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Winter conditions, such as ice cover and snow accumulation, are changing rapidly
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example, snowmelt in the watershed—a defining feature of lake hydrology because it
delivers a large portion of annual nutrient inputs—is becoming earlier. Consequently,
earlier and a shorter duration of snowmelt are expected to affect annual phytoplank-
ton biomass. To test this hypothesis, we developed an index of runoff timing based
on the date when 50% of cumulative runoff between January 1 and May 31 had oc-
curred. The runoff index was computed using stream discharge for inflows, outflows,
or for flows from nearby streams for 41 lakes in Europe and North America. The runoff
index was then compared with summer chlorophyll-a (Chl-a) concentration (a proxy
for phytoplankton biomass) across 5-53 years for each lake. Earlier runoff generally
corresponded to lower summer Chl-a. Furthermore, years with earlier runoff also
had lower winter/spring runoff magnitude, more protracted runoff, and earlier ice-
out. We examined several lake characteristics that may regulate the strength of the
relationship between runoff timing and summer Chl-a concentrations; however, our
tested covariates had little effect on the relationship. Date of ice-out was not clearly
related to summer Chl-a concentrations. Our results indicate that ongoing changes
in winter conditions may have important consequences for summer phytoplankton

biomass and production.

KEYWORDS

discharge

1 | INTRODUCTION

Climate change has affected temperate lakes, both directly through
inputs of thermal energy (O'Reilly et al., 2015) and indirectly through
modifications to inputs of water and terrestrial materials from wa-
tersheds (Blenckner, 2005; Leavitt et al., 2009). Additionally, climate
effects may occur during the well-studied, open-water growing
seasons and the less-studied, winter season. Studies examining the
effects of climate change on lakes have mainly focused on the di-
rect effects on lake heat budgets and thermal structure during the
summer at local to global scales (O'Reilly et al., 2015; Richardson
et al., 2017; Torbick et al., 2016; Trumpickas et al., 2009; Woolway
et al., 2017). Direct effects of meteorological forcing have also
been studied during winter, particularly in relation to the declining
duration of lake ice cover over the last several decades (Du et al.,
2017; Fang & Stefan, 1998; Hodgkins et al., 2002; Johnson & Stefan,
2006; Robertson et al., 1992). Indirect effects of changing nutrient
inputs and water volume from runoff on lake processes have been
observed in the open water season, particularly with respect to
changes in storms, drought events, and overall precipitation (Hayes
et al.,, 2015; Stockwell et al., 2020; Vachon & del Giorgio, 2014;
Williamson et al., 2016). For example, increased dissolved organic
carbon inputs to lakes may alter the underwater light climate, ther-
mal patterns, and phytoplankton productivity in lakes (Creed et al.,
2018; Hongve et al., 2004; Kritzberg et al., 2020; Pilla et al., 2018;
Read & Rose, 2013). However, the effects of changing terrestrial in-
puts into lakes during late winter and early spring have received little
attention. Spring runoff is a major event of the annual hydrological

chlorophyll-a, climate change, long-term data, phytoplankton biomass, snowmelt, stream

cycle in most drainage lakes at northern latitudes. In particular, the
spring runoff delivers a large fraction of lakes’ annual input of water
and allochthonous nutrients, and warming winter temperatures are
likely to have major effects on both the timing and magnitude of the
spring runoff (Bloschl et al., 2017).

