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Fig. 1. The source of surface water runoff collected from the
L302S watershed following an intense early summer rainfall at the
ELA in June 2004.

2005), a subtle increase in temperature (i.e., 1.7uC) during a
short but critical period during their development can have
adverse effects on zooplankton. For example, warming
might increase metabolic costs and grazing rates, resulting
in the overexploitation of food resources and ultimately
starvation (Wagner and Benndorf 2007). Further, little
information exists concerning the direct or temperature-
mediated effect of climate-driven terrigenic inputs on
zooplankton (Christensen et al. 1996).

Our main objective was to experimentally test for the
combined effects of terrigenic runoff and thermal variation
on phytoplankton and zooplankton communities. The
experimental treatments simulated the potential effects of
increasingly extreme fluctuations in midsummer rainfall
and temperature (Kharin et al. 2007) on epilimnetic
communities. We hypothesized that the combined net
effects of terrigenic input and temperature on planktonic
communities would not equal the sum of their individual
effects (i.e., an interaction). Our rationale for this
hypothesis was based on the prevalence of nonadditive
ecological effects of other environmental stressors (Vine-
brooke et al. 2004; Christensen et al. 2006). We also
expected that terrigenic input would be the driver of
weather effects, while temperature functioned as only a
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modifier. The rationale for this hypothesis stems from
several reports of the effects of temperature on freshwater
food webs being weak or of secondary importance relative
to other factors, such as nutrients and fish (Moss et al.
2003). To help corroborate our experimental findings, we
also compared them with planktonic communities collected
from reference Lake 239 (L239) during contrasting summer
conditions. Ordination analysis of meteorological data
collected at the Experimental Lakes Area in northwestern
Ontario over a 32-yr period was used to determine which
years differed maximally based on annual average precip-
itation and air temperature during the ice-free season. We
then tested for differences in phytoplankton and zooplank-
ton abundance between those years.

Methods

Study area—Our experimental study was conducted in
the headwater Lake 302S (L302S) of the boreal Experi-
mental Lakes Area (ELA) in northwestern Ontario. L302S
(49u409N, 93u459W) is located on the western edge of the
Canadian Precambrian Shield. It is a small oligotrophic
(0.11 km?2), shallow lake with a mean depth of 5.1 m and
with an ice-free period from 01 April to 31 October.
Average surface water temperature during July—-August
2004 was 22uC. Average total dissolved phosphorus
concentrations during July—August 2004 in the epilimnia
ranged from 5 to 10 ug L21, and DOC concentrations
averaged 4.8 mg L2l The history of the experimental
acidification of this boreal lake has been described
elsewhere (Christensen et al. 2006). After several years of
premanipulation monitoring, L302S was acidified using
sulfuric acid from pH 6.8 in 1982 to 4.5 in 1991 and allowed
to recover from 1992 to present day. The current and
premanipulation limnological conditions of L302S are
highly similar (Vinebrooke et al. 2009).

L239 (49u409N, 93u449W) is a boreal headwater lake that
has been a reference site since 1969 for the ELA. L239 has a
surface area 0.543 km2 and a mean depth of 10.5 m.
Average total dissolved phosphorus concentrations during
July—-August 2004 in the epilimnia ranged from 4.0 to 6.0
ug L21 and DOC concentrations averaged 6.0 mg L21,
Both L302S and L239 are situated on granitic Precambrian
bedrock, which is overlain by glacial moraine deposits, and
thin podzolic sandy soils. The unlogged catchments of both
L239 and L302S consisted primarily of jack pine (Pinus
banksiana Lamb), red pine (Pinus resinosa), black spruce
(Picea mariana [Miller]), white birch (Betula papyrifera
Marsh.), and trembling aspen (Populus tremuloides
Michx.).

Mesocosm experiment—The experiment was conducted
in L302S. The two-factor experimental design consisted of
three temperature treatment levels (control, warm, and
cold) crossed with three terrigenic treatment levels (control,
[+] terrestrial runoff, [2] terrestrial runoff) (Fig. 2). The
nine treatment combinations were performed in triplicate
for a total of 27 mesocosms. In particular, four treatment
combinations each represented a different extreme climate
scenario (i.e., warm-dry; warm-wet; cold-dry; cold-wet).
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The experiment was performed using square polypropylene
bags (1500-L capacity; 1-m width 3 1.5-m depth), covered
with ultraviolet radiation (UV) transparent Plexiglass
(Curry Industries). All mesocosms were suspended from a
floating wooden frame. All thermally manipulated meso-
cosms consisted of a double-layer polypropylene liner
separated by an insulation barrier. Warm events were
achieved by trapping solar irradiance using 98% UV-
transparent acrylic (Acrylite® OP4) greenhouse canopies
that were positioned on top of the nine double-walled
insulated mesocosms. Canopies were secured above the
warmed mesocosms using weather stripping. Supplemental
warming events were performed every 3 d during the
experiment using sealed 20-L carboys filled with heated
water. The method of warming was designed to both
passively track and increase natural fluctuations in
midsummer epilimnetic temperatures as opposed to main-
taining an elevated and constant increase in temperature.
Cold events were achieved on 3-d intervals using sealed 20-
L carboys containing ice. The canopies were raised 3 cm
above the cold and control mesocosms to maximize
convective heat loss. Control mesocosms consisted of
single-walled, noninsulated polypropylene bags. All meso-
cosms were mixed thoroughly on a 3-d basis to achieve
thermally homogeneous habitat conditions. Temperature at
the midpoint of the water column in all mesocosms was
recorded continuously throughout the experiment at 1-h
intervals using StowAway® TidbiT™ thermal probes
(Onset Computer).

