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Abstract

This study examines the extent to which temporal (1980-2019) increases in precipitation drove dissolved organic matter
(DOM) loads and lake concentrations, and evaluates implications to physical, chemical, and biological variables within dimic-
tic boreal lakes at the IISD Experimental Lakes Area, Canada. Long-term increases in precipitation (c. +27%) were associated
with increased DOM loads and lake concentrations (c. +9%). Increased DOM within dimictic lakes over time was associated
with shallower thermocline depths (c. —17%) and euphotic depths (c. —13%), reduced mean light intensity in the water column
(c. —20%), reduced depth-integrated phytoplankton biomass (c. —32%) but increased epilimnetic chlorophyll a concentration
(c. + 27%), and we detected no significant temporal declines in crustacean zooplankton. Our results confirm earlier observa-
tions that caution should be exercised when using epilimnetic chlorophyll a as an indicator of phytoplankton responses to
DOM. However, once corrected for photoadaptation depth-integrated chlorophyll a was a useful indicator of depth-integrated

biomass and its response to DOM.
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Introduction

A central tenet of the nutrient colour paradigm is that, by
itself, information on the trophic status of lakes is insuffi-
cient to characterize lake ecosystems and their response to
a wide range of drivers including organic contaminants, UV
radiation, recovery from acid rain, climate change, and many
others. To more accurately characterize lake ecosystems and
their responses to such drivers, information on dissolved or-
ganic matter (DOM) is also necessary (Williamson et al. 1999).
Though not exclusively, an important reason for the inclu-
sion of DOM is related to its effect on light availability and
associated effects on whole lake primary production and the
productivity of higher trophic levels. While not all DOM is
highly chromophoric, humic and fulvic components of al-
lochthonous DOM have strong light attenuating properties
and in many regions, including the boreal ecozone, DOM has
strong effects on water clarity (Weyhenmeyer et al. 2016). Spa-
tially, DOM varies considerably among lakes, even those in
close proximity. Lake surveys have reported a range in DOM
concentrations from <1 to >40 mg dissolved organic carbon
(DOC) L~ (Williamson et al. 1999; Webster et al. 2008; Sherbo
et al. 2023) and many studies have documented how these
spatial gradients of DOM have large and ecologically signif-
icant effects on physical properties (e.g., light availability,
thermocline depth), chemical properties (e.g., nutrient avail-

ability, CO, evasion), and lake food webs from microbes to
fish (Solomon et al. 2015; Creed et al. 2018). In general, most
space-for-time (i.e., among lake) studies demonstrate that in-
creases in DOM are negatively associated with water clar-
ity but positively associated with nutrients (Solomon et al.
2015; Isles et al. 2021; Sherbo et al. 2023). Some studies show
that the opposing effects of these drivers of primary produc-
tion lead to a unimodal response of phytoplankton produc-
tivity to DOM (Solomon et al. 2015; Kelly et al. 2018; Isles et
al. 2021), while others demonstrate more consistent declines
in primary productivity and food web productivity (Jackson
and Hecky 1980; Carpenter et al. 1998; Karlsson et al. 2009;
Hessen et al. 2017). For example, Karlsson et al. (2009) demon-
strated how declines in light availability associated with DOM
drove declines in whole lake primary production and fish pro-
ductivity in boreal Swedish lakes by >75% (from their Fig.
2) even though total phosphorus (TP) increased. Similar re-
sults were found in our study region within the boreal re-
gion of Canada, where spatial (i.e., among-lake) increases of
DOM from 2.5 to 9.5 mg DOC L~ drove c. 70% declines in the
biomass and productivity of phytoplankton, zoobenthos, zoo-
plankton, and fish (Tonin et al. 2022; Sherbo et al. 2023; Tonin
et al. 2025). While these studies provide strong support for
the nutrient-colour paradigm, demonstrating how among-
lake variations in lake DOM strongly influence a wide range
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of ecosystem properties at regional and larger spatial scales,
the extent to which they represent temporal (i.e., within lake)
ecosystem responses has been challenged (Stetler et al. 2021).
Further, potentially important methodological differences
among studies relate to the metric used to estimate phy-
toplankton biomass (e.g., chlorophyll a (Chl) or biovolume-
based estimates) and how they are reported (e.g., epilimnetic
concentrations or depth-integrated values). While many stud-
ies have evaluated the response of phytoplankton to DOM
using epilimnetic Chl concentrations, the appropriateness of
this indicator is questionable due to (a) failure to account for
changes in sub-epilimnetic biomass that may account for a
substantial fraction of depth-integrated biomass, (b) failure
to account for variations in thermocline and photic depths
that often co-occur with changes in DOM, and (c) failure to ac-
count for photoadaptation (or shifts in community structure)
that may alter pigment concentrations without concomitant
changes in biomass (Sherbo et al. 2023).

A growing number of studies have reported positive tem-
poral trends of DOM within European lakes and those of east-
ern and central North America over the past several decades
(Monteith et al. 2007; Weyhenmeyer et al. 2016; de Wit et al.
2021). For example, a recent survey of the temporal trends in
DOM within 426 lakes in these regions showed that, between
the years 1990 and 2016, DOM in the eastern North Amer-
ican lakes increased by c. 0.4 mg DOC L~! decade™!, with
many European lakes showing increases >1.5 mg DOC L™
decade~! (de Wit et al. 2021). The drivers of such increases
appear twofold: the watersheds of many European lakes and
those of northeastern North America were strongly affected
by acid rain and as these watershed soils have recovered their
binding affinity for organic carbon has declined; in addition,
some of these regions have also experienced long-term in-
creases in precipitation and air temperature that have led
to increased runoff and DOM loading (Monteith et al. 2007,
2023; Meyer-Jacob et al. 2019; de Wit et al. 2021). At least two
recent studies argue that climatic factors (i.e., precipitation,
air temperature) are now equally or more important than fac-
tors associated with acid rain recovery for driving temporal
changes lake DOM, including areas previously influenced by
acid rain (Meyer-Jacob et al. 2019; de Wit et al. 2021).