The strongest changes in the annual cycle of streamflow have
occurred in watersheds where snow has a major effect on water-
shed hydrology. Warmer winter temperatures, greater volumes
of rain versus snow, and earlier snowmelt have led to shifts in the
seasonality of streamflow in such watersheds (Barnett et al., 2005;
Stewart et al., 2004). Many temperate, Arctic, and boreal lakes re-
ceive the majority of their annual water and nutrient inputs through
the winter/spring snowmelt pulse (Bouchard et al., 2013; Mielko
& Woo, 2006; Pall et al., 2011; Rosenberg & Schroth, 2017; Sadro
et al., 2018). Historically, spring melting of accumulated snow (often
combined with rain) has led to a distinct spring peak in seasonal
water and nutrient inputs. Under present and simulated future cli-
matic conditions, more frequent winter rain and snowmelt events
result in increased discharge during winter, reduced snowpack, and
less runoff during the time of the traditional spring peak streamflow
(Andréasson et al., 2004; Burns et al., 2007; Zion et al., 2011). The
nutrient load in the runoff when the ground is still frozen or cov-
ered in snowpack is often less than that in runoff when the ground
has thawed and is saturated (Mander et al., 2000; Pierson & Taylor,
1985; Shanley & Chalmers, 1999; Tiwari et al., 2018). As a result,
changes in the amount and seasonality of nutrient loading, including
available forms of nitrogen, phosphorus, and carbon, may affect lake
productivity in subsequent seasons.
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The timing of water and nutrient inputs to lakes during spring
runoff often follows the loss of lake ice and coincides with increased
light availability and water column mixing—factors expected to in-
crease lake primary production. In contrast, a temporal mismatch
between nutrient supply and the physical conditions conducive to
planktonic primary production may develop if water and nutrients
enter lakes earlier during winter. Low incoming solar radiation and
deep mixing under isothermal conditions are expected to limit phyto-
plankton growth and nutrient uptake during winter in ice-free lakes.
In addition, light availability in the water column is reduced in the
presence of ice and snow cover (Bolsenga & Vanderploeg, 1992), and
inverse stratification can promote nutrient inputs to pass through
and be lost from the lake as a horizontal plume passing directly under
the ice from inflows to the lake outlet (Cortés et al., 2017). Nutrients
delivered during the winter are often assumed to remain available in
the water column for later uptake by spring to summer phytoplank-
ton blooms following the onset of stratification (Pierson et al., 2013).
However, substantial biogeochemical changes to nutrients can occur
under lake ice (Cavaliere & Baulch, 2018; Joung et al., 2017; Powers
et al., 2017; Tan et al., 2018), which may affect their subsequent
bioavailability to primary producers. In some conditions, substantial
phytoplankton growth can occur during late winter under lake ice
(Hampton et al., 2017; Salmi & Salonen, 2016), which may sequester
allochthonous nutrients and then sink to the lake bottom, reducing
the direct availability of nutrients in the subsequent summer sea-
son (Maier et al., 2019). Watershed-sourced nutrients associated
with sediments may also become unavailable through settling and
sedimentation of associated particles. Consequently, a great deal of
uncertainty remains regarding the fate of nutrients entering lakes
during winter.

We present the results of an analysis of 41 lakes from Europe
and North America to address the following question: How does
the timing and magnitude of winter/spring runoff affect summer
lake phytoplankton biomass for lakes in which snow plays an im-
portant role in the hydrologic cycle? We hypothesized that climate
warming leads to earlier and increased streamflow during the
winter months and reduced phytoplankton biomass during sum-
mer because of lower nutrient concentrations and bioavailability.
More specifically, we predicted that earlier winter/spring runoff
(i.e., winter/spring center of volume [WSCV]) would be associated
with lower lake chlorophyll-a (Chl-a) concentrations during the
subsequent summer. Conversely, we predicted that lakes would
have higher summer Chl-a in years with late spring runoff because
nutrient inputs would more closely coincide with the onset of in-
creased light, warming temperatures, and thermal stratification
that promote phytoplankton growth in spring. In addition to the
effects of snowmelt timing on summer Chl-a, we also tested the
effects of snowmelt magnitude and duration (protractedness) on
summer Chl-a and examined their relationship in the context of
lake morphometry that underlie the relationship between runoff
and phytoplankton biomass within a lake. We also examined the
relationships between ice cover vs. WSCV and summer Chl-a. We
focused on summer (rather than spring) Chl-a because summertime

S i ey

lake productivity is most relevant to lake users and the accumula-

tion of toxic species, especially cyanobacteria.

2 | METHODS

To test our hypothesis, we compiled data on (1) summer Chl-a con-
centrations, as a proxy for phytoplankton biomass, in 41 lakes in
Europe and North America and (2) associated streamflow to or from
these lakes, which directly affects the timing and availability of nu-
trient inputs.

