Precipitation affects phytoplankton directly (via the di-
rect contact of precipitation with limnetic and littoral zones of lakes)
and indirectly (via run-off and associated nutrient loading from lake
catchments; Figure 3; De Senerpont Domis et al., 2013; Hrycik et al.,
2021; Larsen et al., 2020; O'Neil et al., 2012; Richardson et al., 2018).
For direct effects, increased precipitation is likely to enhance mixing
of the water column and diluting of nutrients in lakes, which lead
to lower concentrations of nutrients in water and therefore lower
phytoplankton biomass (Whitehead et al., 2009). This is especially
the case for larger volume lakes with large surfaces that increase
direct contact of precipitation with the lakes’ open waters (e.g., in
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ratios indicate that these lakes are not susceptible to wind-driven sediment resuspension (i.e., sediments are unlikely to be disturbed by wind

as indicated by the dynamic ratio). Mesotrophic lakes (moderate Chl-g; range: 2.6-7.3 pg LY receive less precipitation but are characterized

by higher external (i.e., they have more wetlands in their catchments) and internal (i.e., they have higher dynamic ratios) nutrient loading than
oligotrophic lakes. Further, since mesotrophic lakes have smaller volume, the process of nutrient dilution is less pronounced there. Eutrophic
lakes (high Chl-g; range: 7.3-41.3 pg L™ receive the least precipitation and have the higher temperature than oligotrophic and mesotrophic lakes.
Reduced water inflow makes water “stay longer” in the lakes, therefore extending the residence time. Further, because of the combined effect of
higher temperature and shallow depth, the water column of eutrophic lakes might warm down to the bottom, leading to reduced concentration of
dissolved oxygen and enhanced internal nutrients loading from sediments. Very high dynamic ratio means eutrophic lakes are susceptible to wind
disturbance. Finally, these lakes have high loading of external (allochthonous) material because of extensive wetland cover [Colour figure can be
viewed at wileyonlinelibrary.com]

our study, lakes with the largest volumes (>219 x 10* m®) also had wetlands) within the lake catchment (Creed et al., 1996) resulting in
the largest surface areas (median = 0.9 km?). For indirect effects, the mobilization of nutrient-enriched waters to lakes (e.g., Creed &
increased precipitation is likely to inundate high-nutrient areas (e.g., Band, 1998a; Mengistu et al., 2014; Sinha et al., 2017; Weyhenmeyer
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et al., 2016; Zwart et al., 2017), and therefore higher phytoplankton
biomass (Sorichetti et al., 2014b). However, we found that larger vol-
ume lakes with more precipitation (289 mm from July to October)
typically had lower Chl-a than larger volume lakes with less precipi-
tation (<89 mm). This suggests that larger volume lakes with more
precipitation were more dependent on external nutrient loading po-
tentials while the larger volume lakes with less precipitation were
more dependent on internal nutrient loading potential (Figure 2).

In larger volume lakes with more precipitation, we found that
catchments with low external nutrient loading potential from wet-
lands had low Chl-a and, vice versa, catchments with higher external
nutrient loading potential from wetlands or higher internal nutrient
loading potential from the littoral zone had higher Chl-a. A lake's ex-
ternal nutrient loading potential might be explained by the soil types
within the lake catchments. In our study region, catchments dom-
inated with mineral soils are experiencing decreasing trends in the
export of P (Eimers et al., 2009; Mengistu et al., 2013) and N (Geddes
& Martin, 2017; Mengistu et al., 2013) for at least the last 20 years.
These mineral soils are known to have naturally low P concentrations
(Jeffries & Snyder, 1983). However, leaching rates of P might be fur-
ther lowered due to soil acidification and associated enhanced ab-
sorption of P to soil mineral surfaces (Eimers et al., 2009). Thus, it is
unlikely that more precipitation and associated runoff from mineral
soils contributes substantially to the increased nutrient flux (P and
N) and, by extension, phytoplankton biomass in larger volume lakes.

In contrast, catchments dominated with organic soils (i.e., wet-
lands) are experiencing variable trends in the export of nutrients de-
pending on climatic conditions (Senar et al., 2018). Wetlands typically
cover a small portion of catchments (in the study region, the median
wetland cover in catchments of oligotrophic lakes was only 4.4%).
Despite this, the contribution of wetlands to the external nutrient
loading to lakes and streams of the study region has been found to
be significant (Creed et al., 2008; Mengistu et al., 2014). Wetlands
are often located in topographic flats or depressions near lakes and,
therefore, catchment discharge waters pass through them on their
way to receiving waters (Creed & Beall, 2009). Wetlands are known
sources of P and organic solutes such as DOC and DON (Creed &
Beall, 2009; Creed et al., 2003, 2008; Enanga et al., 2017; Mengistu
et al., 2014) and, therefore, more wetlands indicate larger exports of
these nutrients to lakes (Creed & Band, 1998a, 1998b; Verhoeven
et al., 2006). Furthermore, often adjacent to wetlands, littoral zones
along the shorelines of lakes serve as points of entry for nutrients
released from these wetlands (Kornijéw et al., 2016). Large litto-
ral zones indicate extensive shallow areas within lakes—areas that
are often occupied by communities of rooted macrophytes. These
communities act as a filter for external material where nutrients are
retained and accumulated, being taken up by the macrophytes and
attached algae, and are finally released into the sediments and the
water column in the same or transformed (and often more accessible
for phytoplankton) forms (Kornijow et al., 2016; Orihel et al., 2017).
Therefore, a larger littoral zone reflects a higher potential for en-
hanced nutrient loading (Vadeboncoeur et al., 2002; Zhu et al., 2015)
and, as a result, higher Chl-a.