The boreal forest ecozone includes between 30% and 60%
of the world’s lakes larger than 1 ha and represents a glob-
ally important carbon sink (Downing et al. 2006; Verpoorter
et al. 2014; Heathcote et al. 2015). The Intergovernmental
Panel on Climate Change (IPCC) reports a general positive
trend of precipitation in boreal regions over the past sev-
eral decades and projects continued increases through the
21st century (IPCC 2023). If our understanding of DOM ef-
fects derived from among-lake studies (i.e., space-for-time
substitutions) hold true, the ecological effects of temporal
changes in rainfall and DOM loading to freshwater ecosys-
tems within the vast boreal ecozone are likely to be signifi-
cant and have already begun. Here, we evaluate this assump-
tion using the long-term (multi-decadal) trends and interre-
lationships between precipitation, DOM loading, lake DOM,
and key ecosystem responses within boreal lakes at the IISD
Experimental Lakes Area (ELA). The ELA study area, located
in central Canada, is situated outside of regions strongly in-

fluenced by acid rain (Meyer-Jacob et al. 2019) but has un-
dergone long-term changes in precipitation. Since the early
1900s annual precipitation at the ELA has oscillated between
wet and dry periods, each lasting c. 10-16 years (Parker et
al. 2009; Diodato et al. 2016; Meyer-Jacob et al. 2019). How-
ever, the most recent wet period (1990 to present) has per-
sisted for over 30 years, with annual precipitation around
100 mm higher than that in previous wet periods (Emmerton
et al. 2019; Meyer-Jacob et al. 2019) suggesting a disruption of
previous patterns and the maintenance of higher sustained
precipitation. The main objectives of our study were to: (1)
quantify the long-term trends in lake DOM and its relation-
ship with meteorological drivers; (2) assess and quantify the
strength of relationships between lake DOM and key ecosys-
tem properties; and (3) evaluate whether these temporal re-
lationships between DOM and ecosystem properties are con-
sistent with knowledge garnered from space-for-time substi-
tutions.

Methods

Study area

The ELA resides in the Boreal ecozone and—with the ex-
ception of the research facility—the watersheds in the study
area have remained entirely forested with negligible human
development. The watersheds overlay Canada’s Precambrian
shield, with thin soils and primarily forested with jack pine
(Pinus banksiana), red pine (Pinus resinosa), black spruce (Picea
mariana), and white birch (Emmerton et al. 2019). The lakes
are typically ice-covered from mid-November to late April
(Higgins et al. 2021). The catchment of Lake 239 (L239) was
partially burned in 1974 and so extensively in 1980 that soils
in the upland portions of the catchment were burnt away
exposing extensive bedrock (Bayley et al. 1992; Emmerton
et al. 2019); the other catchments have not burned exten-
sively within the last half century or longer. The effects of
regional fires and reduced precipitation during earlier peri-
ods on DOM and ecosystem responses have been reviewed
elsewhere (Schindler et al. 1996). While all of the study lakes
have lake trout as the top predator, as well as minnow com-
munities in the littoral zones and sculpin in profundal habi-
tats, Lake 239 (L239) was the only study lake with planktivo-
rous fish (e.g., Coregonus artedii) in pelagic habitats (Slongo et
al. 2022).

Meteorology and hydrology

The ELA has co-operated a year-round meteorological sta-
tion since 1968 with Environment and Climate Change
Canada. Daily measurements of air temperature, precipi-
tation (rainfall, snowfall), and event-based analyses of pre-
cipitation chemistry were collected. For one of the long-
term ecological research (LTER) lakes (L239), water discharge
within the inflow streams draining three sub-watersheds was
measured continuously during the period of flow (April-
November). Stream chemistry was measured weekly from
May to October. While the monitoring program is ongoing,
data analysis was restricted to the period prior to 2020 due
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Table 1. Morphometric characteristics, locations, and
study period for one polymictic lake (L114) and three dim-
ictic (L224, L239, and L373) long-term reference lakes at the
IISD Experimental Lakes Area used in the present study.

Lake names

Parameter L224 L1239 L373
Ay (km?) 0.975 3.39 0.829
Ap (km?) 0.259 0.543 0.273
Vi, (m®) 3066 671 6169179 3107474
Zmean (M) 11.7 114 114
Zmax (m) 27.3 31.5 21.2
Mixing status Dimictic Dimictic Dimictic
Latitude 49.6901 49.6627 49.7449
Longitude —93.7169 —93.7227 —93.7987
Study period (years) 1974-2019 1969-2019 1987-2019

Notes: Watershed area (Ay), lake area (Ag), lake volume (V), mean lake depth
(Zmean), maximum lake depth (Zmax), and duration of monitoring record used
within the present study (study period). Latitude and longitude represent lo-
cations of sampling location of each lake where depth is maximal. Lake meta-
data, except mixing status, study period, and watershed area are from IISD
Experimental Lakes Area (ELA, 2022).

to reduced sampling frequency during 2020 and 2021 associ-
ated with the global coronavirus pandemic.

Nutrient loads to L239 were derived from three gauged in-
flow streams, unmeasured runoff, and direct precipitation
on the lake surface. Total nutrient loads to L239 were deter-
mined using the methods of Hall et al. (2019). Daily loads
from each of the three inflow streams were calculated us-
ing water discharge data and estimates of nutrient concentra-
tions determined from linear interpolations between weekly
collected chemistry data. Inputs from ungauged regions (ap-
proximately 30% of the watershed) were estimated by scaling
the nutrient loads from the gauged watersheds on a per-area
basis and assuming a 50:50 mix of inflows from the East and
Northwest sub-basin streams (Hall et al. 2019). Precipitation
loads were obtained using precipitation volumes to the lake
surface and nutrient concentrations measured in precipita-
tion.

Limnology

Physical, chemical, and biological properties of three dim-
ictic, oligotrophic long-term reference lakes (Table 1; L224,
1239, L373) were collected over varying lengths of time with
the shortest dataset spanning 22 years (L373; 1982-2019). In
addition to these nonmanipulated LTER lakes, a variety of
other nonmanipulated dimictic lakes (>10 m in mean depth)
were sampled intermittently over the 1970-2019 period; we
refer to these lakes as the “regional lake dataset”. Sampling
protocols were standardized across lakes and over time. Sam-
pling for physical and chemical variables, and phytoplank-
ton taxonomy occurred at the deepest part of each lake, typ-
ically on a biweekly (i.e., every 2 weeks) basis through the
ice-free season. Water temperatures were measured using an
RBR XRX-620 multi-function probe after 2009. Before 2009,
temperatures were measured with a Flett Research Mark II
Thermistor. Thermocline depth (Zherm) was determined using
the temperature profile data and the R program rLakeAnalyzer
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in RStudio (version 2022.12.0). Photosynthetically active radi-
ation (PAR) was measured using an LI-192 Underwater Quan-
tum Sensor. The attenuation of PAR in the water column (Kg)
was determined as the slope of the line regressing In(% PAR)
versus depth (Fee et al. 1996). The euphotic depth (Z.,) was de-
fined as the depth of 1% surface irradiance. The mean light in-
tensity within the water column of each dimictic lake (Iyean)
was calculated as per Karlsson et al. (2009). Unless otherwise
stated, data for all lakes are presented as mean values over
the June-August (JJA) periods of strong thermal stratification
within the dimictic lakes.