The terrigenic treatment involved addition and removal
of allochthonous dissolved matter. The amended treatment
level consisted of the addition of highly colored surface
water runoff that had been collected from a nearby
ephemeral stream following an intense rainfall event in
late June 2004 (Fig. 1). The surface runoff was sieved
through a 63-um nitex screen and stored in two 3000-L
sealed polypropylene vessels for 2 d prior to the start of the
experiment on 07 July. The terrigenic amendments were
then added to randomly assigned mesocosms via filtration
through a 5-micron polypropylene sediment cartridge. The
terrigenic stock solution contained elevated concentrations
of dissolved organic carbon (DOC 5 24.5 mg L21) and
nutrients (total dissolved nitrogen [TDN] 5 554 ug L21;
total dissolved phosphorus [TDP] 5 11 ug L21; total silica
[TSi] 5 3.5 mg L21). Amendments simulated a doubling of
ambient DOC in L302S from 4.5 to 10 mg L2, Similar
increases in DOC trends in L302S occurred during the wet
years within the mid-1970s and mid-1980s. The removal of
terrigenic dissolved matter involved adsorptive removal of
3 mg L21 of DOC from L302S lake water, resulting in a
33% increase in water clarity. Similar declines in DOC had
been observed during extreme warm and drought periods
of the 1980s at the ELA (Findlay et al. 2001). Removal of
DOC was achieved by serial filtration of lake water
through a 5-micron polypropylene sediment cartridge and
a 25-kg layer of activated charcoal (Dynamic Aqua
Supplies) that was held in place by a top and bottom layer
of glass wool. The serial filtration unit was housed in a 100-
L plastic barrel that was suspended in a wooden frame over
each of the mesocosms prior to filtering.
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Fig. 2. Experimental design. The two-way ANOVA design
consisted of a terrigenic treatment (i.e., dry, ambient, and wet) and
temperature treatment (i.e., cold, ambient, and warm), replicated
three times for a total of 27 mesocosms. Colors indicate terrigenic
treatment levels (white 5 dry mesocosms [i.e., removal of
terrigenic input]; light yellow 5 control mesocosms [i.e., ambient
lake conditions]; dark yellow 5 wet mesocosms [i.e., addition of
terrigenic input]). Lower photograph shows mesocosms posi-
tioned in L302S (upper left inset 5 a representative dry
mesocosm; upper right inset 5 a wet mesocosm).

On 09 July 2004, all mesocosms were filled with 63-um
sieved lake water, while zooplankton and smaller plankton
were concentrated at the midlake station by performing 9-
m vertical depth hauls using 63- and 10-um mesh-sized
plankton nets, respectively. Zooplankton collections were
pooled into a 20-L carboy. The collected smaller size
fraction was passed through a 63-um stainless-steel sieve to
remove most metazoans before combining it with the
pooled zooplankton. Each mesocosm then received a well-
mixed, volumetrically precise inoculum of plankton to
ensure equal starting densities across all treatments while
also simulating ambient abundances found in the lake at
the start of the experiment. The experiment was performed
over a 50-d period.