2.1 | Study lakes

Data were obtained from long-term monitoring programs through
the Global Lake Ecological Observatory Network (GLEON; Table 1).
All lakes froze at least occasionally and are in areas where snow ac-
cumulates (i.e., temperate lakes; Figure 1). We required a minimum
of 5 years of lake Chl-a measurements (measured at least monthly
during summer in the epilimnion or as a water column profile) and
daily discharge data from an inlet, outlet, or nearby stream as a proxy
for runoff. Most lakes, however, had longer records (average length
28 years; Table 1). We collected several variables to describe po-
tential for differentiation in mixing patterns, nutrient cycling, and
watershed characteristics for each lake when available. Variables
included mean depth, surface area, maximum fetch, mean residence
time, watershed area, latitude/longitude, temperature profiles of
the entire water column or surface temperatures if profiles were not
available, total phosphorus and dissolved organic carbon concentra-
tions, and dates of ice-on and ice-out. These variables were used
for covariate analyses (see classification and regression tree [CART]
analysis below), or in the case of temperature, to define the summer
period for each lake. The above variables were chosen because they
were the most commonly measured characteristics that could po-
tentially affect the relationship between WSCV and summer Chl-a.

2.2 | Index of summer Chl-a
To describe summer Chl-a, we first defined “summer” as the 90-day
window around (1) the maximum epilimnetic water temperature for
stratified systems where daily thermal profiles were available (epilim-
netic depth calculated with the R package rLakeAnalyzer; Winslow
et al., 2017), (2) the maximum mean water column temperature for
unstratified systems where thermal profiles were available, or (3) the
maximum surface temperature if only surface measurements were
available. In cases where water temperature data were not available,
we defined summer as the 90-day window around July 31 to encom-
pass the period when data were collected most frequently.

Summer Chl-a index was calculated as the mean Chl-a con-
centration during the defined summer period. We calculated the
index only if Chl-a was sampled at least three times during summer.
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FIGURE 1 Locations of lakes used to test the hypothesis
that years with earlier winter/spring runoff have lower summer
chlorophyll-a (N =41)

Monthly measurements should capture the bulk of variation in Chl-
a measurements in temperate lakes (Rusak et al., 2018). Where
Chl-a profiles were measured for the whole water column or the
epilimnion, we first took the water column or epilimnion mean Chl-
a before averaging across dates. Chl-a was measured only in the
epilimnion or at the surface in some lakes, and in those cases, only
surface Chl-a was included in the Chl-a index. Because of the vari-
ability in Chl-a measurements among lakes, we only compared stan-
dardized WSCV to Chl-a within each lake before comparing slopes of
relationships among lakes (see below for descriptions of regressions
with z-scores). Within each lake data set, we only used data from one
collection method if more than one method was used (i.e., we used
the method with the most data).

2.3 | Indices of stream runoff timing
and magnitude

Each study lake was paired with runoff from a gauged stream. Daily
stream discharge data were used to calculate indices of snowmelt
timing, duration, and magnitude. Where possible, gauged streams
were chosen which fed (n = 10 lakes) or drained (n = 8) the study
lakes. If no gauged streams were available, a nearby stream gauge
was identified as a proxy for the timing of the snowmelt pulse
(n = 14 lakes). Nearby streams ranged in distance from 7 to 55 km
from the lake. We averaged values for multiple streams that directly
fed lakes when data from multiple gauged streams were available
(n = 9 lakes). Because we focused on relative changes in timing and
magnitude rather than the absolute volume of water delivered to
each lake, use of nearby streams provided a reasonable proxy for
relative changes in runoff indices.