In most years, integrated water samples were collected
biweekly (May-November) from the epilimnion (surface to
Ziherm) and an operationally defined metalimnion (Zierm to
Ze,) using an integrated sampler (Shearer 1978). Integrated
water samples were analyzed for a large range of analytes
including DOC, total nitrogen (TN), TP, particulate carbon
(PC), Chl (Havens et al. 2024), and phytoplankton taxonomy
and biovolume (see below). DOC was used as a surrogate for
DOM. As with physical variables, water chemistry data for all
lakes are presented as mean values across the JJA period of
each year, when the water column of the lakes were ther-
mally stable. Depth-integrated estimates (mg m~2) of TN, and
TP were calculated by multiplying concentrations (mg m~3)
by the thickness (m) of the respective layer (epilimnion and
metalimnion) and summing the two layers. Volume weighted
DOC, TN, and TP concentrations (mg m~3) across the euphotic
zone were calculated in a similar fashion but then divided
by Zey (m). Depth-integrated Chl was calculated in two ways:
(a) uncorrected for potential changes in Chl:PC with depth
or over time (Chl,req), and (b) corrected values (Chlyrear corr)-
Chlypea; (mg m~2) was calculated by multiplying mean layer
specific Chl (mg m~3) by the depth (m) of each layer (epil-
imnion, metalimnion) and then summing the two layers. For
Chlyrear corr Prior to depth-integration, corrected Chl (Chleoyy)
were calculated for each lake by multiplying annual mean
PC by the mean Chl:PC ratio across all years (to account for
the full range of water clarity) within each depth layer (epil-
imnion, metalimnion) of individual lakes. Values of Chl.
were then depth-integrated for each layer, and the areal val-
ues for the two layers were then summed. Changes in ana-
lytical instrumentation for any given parameter were always
accompanied by cross calibration of samples before and after
any changes were implemented. Additionally, the ELA analyt-
ical services lab participates in ongoing inter-lab proficiency
testing as part of quality assurance/quality control protocols
to ensure consistency over the long-term dataset. Detailed an-
alytical and quality assurance/quality control protocols are
provided elsewhere (Havens et al. 2024).

Phytoplankton taxonomy and biomass estimates of inte-
grated epilimnetic and metalimnetic samples for each lake
were undertaken by the same taxonomist over the complete
timeseries using methods described elsewhere (Findlay et al.
2001). Subsamples (125 mL) of epilimnetic and metalimnetic
water were preserved in Lugol’s solution until analysis. A
2 mL aliquot of the subsample was gravity settled for 24 h and
species identification and enumeration were undertaken at
125X and 550X using the Utermo6hl method (Nauwerk 1963).
Cell measurements were undertaken to a maximum of 50
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individuals within each species and cell numbers were con-
verted to wet weight biomass by fitting shapes to geomet-
ric formulae assuming a specific gravity of 1.0 (Vollenweider
1968). Depth-integrated phytoplankton biomass within each
layer (i.e., epilimnion, metalimnion) was calculated by mul-
tiplying biovolume-based phytoplankton biomass concentra-
tion (i.e., mg m~3) by layer depth (i.e., m). Total depth-
integrated phytoplankton biomass (Bphyto, mg m~2) within
each lake was calculated by summing values from the two
layers on each sampling date, and seasonal averages through
the period of stable thermal stratification were then calcu-
lated. While phytoplankton taxonomy samples from the epil-
imnion were collected from the start of each lake’s time-
series, samples from the metalimnion were not routinely col-
lected until 1980. Thus, depth-integrated biomass estimates
could only be routinely calculated from 1980 onward.

Zooplankton samples were collected in L224 and 1239 us-
ing two vertical hauls of a double-barreled 53 um net from
just above the lake bottom to the surface at the deep sta-
tion (Chang and Malley 1987). Zooplankton in L373 were col-
lected using a weighted flexible 7.6 cm diameter PVC hose
that was lowered to just above the lake bottom and raised
to the surface at six stations located at different depths and
samples from different stations were combined before count-
ing (Salki 1993). For L373 a 72 um sieve was used prior to
1998 and a 53 pm one thereafter. Comparisons of counts
made from samples sieved with the 53 and 72 um nets in-
dicated that Crustacea were sampled with equal efficiency
(Johannsson et al. 1992). All samples were preserved with
4% sugar-formalin and crustacean zooplankton were counted
until at least 300 animals had been identified to the lowest
possible taxonomic category and life stage, with the excep-
tion that c4—c5 copepods were identified to species only after
1998.

Zooplankton population densities (individuals m~2 of lake
surface area) were obtained by multiplying numbers per m?
by maximum water depth in Lakes 224 and 239, which were
sampled at the deep station only, or by mean depth in L373,
which were sampled at multiple stations. Because zooplank-
ton data from Lakes 239 and 224 are for the deep station
and data from Lake 373 was derived from multiple stations,
they are not directly comparable. Within each lake, however,
trends over time are meaningful because consistent methods
were used throughout. The biomass of each species and life
stage (mg dry mass m~2) was determined by multiplying pop-
ulation density (individuals m—2) by mean individual biomass
(mg dry mass individual—!) estimated from length-weight re-
gressions (Malley et al. 1989). Total zooplankton biomass was
then obtained by summing the species and life-stage data.

Data analyses

The timeseries data were analysed over several different pe-
riods. The complete timeseries for each lake was used to as-
sess relationships between precipitation, DOM loads, chem-
ical and physical variables. Given the increasing availability
and consistency of data collection for biotic variables within
the study lakes from the 1980s onward, and that the 1980-
2019 period represented a long-term increase in precipitation

and DOM (see below), this period was chosen to assess the im-
plications of increasing precipitation on DOM and limnologi-
cal variables. Unidirectional trends over time were examined
using Mann-Kendall trend tests and Sens slopes using the R
(version 4.4.1) packages “Kendall” and “Trend”(McLeod 2022;
Pohlert 2023).