S i ey

In larger volume lakes with less precipitation, we found that
catchments with higher nutrient-resuspension potentials from the
lake sediments had higher Chl-a. Lake sediments often contain high
concentrations of N, P, and micronutrients such as iron that control
phytoplankton growth (Molot et al., 2010; Sorichetti et al., 2014b).
The dynamic ratio indicates the relative area of lake bottom influ-
enced by wind-driven resuspension; a higher dynamic ratio rep-
resents a higher risk of wind-induced sediment resuspension events
(Bachmann et al., 2000; Hakanson, 2005; Qin et al., 2004; Zhu et al.,
2015) and, therefore, internal loading of nutrients from sediments
that promote phytoplankton growth (Sgndergaard et al., 2001). The
intensified internal nutrient loading can also happen without dis-
turbing lake sediments. In relatively deep lakes, when warmer tem-
peratures and reduced precipitation lengthen the period of thermal
stratification (Winder & Sommer, 2012), a low dissolved oxygen
layer forms leading to the release of P from lake sediments into the
waters below the thermocline that winds can then bring to the sur-
face waters (Dittrich et al., 2013; Nirnberg & LaZerte, 2004).

We found that landscape factors are more important in regulat-
ing Chl-a in oligotrophic and mesotrophic lakes (Chl-a < 7.3 pg LY
than eutrophic lakes (Figures 2 and 3). This suggest that oligotrophic
lakes are likely to be more sensitive to precipitation-driven biogeo-
chemical changes occurring within coupled catchment-lake systems
than eutrophic lakes (Reinl et al., 2021).

This study region is projected to become warmer (Zhou et al.,
2018). While projections of precipitation are less clear, the general
trend is that winter precipitation will increase while summer pre-
cipitation will decrease (Yeung et al., 2018; Zhou et al., 2018). The
seasonal changes in precipitation will likely result in larger relative
discharges of water and nutrients from catchments to lakes during
spring runoff. The elevated discharges combined with the increasing
temperature might increase phytoplankton biomass in medium- to
small-sized lakes with lower dilution potential and many wetlands in
the catchments. Weather events are also predicted to be more un-
stable. Extreme events, ranging from drought conditions to floods,
are projected to occur more frequently and last longer (Zhou et al.,
2018). Changes at this scale will likely interrupt hydrologic cycles
within catchment-lake system (Senar et al., 2018; Zwart et al., 2017)
and, consequently, alter the magnitude and composition of nutrient
export into lakes (Creed et al., 2018). In this case, wetlands and lit-
toral zones might play a major role in regulating nutrient export be-
cause they serve as either sinks or sources of nutrients depending
on current climatic conditions (e.g., a prolonged period of hydrologic
dysconnectivity between a wetland and a lake during droughts in-
terrupted by intensive hydrologic connectivity during floods; Senar
etal., 2018).

6 | CONCLUSION

Interactions of climate and landscape factors influence phytoplank-
ton biomass in northern temperate lakes. We conclude that lake
volume, which regulates mixing of the water column and dilution of
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nutrients, was the dominant factor influencing phytoplankton bio-
mass. In lakes with the smallest volumes, temperature was the sole
climate predictor of phytoplankton biomass (i.e., higher tempera-
tures = higher Chl-a). In larger volume lakes, temperature effects
were overridden by both the direct and indirect effects of pre-
cipitation on phytoplankton biomass. In these larger volume lakes,
precipitation-driven alterations in nutrient export from lake catch-
ments with a higher potential for nutrient loading from wetlands and
a higher potential for nutrient loading from resuspension of nutrients
in lake sediments increased nutrient availability and, thereby, sup-
ported a larger phytoplankton biomass. Climate change predictions
for the northern temperate region are warmer conditions with less
precipitation in summer but more precipitation in winter. Our con-
clusions indicate that the response of phytoplankton biomass in the
lakes of this region will depend on landscape factors, with smaller
and shallower lakes with many wetlands experiencing the largest in-
creases in phytoplankton biomass. Larger lakes with high external or
internal nutrient loading potentials will be particularly vulnerable to

climate driven shifts from oligotrophic to eutrophic trophic states.
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