To quantify the timing of the snowmelt pulse, WSCV of stream-
flow was calculated for each lake. WSCV was the day of the year
when 50% of the cumulative streamflow during a specified time win-
dow had been discharged from the watershed (Figure 2; Burns et al.,
2007; Zion et al., 2011). Because all lakes in this study are in north
temperate regions, we used January 1 to May 31 as the snowmelt
window because this period provides a reasonable approximation
of the span of the seasonal snow-covered and snowmelt period. To

100 150 200 250 300
|
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|

0
|
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Total discharge
75%

2e+08 3e+08 4e+08
] |
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|
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FIGURE 2 Metrics developed for runoff timing and magnitude
for a sample year from a tributary to Lake Champlain in the context
of average daily discharge (upper panel) and cumulative discharge
during winter and spring (lower panel). In the upper panel, the

dark, shaded region represents average daily discharge, and the
region encompassed by the dotted lines is the period from January
1 to May 31. In the lower panel, the solid black line represents
cumulative stream runoff for the defined spring window in 1 year.
y-intercept of the horizontal, thick, dotted line represents total
runoff delivered during this period. In both panels, the x-intercept
of the vertical solid line represents the winter/spring center of
volume (WSCV; day at which 50% of discharge has been delivered).
The shaded area around the x-intercept represents the interquartile
distance (IQD) between the dates of the 25th and 75th percentiles
of discharge (measured in number of days)

quantify the magnitude of winter/spring runoff, the total cumulative
runoff volume during the same January to May window was calcu-
lated for each year. To quantify the duration of winter/spring runoff,
we used the interquartile distance (IQD), calculated as the number
of days between the 25th and 75th percentile dates of cumulative
runoff volume during the snowmelt window (Figure 2). All runoff in-
dices were highly correlated whether the snowmelt window ended
on May 31 or April 30. Therefore, our results were not sensitive to

the choice of snowmelt window (Figures S1, S2, and S3).

24 |
indices

Comparison of runoff and phytoplankton

We used linear regression to test our hypothesis that earlier runoff
corresponds to lower summer Chl-a. Prior to analyses, we detrended
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the WSCV and Chl-a indices to better control for potential linear ef-
fects of other local changes over time, such as watershed land use
not directly related to our research questions. Detrending ensured
that our analyses primarily represented variations in the WSCV and
Chl-a among years rather than trends occurring in the lakes over
time. We also standardized all runoff and Chl-a indices to z-scores
for each lake to make relative changes comparable among lakes of
varying hydrologic and trophic status. We performed linear regres-
sions on the detrended, standardized Chl-a index versus detrended,
standardized WSCYV for each lake using each year as an observa-
tion. We then took the slope from each lake and calculated the mean
slope across all lakes and its 95% confidence interval to test for a
statistically significant difference from zero using bootstrapping
with 1000 iterations. Slope distributions were displayed using ker-
nel density estimation (Lauter, 1988; Scott, 2015; Sheather & Jones,
1991). A positive mean slope and confidence interval that does not
include zero indicated support for our hypothesis that earlier run-
off corresponds with lower summer phytoplankton Chl-a. The same
process was completed with detrended, standardized values for
runoff magnitude versus Chl-a, runoff magnitude versus WSCV, and
runoff duration versus WSCV. Additionally, we tested if the WSCV
had become significantly earlier in our study lakes or if total runoff
magnitude changed over time by calculating the mean slope and 95%
confidence interval of WSCV and runoff magnitude z-scores (before
detrending) versus year.

We examined the effects of several lake variables on the slope
between Chl-a and runoff timing via a CART analysis (Breiman
et al., 1984). In the CART analysis, we included lake thermal re-
gion (Maberly et al., 2020), mean lake depth, drainage ratio (ratio
of watershed to lake surface area), mean summer total phosphorus
concentration, and mean dissolved organic carbon concentration as
predictor variables and the slope of Chl-a versus WSCV for each lake
as the response variable. Mean residence time was discarded as a
predictor variable because of its high correlation with mean depth
(r = 0.74). Regression trees were built and pruned in the R packages
rpart (Therneau & Atkinson, 2018) and rpart.plot (Milborrow, 2018).
Missing data for predictor variables were accounted for using surro-
gate splits and the leaves were pruned to minimize cross-validation
error (O'Reilly et al., 2015; Sharma et al., 2012). Data analysis and
visualization were facilitated with R version 3.6.1 (R Development
Core Team, 2019).