Breakpoint analyses on timeseries data were undertaken
using the R package “strucchange” (Zeileis et al. 2003), to
identify significant structural changes in the annualized pre-
cipitation timeseries. The analysis considered models with
varying number of breakpoints (0-5) and evaluated them
based on residual sum of squares (RSS) and Bayesian infor-
mation criterion (BIC). The breakpoint analysis identified a
single breakpoint (see the “Results” section) around 1990
that, similar to Findlay et al. (2001), allowed an assessment
of effects to limnological parameters during dry (1980-89)
and wet (1990-2019) periods. Potential differences among
decades were evaluated using mixed-effects models, with
decade as the fixed effect and lake as the random effect, and
Tukey post hoc tests from the R packages Ime4 (Bates et al.
2015), emmeans (Lenth 2024), and multcomp (Hothorn et al.
2008). Normality was assessed visually from Q-Q plots.

To evaluate the relationship between phytoplankton
biomass, Chl, DOM, and other potential drivers (e.g., nutri-
ents, light) across multiple lakes, we used a linear mixed-
effects model (LMM) with the package Ime4 in R (Bates et al.
2015). Chl, DOM, and other potential drivers included as a
fixed effect within the models, while lake was modeled as a
random intercept to account for among lake variation in phy-
toplankton biomass. In all cases where heteroscedasticity was
apparent, values were log transformed prior to analysis.

Results

Long-term changes in meteorology and

chemical loads

Between 1969 and 2019, mean annual air temperatures
at the ELA increased by c. 1.5 °C (Fig. S1; see also (Guzzo
and Blanchfield 2017)). The largest changes occurred in the
winter months (December-February) when the lake surfaces
were frozen (Fig. S1). Air temperatures did not change signifi-
cantly in spring, summer, or autumn (March-November, Fig.
$1), although increasing autumn temperature trends (+0.3 °C
decade™!) approached the level of significance (p = 0.07). An-
nual precipitation in the study region ranged from 488 to
1018 mm year~! (n = 51, 727 + 139 mm, Fig. 1). For the pe-
riod (1980-2019) that spanned the most recent dry-wet por-
tion of the precipitation cycle (Emmerton et al. 2019), a sig-
nificant upward trend in total precipitation (n = 40, r = 0.30,
p = 0.007) was detected, with a Sen’s slope of 5.3 mm year™!
(95% CI: 1.5-9.2 mm year—'; Fig. 1). The upward trend in to-
tal precipitation was primarily driven by an upward trend in
annual rainfall (z = 0.23, p = 0.036), with a Sen’s slope of
3.7 mm year—! (95% CI: 0.2-7.2 mm year~!). The long-term
(1980-2019) monotonic trend in snowfall was positive (r =
0.23, p = 0.037), but it increased at a slower rate (Sen’s slope
of 1.3 mm year—!; CI: 0.11-2.6 mm year~!). Our analysis using
mixed-effects modelling also indicated a significant increase
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Fig. 1. Long-term (1970-2019) changes in annual precipita-
tion (thin solid line) at the IISD Experimental Lakes Area me-
teorological station, located within the L239 watershed. The
thick dark line and shaded area represent the loess fit and
the 95% confidence interval, respectively. The vertical dashed
line represents the delineation between the most recent dry
(1980-2019) and wet (1990-2019) periods as determined by
breakpoint analysis.
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in decadal precipitation between the 1980-1989 period and
the 2000-2009 and 2010-2019 periods, while 1990-1999 rep-
resented a period of transition between the two states (Table
2). Consistent with this finding, breakpoint analyses revealed
a structural change in annual rainfall data around the year
1990, marking a delineation between the most recent dry
(1980-1989) and wet (1990-2019) periods. The model contain-
ing the single breakpoint represented a substantial improve-
ment in model fit (RSS: 571052, BIC: 636.0) compared with to
the null model with no breakpoints (RSS: 698779, BIC: 638.4).
No significant structural changes in the snowfall or total pre-
cipitation over the full (1970-2019) timeseries were detected.
However, the winter of 1970 contained the highest snowfall
within the 50-year record (Fig. S2), which contributed to very
high total precipitation for that year (Fig. 1). When the break-
point analysis was performed on the 1971-2019 period for
snowfall, there remained no significant structural changes
in the timeseries, but structural changes in total annual pre-
cipitation timeseries were detected at the year 1990 result-
ing in a substantial improvement in model fit (RSS: 678614,
BIC: 633.3) compared to the null model with no breakpoints
(RSS: 824633, BIC: 635.3). Increases in precipitation after the
1990 breakpoint (Fig. 1; Table 2) were not statistically sig-
nificant as indicated by both the Mann-Kendall trend test
(n = 30, T = 0.15, p = 0.25) and the mixed-effects model
(Table 2).

Annual DOM loading from the intensively monitored L239
watershed displayed a strong linear relationship with annual
precipitation (n = 48, R> = 0.77, p < 0.0001; Fig. 2a). As pre-
cipitation increased over the past 40 years (1980-2019), DOM
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trended upwards (Fig. 3a) within the three dimictic lakes
(L224, L239, and L373). DOM in L239 increased most rapidly;
the upward DOM trend for 1239 (n = 40, r = 0.38, p < 0.001)
had a Sen’s slope of 0.03 mg L~! year~! (95% CI: 0.02-0.05 mg
L~! year!); for 1224 the upward DOC trend (n = 36, 1 =
0.57, p < 0.0001) had a Sen’s slope of 0.02 mg L' year!
(95% CI: 0.01-0.03 mg L~! year—!); and for L373 the upward
DOC trend (n = 34, t = 0.25, p = 0.038) had a Sen’s slope
of 0.01 mg L1 year~! (95% CI: 0.001-0.017 mg L~ year~1).
Our mixed-effects modelling indicated that the 1990s was pe-
riod of transition; it was not until the 2000s that epilimnetic
DOM concentrations became significantly different from the
low precipitation conditions of the 1980s, and concentrations
during the 2010s remained high and not significantly differ-
ent from the previous decade (Table 2). However, volume-
weighted DOM concentrations across the euphotic zone dur-
ing the 1990-1999 period showed a significant increase from
the 1980 to 1989 period and increased during the 2010-2019
period (Table 2). Nutrient loads (TN, TP) from the L239 water-
shed were also positively correlated with precipitation (Figs.
2b and 2c).

Physical and chemical properties

Lake DOM concentrations were strongly linked to the phys-
ical properties within the three study lakes and among other
regional dimictic lakes (Fig. 4). DOM altered several metrics
associated with light availability. The relationship between
DOC and K4 within the study lakes was consistent with the
regional lake dataset, which was positive and approximately
linear between c. 2.5 and 10 mg DOC L~! (Fig. 4a). Values of
K4, averaged across the three dimictic study lakes, increased
by c. 0.1 m~! between the 1980s and subsequent decades
(Table 2). Estimates of Iean (mean irradiance within lake)
and Z., (depth of the euphotic zone), which are derived from
K4 but incorporate the logarithmic relationship between Ky4
and light transmission, were also strongly influenced by DOM
(Figs. 4b—-4d). Both Ihean and Ze, declined by c. 20%-23% in
each of our three dimictic lakes over the study period (Fig.
3b; Table 2). From the 1980-1989 period to the 2010-2019 pe-
riod, Z., declined from 19.0 4+ 1.5 to 14.1 4+ 1.0 m in 1224,
from 7.8 + 1.0 to 6.5 £+ 0.7 m in 1239, and from 15.2 + 1.2
to 11.1 £ 0.8 m in L373. As a result of the changes in Z,,, the
proportion of lake volume (V) above Z, within the study
lakes also declined from c. 77% to c. 67% of total lake vol-
ume over the study period (Table 2). Within our study lakes
Ziherm declined (i.e., became shallower) by c. 17% between the
1980 and 1989 “drought” period and subsequent decades (Fig.
3c; Table 2) and there was a significant relationship between
DOM and Zierm within the regional lake dataset (Fig. 4d).
From the 1980-1989 period to the 2010-2019 period, Zmerm
declined from 9.1 + 0.7 to 7.4 £+ 0.7 m in L224, from 7.2 + 0.5
to 5.7 + 0.4 m in 1239 and from 7.6 + 1.1 to 6.7 + 0.8 m in
1373 (Fig. 3c¢).

Decadal mean values of volume-weighted TP within the eu-
photic zone ranged from c. 5.1 to 6.5 mg m~3, and decadal
mean values of volume-weighted TN within the euphotic
zone ranged from 255 to 295 mg m~> within the dimic-
tic study lakes across the 1980-2019 study period (Table 2)
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Table 2. Decadal parameter values (mean + SD) for meteorological and lake data.

Variable 1980-1989 1990-1999 2000-2009 2010-2019
Meteorological
Precipitation (mm) 631 + 952 729 + 138P 766 + 130 795 + 135P
Physical
K4 (m~1) 0.39 + 0.17% 042 + 0.1s*  [NCEEEEGHEN SR
Imean 0.25 + 0.82 0.23 + 0.06"
Veu (%) 76.8 + 21.32 732 + 17.6°  |NGRI2NE IS NNG6I7 73N
Ziherm (M) 8.0 £ 1.13 72 £ 1.1° 72+ 1.0° NG00
Chemical
DOCpi (g m~3) 47 + 1.72 47 + 1.5 5.0 + 1.6° 5.1 + 1.7°
DOCphotic (g m™) 49 + 1.9° 48 + 1.9 5.6 + 2.0° 5.5 + 2.1P
TPepi (mg m~3) 6.4 + 1.72 51 + 0.7° 6.2 £ 1.22 6.3 + 1.12
TPphotic (Mg m~3) 6.3 + 2.32 5.5 + 0.9? 6.3 £ 1.22 6.5 + 1.3
TNepi (mg m—) 264 + 452 242 + 35P 284 + 42¢ 259 + 412
TNphotic (mg ~3) 270 + 45.52 255 + 40.8° 299 + 53.9° 267 + 44.32
Biological
Chl,; (mg m~3) 1.5 £ 0.72 1.8 + 0.7%P 2.0 £+ 0.6° 1.9 + 0.7°
Chlep;i:Bppyo 0.24 + 0.17 0.45 + 0.38° 0.56 + 0.36° 0.42 + 0.23°
Chlyreal corr (Mg M™2) 22.0 + 6.72 22.5 + 5.5° 21.1 + 5.12 184 + 5.1°
Bphyto_epi (Mg m™2) 510 + 144 346 + 108P 356 + 140P 402 + 144°
Bphyto (Mg m™2) 1717 + 5412 1115 + 355P 1060 + 425P 1170 + 423P
Bzoop (Mg m~2) 11.0 + 3.62 9.5 + 4.9° 11.9 + 4.92 10.1 + 3.92

Note: DOC and nutrient concentration were reported as concentrations within the epilimnion (e.g., DOCep;) and
volume-weighted concentrations across the euphotic zone (e.g., DOCphotic). Chlorophyll a was reported as epilimnetic
concentrations (Chle;) and depth-integrated values across the euphotic zone that were corrected for photo-adaptation
(Chlyreal corr.)- Reported values of Chlep;i:Bpnyto Were multiplied by 1000 for display purposes. Depth-integrated crus-
tacean zooplankton biomass (Bzoop) represents only 1239 due to insufficient data for other reference lakes during the
1980-1989 reference period. Superscripts represent of Tukey post hoc test results, with corresponding colours repre-
senting a significant increase (green) or decrease (red) from the 1980 to 1989 period. Significant differences among
decades were assessed using mixed-effects models and Tukey’s post hoc test. The analysis was undertaken on the
meteorological data and limnological data from the three dimictic study lakes (L224, L239, and L373) at the IISD Ex-
perimental Lake Area, Canada. DOC, dissolved organic carbon; TP, total phosphorus; TN, total nitrogen. Superscripts
represent Tukey post-hoc test results with different letters indicating a significant difference between periods.

and were similar to epilimnetic concentrations. Despite the
upward trend in precipitation over the study period and
the strong correlation between precipitation and nutrient
loads, and between DOM and volume-weighted TN (n = 137,
R%? = 0.68, p < 0.0001) and TP (n = 137, R> = 0.07, p = 0.0013)
(Fig. 5), we did not observe a consistent temporal trend in
nutrient concentrations within lakes (Fig. 3d) as assessed by
the Mann-Kendall trend test over the 1980-2019 study period
(except TP within L373, which showed a significantly positive
trend (n = 37, = 0.28, p = 0.022)). Decadal assessments of
nutrient concentrations using mixed-effects models showed
a similar result, with no consistent trend in nutrient concen-
trations over the 1980-2019 period (Table 2). In part, this re-
sponse may have reflected high nutrient concentrations (e.g.,
Fig. 3e) during the early 1980s that were carried over from
previous wet periods. Following the breakpoint in 1990, TP
trended upwards in the three dimictic lakes (L224: n = 30, t
= 0.29, p = 0.03 with a Sen’s slope of 0.04 mg m~3 year—!;
L373: n =30, r = 0.29, p = 0.03 with a Sen’s slope of 0.06 mg
m~3 year—!;1.239: n =30, = 0.37, p = 0.004 with a Sen’s slope
of 0.07 mg m~3 year~!). An upward trend in epilimnetic TN
only occurred in L239 (n = 30, = 0.29, p = 0.03) with a Sen’s
slope of 1.04 mg m~2 year—!.