Relationships between ice cover and WSCV and the Chl-a index
were explored in a subset of lakes where ice data were available.
Ice-out date was strongly correlated with ice cover duration (average
r = 0.76) for lakes where both were available (N = 10). We included
only ice-out date in analyses because of the higher sample size
(N =19; Table 1). Note that Red Chalk, Blue Chalk, and Harp Lakes in
Ontario, Canada, are in the same geographic region and ice-out date
is estimated using a single sentinel lake. We analyzed the relation-
ships of the WSCV with ice-out date and the Chl-a index with ice-
out date as described above to calculate bootstrapped confidence
intervals around mean slopes of these relationships. All indices were
detrended and standardized (converted to z-scores within lakes). A
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mean positive slope for the relationship between WSCV and ice-out
would indicate that years with early runoff timing also have early
ice-out. A mean positive slope for the relationship between Chl-a
and ice-out would indicate that years with early ice-out have lower
Chl-a.

We performed sensitivity analyses for each set of slopes that
were tested by randomly leaving out four lakes and re-calculating
the means and bootstrapped 95% confidence intervals with the
slopes of the relationships in the remaining lakes. Simulations were

repeated 1000 times for each relationship that was tested.

3 | RESULTS

Slopes for the standardized WSCV over years was mostly negative
(80% of lakes; Figure 3A), indicating that runoff is generally becom-
ing earlier over time. However, these data contained some notable
outliers; therefore, the 95% confidence interval for the mean slope
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FIGURE 3 Slope distributions for all lakes of (a) runoff timing
index (winter/spring center of volume [WSCV]) as a function of
year and (b) total stream runoff magnitude as a function of year
(before detrending) using kernel density estimation of trends over
time. Negative slopes indicate that WSCV or magnitude are earlier
over time. Dashed lines indicate slope of zero, and shaded regions
represent the bootstrapped 95% confidence interval around the
mean slope
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extended slightly into the positive range (mean = -0.006; 95% con-
fidence interval = [-0.015 to 0.002]). Means in this case are unitless
z-scores.

Runoff magnitude did not change over time across our data set.
The distribution of slopes of runoff volume versus year was centered
close to zero (Figure 3B; mean = -0.022; 95% confidence inter-
val = [-0.012 to 0.008]; 49% of lakes had negative slopes).

Earlier WSCV (detrended) generally corresponded with lower
summer Chl-a (positive slope). A few lakes, however, had weak
relationships or negative slopes of WSCV versus Chl-a, and confi-
dence intervals around linear regressions were variable (Figure 4).
However, when slopes for all lakes were plotted jointly, a majority
of slopes were positive (63% of lakes; Figure 5A), indicating gen-
eral support for our hypothesis. The mean slope of the Chl-a versus
runoff timing relationship was significantly >0 (mean = 0.074; 95%
confidence interval = [0.008-0.141]). These results are independent
of other events in lakes over time (e.g., ongoing eutrophication) be-
cause Chl-a and runoff timing were detrended over time to minimize
outside effects.

Summer Chl-a increased with the magnitude of runoff. The
mean slope of the linear regression for the effect of standardized,
detrended runoff magnitude on the Chl-a index was significantly
>0 (mean = 0.086; 95% confidence interval = [0.005-0.167]),

indicating that years with greater stream discharge volume tended
to have higher Chl-a during the subsequent summer. The distribu-
tion of slopes demonstrated that a majority of lakes followed this
trend (56% of lakes; Figure 5B), with some outliers having stronger
relationships.

The duration of spring runoff as indicated by the IQD was neg-
atively related to WSCYV, indicating that years with earlier runoff
had more protracted runoff (Figure 5C). The distribution of slopes
for the relationship between IQD and WSCV was significantly <O
(mean = -0.272; 95% confidence interval = [-0.367 to -0.177]).

The WSCV was significantly positively related to runoff magni-
tude. In other words, years with later stream runoff also had a higher
volume of stream discharge (Figure 5D; mean = 0.179; 95% confi-
dence interval = [0.080-0.277]; 78% of lakes had positive slopes).