Biota

Epilimnetic Chl concentrations within the study lakes in-
creased by c. 27% over the study period (Table 2) and there
were a positive linear relationships between epilimnetic DOC
or K4 versus Chl within the study lakes and regional lakes
(Fig. S3a). However, the Chl:Bpyyt, ratio within the epilimnion
increased by >60% between 1980 and 1989 and subsequent
decades (Table 2) and both Chl:Byny, and Chl:PC were pos-
itively correlated with epilimnetic DOM and Ky (Figs. S3b-
¢, S4b—c) suggesting photoadaptation (or community level
shifts) may have occurred in response to reduced water clar-
ity. In contrast, epilimnetic phytoplankton biomass (as bio-
volume) when reported as volumetric units (i.e., mg m~3) de-
clined within the study lakes (Table 2) and there was no sig-
nificant relationship (p = 0.25) between epilimnetic Chl and
Bphyto (Fig. S5; Table S1) as detected by the LMM for both the
study lakes and regional lakes. While epilimnetic Chl was a
poor predictor of depth-integrated phytoplankton biomass
within the euphotic zone (Bppyo), we also investigated rela-
tionships between Bppyt, and depth-integrated chlorophyll a
that were corrected (Chlyrea) corr) and uncorrected (Chlyyeq) for
photoadaptation using Chl:PC ratios (see the “Methods” sec-
tion). The LMM indicated no significant relationship between
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Fig. 2. The linear relationship between annual precipitation
and whole watershed loads of: (a) dissolved organic carbon
(DOC, y = 54x - 21743, n = 48, R = 0.77, p < 0.0001), (b) total
nitrogen (TN, y = 1.6x — 328, n = 49, R? = 0.68, p < 0.0001), (c)
and total phosphorus (TP, y = 0.05x — 12, n = 49, R? = 0.45,
p <0.0001) from the L239 watershed at the IISD Experimental
Lakes Area.
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Chlyrear and Bppyio (p = 0.89). However, the LMM indicated that
the fixed effect of Chlyrea)_corr fOr predicting Bppyio was positive
and highly significant (Fig. 6, p < 0.0001), indicating that once
corrections for photoadaptation were incorporated within es-
timates of depth-integrated Chl (i.e., Chlareas corr) it Was a po-
tentially useful indicator of Bpnyto-

We evaluated the response of depth-integrated phytoplank-
ton indicators (Bppyto and Chlyreal_corr) to DOM in several ways.
First, the LMM model and Tukey post hoc tests indicated that
across our study lakes both Bppyto and Chlyreal corr declined
by 17%-38% over the same timeframe as precipitation and
DOM increased, although Chlyeq) corr Was somewhat less re-
sponsive than Bppy, (Table 2). Second, the LMM indicated that
both Byhyto and Chlyrea)_corr displayed significant negative rela-
tionships with DOM across the study lakes and regional lakes
(Figs. 7a and 7b; Tables S1 and 2). Third, the LMM model indi-
cated significant positive effects of Ipean 0N both Bypyro and
Chlyreal corr (Figs. 8a and 8b; Tables S1 and S2). Fourth, we
found no significant relationships (p > 0.05, Tables S1 and
S2) between indicators of phytoplankton biomass (Bpnyto OT
Chlyreal corr) @and nutrient (TN, TP) concentrations that were
volume-weighted across the euphotic zone. Finally, the LMM
indicated positive relationships between Iean:TP and both
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Bphyto (Fig. S6) and Chlyreal_corr» and a negative relationship be-
tween DOC:TP and Chl,ea; corr but no significant relationship
between DOC:TP and Bppyto (Tables S1 and S2). As TP was un-
correlated with Bppyo (Fig. S7; Table S1) and Chlarear_corr (Table
S2), we interpreted that relationships between the indicators
of phytoplankton biomass and the two ratios (DOC:TP and
Imean:TP) were primarily driven by variation of DOC or Ijean-

There was no significant relationship between B,,,, and
DOC (p > 0.05) or significant temporal trends in B, (Fig.
3f) within the dimictic study lakes over the 1980-2019 period
as detected by either the Mann-Kendall trend tests (p > 0.05)
or mixed-effects modelling (Table 2).

Discussion

In the boreal ecozone of central Canada, our long-term
monitoring records indicated that DOM loads approximately
doubled since the 1980s and that c. 80% of the variance in an-
nual DOM loads was explained by precipitation alone, which
is consistent with other studies over a shorter time period
(Hall et al. 2019). While studies from northeastern North
America and Europe have described the important effects of
acid rain and soil acidity on DOM loading to lakes (Monteith
et al. 2007; Meyer-Jacob et al. 2019), the strong relationship
we found between precipitation and DOM loads was not sur-
prising; while SO, deposition in the region has declined since
the 1980s and significant (albeit weaker) relationships be-
tween SO4 and lake DOM have been reported (Imtiazy et al.
2025), the ELA study area was outside the area in northeast-
ern North America strongly influenced by acid deposition
(Meyer-Jacob et al. 2019). Further, even within regions more
strongly influenced by historical acid deposition, strong re-
lationships between discharge and DOM loads have been re-
ported (Erlandsson et al. 2008). Given the widespread histori-
cal and projected increases in precipitation across the boreal
ecozone noted by the IPCC (IPCC 2023), if such causal rela-
tionships between precipitation and DOM loading hold true
for other boreal regions (e.g., Weyhenmeyer et al. 2016), it is
likely that a large proportion of the world’s lakes, not only
those in regions recovering from acid rain, are experiencing
increased loads of allochthonous DOM and that such trends
are likely to continue.