We found no significant factors that described variation among
lakes in the WSCV versus Chl-a relationship. Drainage ratio, mean
summer total phosphorus, and mean depth were significant in the
original CART analysis but were removed during pruning and cross-
validation. The influence of other lake variables tested was negli-
gible, including lake thermal region, and average summer dissolved
organic carbon.

The timing of ice-out was strongly related to WSCV, but not to
Chl-a. The mean slope for the relationship between runoff timing
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FIGURE 5 Slope distributions using kernel density estimation of relationships between detrended z-scores of variables. Dashed

lines indicate slope of zero, and shaded regions represent the 95% confidence interval around the mean slope for each relationship. All
relationships in this figure were statistically significant. (a) Positive slopes indicate that earlier winter/spring center of volume (WSCV) was
associated with lower summer phytoplankton biomass. (b) Positive slopes indicate that winter/spring runoff magnitude has a positive effect
on summer phytoplankton biomass. (c) Negative slopes of interquartile distance (IQD) of runoff versus WSCV indicate that years with earlier
WSCYV tend to also have more protracted runoff. (d) Positive slopes indicate that later WSCV corresponds with higher discharge magnitude

and ice-out date was significantly >0, indicating that years with early
WSCV also had early ice-out (Figure 6A; mean = 0.623; 95% confi-
dence interval = [0.419-0.828]; 89% of lakes had positive slopes).
The confidence interval for the slope of the relationship between
ice-out date and Chl-a included zero, indicating no significant rela-
tionship between Chl-a and ice-out date among lakes (Figure 6B;
mean = 0.065; 95% confidence interval = [-0.051 to 0.181]; 53% of
lakes had positive slopes).

Results of sensitivity analyses supported the results from the
analysis of slope distributions (Table S.1). For example, the relation-
ship between Chl-a and WSCV was significantly positive in 67%
of simulations with four lakes missing and non-significant in the
remaining 33% of simulations. The opposite hypothesis was not
supported in any case (i.e., no mean slopes were negative in any of
the 1000 simulations). Other relationships tested followed similar
trends, where sensitivity analyses gave similar results to original
data (Table S.1).

4 | DISCUSSION

Globally, most lakes are located in high-latitude regions (Verpoorter
et al., 2014) where snowmelt has an influence on the timing of win-
ter/spring runoff. Here, we supported the hypothesis that climate
mediated changes in the timing of winter-spring runoff affects phy-
toplankton concentrations measured as Chl-a during the stratified
period following spring runoff. We also found that years with earlier

runoff had lower winter/spring runoff volume, more protracted run-
off, and earlier ice-out. Ice-out, although correlated with WSCV,
was not related to summer Chl-a. Our results illustrate a previously
underappreciated effect on lake biota by a climate change impact
that is well documented in the hydrologic literature. Detecting a
relationship between WSCV and summer Chl-a is difficult and re-
quired extensive data to detect a signal. Our hypotheses were based
on the effects of runoff timing on nutrient availability, although we
acknowledge that many other factors could regulate lake internal
processes and are also well known to influence lake phytoplankton
during the period of thermal stratification. We identified two pri-
mary mechanisms by which earlier winter/spring runoff can affect
summer Chl-a concentrations. Both can affect the timing and avail-
ability of watershed-derived nutrients in lakes.

The first mechanism is related to changes in the delivery and
mixing of runoff-derived nutrients entering a lake and results from
the interaction of runoff with the physical structure of the water
column. If snowmelt occurs during mid-winter when lakes are ice
covered with stable inverse stratification (Kirillin et al., 2012), a sig-
nificant fraction of near 0°C snowmelt inputs will enter the lake as
a shallow under-ice plume that does not readily mix into the denser
water below. Under these conditions, the effective residence time
of these nutrient inputs will be reduced, and a substantial fraction
can flow out of the lake without effectively mixing into the water
column (Cortés et al., 2017). By contrast, if snowmelt and increased
runoff occur later in winter after solar heating and convective mixing

have destabilized the under-ice water column (Kirillin et al., 2012) or
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of relationships between detrended z-scores of variables. Dashed
lines indicate slope of zero, and shaded regions represent the 95%
confidence interval around the mean slope for each relationship. (a)
Positive slopes indicate that earlier winter/spring center of volume
(WSCV) was associated with earlier ice-out date. (b) Overlap of