The increases in DOM within our study lakes since the
1980s (0.1-0.3 mg DOC L~! decade™!) were somewhat less
than reported for eastern North America and Europe (c. 0.3—
1.5 mg DOC L' decade™') over similar timeframes (Meyer-
Jacob et al. 2019; de Wit et al. 2021). We speculate that the
lower temporal trends in the ELA region result from the rel-
atively thin soils overlaying the Precambrian shield, histor-
ical forest fires in the 1239 catchment, the reduced histori-
cal effects of acidification relative to other sites, the lack of
increase in summer air temperatures relative to other sites
that would influence decomposition rates for terrestrial or-
ganic matter, or a combination of these factors. Compared
with spatial variation (>12 mg DOC L~!) in DOM among re-
gional lakes (Sherbo et al. 2023) the temporal increase of DOM
within the study lakes over the c. 40-year study period were
modest (0.4-1.2 mg DOC L~'). Nonetheless, these temporal
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Fig. 3. Long-term variation in (a) dissolved organic carbon (DOC), (b) mean water column irradiance (Iyean, proportion of surface
irradiance), (c) thermocline depth (Ziherm), (d) total phosphorus (TP), (e) depth-integrated phytoplankton biomass (Bpnyto). and (f)
depth-integrated zooplankton biomass (B,op) for three dimictic lakes at the IISD Experimental Lakes Area. Average seasonal
(June-August) values for each parameter are presented with loess fits (dark lines) and 95% confidence intervals (grey shaded
areas). The vertical dashed lines represent the delineation between the most recent dry (1990-1989) and wet (1990-2019)
periods as determined by breakpoint analysis. DOC and TP represent volume-weighted mean values across the euphotic zone.
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changes in lake DOM were associated with ecologically rele-
vant changes to their limnological properties.

The nutrient-colour paradigm for lakes emphasizes the
role of DOM in altering the optical properties of lakes, with
cascading effects to a wide range of ecosystem processes
and properties (Williamson et al. 1999; Karlsson et al. 2009).
Across regional lakes, water clarity was tightly controlled
by DOM; K4 was linearly correlated to DOM, with DOM ex-
plaining >80% of its variance. Across the 1980-2019 period
where precipitation and DOM trended upwards, temporal
increases in K4 within the study lakes appeared modest (A
+0.07 to +0.11 m™?), especially when comparing with spatial

variation (>A 1.0 m~!) among regional lakes. However, ow-
ing to the exponential nature of the Beer-Lambert Law, these
temporal changes in K4 had large effects on the transmission
of PAR through the water column. Mean availability of PAR
across the dimictic lakes (I;mean) declined over the study period
by c. 17%-25% and Z.,, which is commonly used to estimate
the maximum depth where plant growth occurs, declined by
17%-26%. As a result, the volume of the euphotic zone (V)
within the dimictic study lakes also declined by c. 14%-18%.
Consistent with the nonlinear effects of DOM on Z., found
among spatial studies (Jones 1992; Sherbo et al. 2023), the
strongest effects were found in lakes with lower initial DOM
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Fig. 4. Relationships between volume-weighted dissolved or-
ganic carbon (DOC) within the euphotic zone and the light
attenuation coefficient (Kg, y = 0.09x + 0.001, n = 157,
R%? = 0.88, p < 0.0001), mean water column light intensity
(Imean, proportion of surface irradiance), y = —0.019x + 0.33,
n =157, R? = 0.34, p < 0.0001), euphotic depth (Zey, y = 45.2
. e 047 4 563, n = 160, R? = 0.91, and thermocline depth
(Ztherm» ¥ = —0.45x + 9, n = 160, R? = 0.45, p < 0.0001) within
study lakes (blue = 1224, red = L239, green = L373) and re-
gional dimictic lakes (grey).
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concentrations. These results indicate that even the modest
temporal increases in DOM and K4 within the study lakes had
ecologically significant effects on water column PAR and the
availability of habitat to support primary production.
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Fig. 5. Linear relationship between volume-weighted dis-
solved organic carbon (DOC), volume-weighted total nitro-
gen (TN, y = 28x + 134, n = 134, R> = 0.68, p < 0.0001), and
volume-weighted total phosphorus (TP,y =0.27x + 5,n =134,
R%? = 0.11, p < 0.0001) within the euphotic zone of the study
lakes (blue = 1224, red = 1239, green = L373) and regional
dimictic lakes (grey).
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DOM and its effects on the optical and chemical (i.e., nutri-
ents) properties of lakes strongly influence autotrophic pro-
ductivity with the potential to cascade throughout lake food
webs (Karlsson et al. 2009; Creed et al. 2018). Our results in-
dicated that epilimnetic Chl concentrations, which are often
used as indicators of phytoplankton biomass, were positively
correlated with DOM and increased by c. 27% over the study
period, concomitant with the increases in precipitation and
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Fig. 6. Relationship between depth-integrated phytoplank-
ton biomass (Bppyto) and depth-integrated chlorophyll a cor-
rected for photoadaptation (Chlyreal corry Within study lakes
(blue = L224, red = L239, green = L373) and regional lakes
(grey). A multi-level linear mixed model was used to assess
the overall positive relationship (p < 0.0001) among lakes (see
the “Results” section).
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Fig. 7. Relationship between volume-weighted dissolved
organic carbon (DOC) within the euphotic zone and (a)
depth-integrated chlorophyll a corrected for photoadapta-
tion (Chlyreal corr) and (b) depth-integrated phytoplankton
biomass (Bphyto) Within study lakes (blue = L224, red = 1239,
green = L373) and regional dimictic lakes (grey). A multi-level
linear mixed model was used to assess the overall negative
relationship (p < 0.0001) among lakes (see the “Results” sec-
tion).
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Fig. 8. Relationship between mean water column light in-
tensity (Imean) and depth-integrated phytoplankton biomass
(Bphyto) Wwithin study lakes (blue = L224, red = L239,
green = L373) and regional dimictic lakes (grey). A multi-level
linear mixed model was used to assess the overall positive
relationship (p < 0.0001) among lakes (see the “Results” sec-
tion).
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DOM. Other studies have also reported positive relationships
between DOM and epilimnetic Chl concentration (Nurnberg
and Shaw 1998; Webster et al. 2008; Isles et al. 2021), infer-
ring a positive response of phytoplankton biomass to DOM
in response to increased nutrients associated with DOM or
potentially due to a concentrating of phytoplankton within
a shrinking photic zone (Jones 1992). However, as noted by
others (Kruskopf and Flynn 2006; Senar et al. 2021) and quan-
tified by Sherbo et al. (2023), the use of algal pigments as in-
dicators of phytoplankton biomass is complicated by the ca-
pacity of phytoplankton cells to alter their pigment content,
or shift their community structure to species with higher
Chl:Biomass ratios, in response to changing light conditions.
Further, epilimnetic Chl concentration did not account for
changes in sub-epilimnetic phytoplankton biomass nor vari-
ations in Zyerm and Ze, that were driven by DOM. These ef-
fects represent a particular challenge for studies evaluating
the response of phytoplankton across spatial or temporal
gradients of DOM using epilimnetic Chl since DOM drove
variations in water clarity, Imean, Ztherm, Zeu, and the ratio
of Chl to phytoplankton biomass. Indeed, epilimnetic Chl
within our study lakes was such a poor indicator of DOM’s
effects on depth-integrated phytoplankton biomass that it in-
correctly estimated both the magnitude and direction of ef-
fect. However, we also assessed the utility of depth-integrated
Chl as an indicator of the phytoplankton response to DOM
and assessed whether corrections for photoadaptation were
required. Our results indicated that depth-integrated Chl that
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was uncorrected for photoadaptation was a poor predictor
of Bpnyto- However, once corrections for photoadaptation had
been made, depth-integrated Chl was a useful indicator of
Bphyto and reasonably predicted the temporal response to in-
creased precipitation and DOM.