the 95% confidence interval with zero indicates no significant
relationship between Chl-a and ice-out date among lakes

after the loss of ice cover, a much higher fraction of nutrients may be
retained because nutrients are more effectively mixed through-out
the water column and become available to support epilimnetic pro-
duction (Roberts et al., 2018). Furthermore, if a lake becomes suf-
ficiently anoxic under the ice-covered period, under-ice snowmelt
inputs deliver oxygen to the water column, reducing the likelihood of
anoxia and associated geochemical transformations, particularly in
shallow lakes with low residence times (Joung et al., 2017). Because
anoxia mediates both sediment phosphorus release (Joung et al.,
2017) and denitrification (Cavaliere & Baulch, 2018; Powers et al.,
2017), reductions in anoxia will also reduce nutrient availability.
The second mechanism by which changes in runoff timing may
affect summer Chl-a is related to changes in the bioavailability of
nutrients that enter the lake during winter, which can be affected
by many internal lake processes. If highly bioavailable allochthonous
materials are delivered during a period when light and low tempera-
ture limit growth, the potential of these nutrients to support the

growth of phytoplankton may be reduced. In this case, more nutri-
ents could be used by bacteria or physically removed from the water
column by adsorption to sinking particles. Less is known about this
potential mechanism, although biological activity continues through-
out the winter under ice (Bertilsson et al., 2013; BiZi¢-lonescu et al.,
2014; Grosbois & Rautio, 2018; Katz et al., 2015; Hampton et al.,
2017; McKay et al., 2015) and some effects on the bioavailability of
nutrients are likely.

The spring phytoplankton bloom is also an important biological
mediator of the fate of nutrients that enter a lake system, and the
timing and magnitude of the spring bloom will affect the availability
of nutrients during summer. The spring bloom is expected to happen
earlier over time with climate change (Peeters et al., 2007). If the
ice cover permits sufficient light penetration when winter runoff en-
ters a lake, substantial phytoplankton growth occurs prior to ice-off
(Pernica et al., 2017; Salmi & Salonen, 2016) so that earlier WSCV
would lead to an early spring phytoplankton bloom. Diatoms would
likely dominate such a bloom (Goedkoop & Johnson, 1996; Poister
& Armstrong, 2003). Large diatoms tend to take up nutrients and
sink out of the water column, thereby reducing nutrient availabil-
ity (Lund, 1959; Naselli-Flores et al., 2020; Reynolds, 2006; Zohary
etal., 2020).

When earlier nutrient inputs during winter lead to an earlier phy-
toplankton bloom, the differential response of phytoplankton and
zooplankton to water temperature can affect trophic interactions
that will further increase the effect of an early phytoplankton bloom
on nutrient availability. Phytoplankton tend to be less limited by low
temperatures compared to crustacean zooplankton and especially
microzooplankton (Berger et al., 2010, 2014; Winder et al., 2012).
An early phytoplankton bloom that occurs when zooplankton are
still temperature-limited will reduce nutrient availability because
nutrients fixed in the phytoplankton biomass sink out of the eu-
photic zone and are less likely to be recycled by zooplankton grazing
(Sommer et al., 2012).

Despite the complexity of processes regulating nutrient avail-
ability, our results indicate that the timing of the spring flood has
an impact on subsequent summer Chl-a as we originally hypothe-
sized. Our hypothesis that earlier runoff results in lower summer
Chl-a was supported, and we also found several other significant
relationships to watershed hydrology that mediate the relationship
between runoff and summer lake phytoplankton biomass. Years
with earlier runoff timing were also years with lower runoff vol-
ume in the winter and spring, more protracted runoff, and earlier
ice loss, all factors that would reduce nutrient loading and nutrient
availability. In contrast, years with later runoff also tended to have
higher runoff volume, which would lead to larger nutrient loads.
These interrelated changes in hydrology all potentially have impli-
cations for how summer phytoplankton biomass may change with
climate change.

Watershed hydrology, however, is not the only climate-related
factor affecting summer Chl-a. For example, summer stratification
plays a role in nutrient availability (Welch & Cooke, 1995). In deep
lakes, the strength of summer stratification affects the mixing of



HRYCIK ET AL.

hypolimnetic nutrients across the thermocline (Langenberg et al.,
2003), while in shallow lakes the strength and duration of stratifica-
tion can control the development of hypolimnetic hypoxia and sub-
sequent release of nutrients from lake sediments (Wilhelm & Adrian,
2008). Changing climate is expected to affect stratification dynam-
ics in both shallow (Robertson et al., 2018) and deep lakes (Hondzo
& Stefan, 1993; Robertson & Ragotzkie, 1990). Increased frequency
of intense storms is another factor mediated by climate that may
influence summer productivity (Stockwell et al., 2020). Large storms
may disrupt plankton communities through effects on lake thermal
structure, while also delivering large pulses of external nutrients
(Jennings et al., 2012).

Aquatic primary production has increased over time with in-
creased nutrient loading in many regions with changing land use
and increased development (O’Neil et al., 2012; Paerl et al., 2018).
Independent of climate related changes to the timing of nutrient de-
livery to lakes, the effect of internal loading processes may be more
pronounced in lakes whose watershed are subjected to anthropo-
genic eutrophication, where larger pools of legacy nutrients in sed-
iments are available for release (Robertson et al., 2018; Sharpley
et al., 2013; Stackpoole et al., 2019). In pristine lakes, external nu-
trient loads such as those delivered during the spring flood may be
an important proximate source of nutrients for summer plankton
communities. However, our method of detrending over time only ac-
counts for linear effects that progressed in one direction over time
(e.g., increasing eutrophication) and does not account for non-linear
effects or interactive effects of changing environmental conditions.
Other non-linear effects may add additional noise to our data set.

When considering the interaction of runoff timing and summer
Chl-a, we expected that the effects related to physical mixing and
nutrient bioavailability would be most important. We also expected
that the strength of the relationship would be related to water
residence times (and thereby mean depth in our data set) because
lakes with a short residence time have a larger fraction of the water
column replaced during the spring flood. However, we did not find
residence time or mean depth to be a significant influence in this
respect, which illustrates the complexity of the physical relation-
ships regulating nutrient availability. For example, in Emerald Lake,
a mountain lake in the Sierra Nevada of California, USA, summer
phytoplankton biomass tends to be higher in years with shallow
snowpacks that begin melting earlier rather than wet years with
large snowpacks that begin melting late. Years with shallow snow-
pack have lower overall discharge, and result in alpine lakes warming
earlier and reaching higher maximum temperatures. These lakes also
have elevated summer nutrient concentrations because of reduced
snowmelt dilution, and consequently higher phytoplankton biomass
than years with deep snowpacks (Sadro et al., 2018). This example
is contrary to our original hypothesis—earlier runoff led to enhanced
summer Chl-a—and demonstrates that our results can be limited to
certain lake types (i.e., our study was limited to north temperate
lakes).

We set out to evaluate the relationship between the timing of
winter/spring runoff and summertime Chl-a concentration across
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a large set of lakes because a relationship that may appear weak
within a single lake, due to potential confounding factors, may be
more consistently observed across many lakes and attributed to a
common factor that impacts all of them. Despite the complexity of
processes regulating summer chlorophyll concentration, some of
which are only weakly affected by the timing of runoff, we found
evidence that ongoing changes in the seasonality of the hydrologic
inputs to lakes have effects that extend into the period of sum-
mer stratification. We do not propose that changes in the timing
of winter spring runoff will override other factors that could regu-
late summer Chl-a concentrations, such as warmer summer epilim-
netic temperatures or stronger thermal stratification (Berger et al.,
2006; Winder & Sommer, 2012). Rather, we consider changes in
the timing of runoff a potential mediating effect on summer lake
productivity, and one that has not been fully explored. Given the
large number of lakes that could be affected, our findings warrant
further investigations that include data collection specifically de-
signed to evaluate the flow-paths and bioavailability of nutrients

entering lakes during winter.
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