The temporal response of depth-integrated phytoplankton
biomass within the study lakes was consistent with an earlier
space-for-time analysis within the same study region (Sherbo
et al. 2023) that also demonstrated a strong negative effect of
DOM. While the study lakes examined here were oligotrophic
and strongly nutrient limited, depth-integrated phytoplank-
ton biomass declined by 19%-25% over the study period even
as precipitation, DOM, and nutrient loads increased. In a tem-
poral study of previously acidified Adirondak lakes in the
northeastern USA, increases in DOM were associated with de-
clines in estimated phytoplankton photosynthesis within 17
of the 28 lakes examined, which was attributed to tempo-
ral reductions in both water clarity and nutrients (Stetler et
al. 2021). In that study, the temporal responses of nutrients
and the ratio of DOM:nutrients differed from analyses using
space-for-time substitutions (Stetler et al. 2021). In our study,
where temporal increases in precipitation—rather than re-
covery from acidification—drove increases in DOM and nu-
trients we also found consistent declines in depth-integrated
phytoplankton biomass and the results were consistent with
the regional space-for-time substitutions reported by Sherbo
et al. (2023). The lack of a positive effect of nutrient enrich-
ment on Bppyto in our oligotrophic study lakes was somewhat
surprising given that whole-ecosystem nutrient (phosphorus
or nitrogen + phosphorus) addition experiments conducted
on nearby (<25 km) lakes led to large increases in phyto-
plankton productivity and biomass (Schindler and Fee 1974;
Paterson et al. 2011; Molot et al. 2021), and concur with stud-
ies suggesting limited bioavailability of nutrients associated
with DOM (Jackson and Hecky 1980; Francko 1986; Maranger
and Pullin 2003). As with the study by Hessen et al. (2017) on
boreal lakes in Scandinavia, it may also be that increased nu-
trient loads associated with DOM partially offset the reduc-
tions in phytoplankton growth and biomass resulting from
higher light attenuation, but the negative effects of DOM on
light attenuation were much stronger. This negative effect of
DOM on phytoplankton biomass was also consistent with an
earlier temporal study in the same region (Findlay et al. 2001),
and studies reporting the negative effects reported by space-
for-time substitutions (Carpenter et al. 1998; Nurnberg and
Shaw 1998; Hessen et al. 2017). While we did not assess ef-
fects of DOM on benthic algae, space-for-time substitutions
using boreal lakes from Sweden (Ask et al. 2009; Karlsson et
al. 2009; Seekell et al. 2015) suggest similar or even larger neg-
ative effects of DOM on benthic algae and whole-ecosystem
productivity. The implications of such changes to benthic al-
gal productivity are likely to be ecologically significant since
c. 50% of carbon assimilated by top trophic levels in boreal
lakes originate from benthic algal production (Hecky and
Hesslein 1995).

While increases in precipitation and lake DOM led to de-
clines in phytoplankton biomass within dimictic lakes over
the study period, we found no consistent effect on zooplank-
ton biomass. Two of the dimictic lakes in our dataset (L224,
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L373) had few records during the 1980s, prior to the rapid
increase in precipitation and DOM occurring over subse-
quent decades. The single lake (L239) with sufficient data
throughout the study period showed overall low zooplank-
ton biomass, no significant trends in biomass over time,
and there were no significant relationships between DOM
and zooplankton biomass within any of the dimictic study
lakes. This result is in contrast to an among-lake study in the
same region (Tonin et al. 2022), which showed large among-
lake declines (c. —70%) in zooplankton biomass as DOM in-
creased from 2.5 to 9.5 mg DOC L~!. The result also contrasts
with other space-for-time (i.e., among lake) studies that re-
port similar declines in zooplankton biomass with increas-
ing DOM (Solomon et al. 2015; Hessen et al. 2017; Kelly et al.
2018). However, the result is consistent with studies that have
evaluated the response of zooplankton to temporal changes
in DOM and found no consistent effect (Williamson et al.
2020; Estlander and Horppila 2023). We speculate that that
the low zooplankton biomass in 1239 and lack of response
to bottom-up pressure associated with reductions in phyto-
plankton biomass (i.e., their primary food source) occurred
because zooplankton biomass in that lake was controlled by
top-down pressure (i.e., predation); of the three study lakes
1239 was the only lake with a pelagic planktivore (Slongo et
al. 2022). A previous among-lake study within the region by
Tonin et al. (2022) found that while zooplankton consumed
DOM, it was not a subsidy for declines in phytoplankton
biomass.

Conclusions

Our results indicated multi-decadal (1980-2019) positive
trends in precipitation, DOM and nutrient (TN, TP) loads,
and lake DOM concentrations within three dimictic lakes in
Canada’s boreal forest ecozone (Obj 1.). At an annual scale,
precipitation explained most of the variation in DOM and
nutrient loads. Temporal increases in lake DOM within the
dimictic study lakes were associated with changes to a wide
range of physical and chemical variables (K3, Imean, Zeus Veu,
Ztherm» TP, TN) and declines in Bppyt, but we did not detect
long-term declines in B,oop (Obj. 2). Epilimnetic Chl, a com-
monly used indicator of phytoplankton biomass, was a poor
indicator of the response of depth-integrated phytoplank-
ton biomass to DOM and misrepresented the direction and
magnitude of effect. However, depth-integrated Chl that was
corrected for photoadaptation was strongly correlated with
depth-integrated phytoplankton biomass and was a useful in-
dicator of temporal responses to DOM. While improved indi-
cator performance after corrections using Chl:PC ratios were
consistent with photoadaptation (i.e., cellular increases in
pigment concentration in response to declining water clar-
ity), we cannot rule out community level shifts (i.e., species
with different Chl:PC ratios) as the ultimate driver. For zoo-
plankton, the lack of response to DOM suggests either re-
silience to the smaller changes in DOM within temporal stud-
ies compared with space-for-time substitutions, or that zoo-
plankton were under top-down rather than bottom-up con-
trols within these oligotrophic lakes (Obj. 3).
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