Mesocosms were sampled for water chemistry and
plankton on days 0, 10, 30, and 50. Three depth-integrated
samples were collected from the center of each of the
mesocosms using a polycarbonate tube (15-cm diameter;
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1.2-m length; 21.2-L volume) and pooled into a 100-L
cooler. One-liter subsamples were then filtered through a
precombusted Whatman GF/F filter. Filtrates were stored
for 24 h at 4uC until dissolved nutrient analyses were
conducted for TDN, TDP, calcium (Ca), soluble reactive
silica (SRSi), and DOC. For DOC analysis, filtered water
samples were acidified with phosphoric acid, sparged with
carbon-free nitrogen to remove inorganic carbon, and then
heated and treated with acid persulfate, which oxidizes the
sample from DOC to CO,. Quantification of carbon was
determined using a 700 total organic carbon analyzer with
autosampler (O.l. Corporation). TDP was determined
from organic phosphorus compounds under acidic condi-
tions and photooxidized to orthophosphate, which was
measured using the soluble reactive phosphorus method
and a Technicon Autoanalyzer™ [lI. Nutrient analyses
were performed at the Freshwater Institute Analytical
Laboratory following standard protocols that can be ac-
cessed at their website (http://www.umanitoba.ca/institutes/
fisheries/Chemistry.html). Further, the spectral attenuation
properties of filtered (Whatman GF/F) water samples that
were collected from each enclosure on day 0, 10, 30, and 50
were determined at the ELA. For this procedure, the
samples were mildly sonicated and used for determinations
of Kgsso and depths of 1% incident irradiance using a
Hewlett Packard photodiode array model 84452A spectro-
photometer and a 10-cm quartz cuvette. Spectrophotom-
eter estimates of diffuse attenuation coefficients were used
to determine the 1% incident UV (340 nm) irradiance
penetrating depth within each of the mesocosms. Soluble
reactive silicon was analyzed at the Biogeochemical
Laboratory at the University of Alberta. Silica was
determined by the reaction of orthosilicate and dimer
(Si0,22) with molybdate in acid solution. The absorption
maximum was determined following the colorimetric
procedure that is automated using a Lachat Flow Injection
continuous flow analyzer.

Unfiltered water samples were preserved with Lugol’s
iodine solution for taxonomic enumeration of phytoplank-
ton. Aliguots (25 mL) from each of the samples were settled
and enumerated using the Utermdéhl technique (Utermohl
1958) and phase-contrast illumination on a Leica DM IRB
inverted microscope at 3 100 to 3 1000 magnification. A
minimum of 400 to 1000 cells were counted for each of the
samples following standard protocols for measuring
phytoplankton at the Experimental Lakes Area (http:/
www.eman-rese.ca/eman/ecotools/protocols/freshwater/
phytoplankton). Biomass was calculated by measuring cell
dimensions using Openlab™ 4.0.1 (Improvision®). Cell
shape was approximated using up to 50 individual cells and
applying the geometric formula that best described the
shape of the cell (Hillebrand et al. 1999). Biovolumes were
then converted to biomass by assuming a specific gravity of
1. Taxa were identified to species when possible using
Prescott (1982) and Findlay and Kling (1979) and grouped
on the basis of their measured individual greatest axial
linear dimension (GALD; Reynolds 1984). Each taxon was
assigned to either a small- or large-sized group based on a
GALD-threshold of 35 microns because cell and colony
size is a key factor determining the general edibility (Cyr
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1998), nutrient uptake and storage, competitive ability, and
sinking rate of phytoplankton taxa (Reynolds 1984).

A 64-um-mesh-sized stainless-steel sieve was used to
concentrate zooplankton from a 16-L sample of water from
each mesocosm. Samples were preserved with 95% ethanol,
followed by storage in 70% ethanol in screw-cap polypro-
pylene sample bottles. These samples were enumerated
using a dissecting microscope (Leica MZ9.5), with the use
of the taxonomic reference of Thorp and Covich (2001).
Total counts were performed for crustaceans. Settled and
concentrated subsamples were used to identify and
enumerate rotifers at 3 400 with an inverted compound
microscope. Crustacean biomass was calculated using
standard length-mass regressions, while rotifer biomass
was determined using genus-specific geometrical formulae
(McCauley 1984).

For the mesocosm experiment, repeated-measures analy-
ses of variance (RM-ANOVA) were performed using SPSS
version 11.0 for Macintosh SPSS 2004) to test for the time-
dependent effects of temperature and terrigenic input on
phytoplankton and zooplankton groups. If the interaction
between temperature and terrigenic input was statistically
significant, then this denoted that each of their effects
depended on the other, and therefore their combined effect
did not add up to the sum of their individual effects (i.e., an
nonadditive effect). When a significant interactive effect
exceeded the sum of individual effects, then this denoted a
synergistic response. If the interactive effect was less than the
additive effect, then this denoted an antagonistic response.
The statistical significance of individual main effects was
considered only when the interaction term was nonsignifi-
cant. Bonferroni post hoc comparison testing was used to
identify significant differences between responses to the
various treatment combinations. Data were logo-trans-
formed prior to RM-ANOVA to improve homogeneity of
variation and normality.

Meteorological and limnological analyses—Climate data
were obtained from the ELA weather station located 1 km
from the shore of L239. These records extend continuously
from 1970 to the present. These climate trends have been
analyzed in detail elsewhere (Schindler et al. 1996; Findlay
et al. 2001). The region experienced above-average precip-
itation in the early 1970s and 1990s, while the 1980s was a
period of drought (Findlay et al. 2001). Mean annual
temperature has increased by 1.6uC, and runoff represented
approximately 50% of the precipitation in the early 1970s
and has declined to almost 50% by the late 1980s (Schindler
et al. 1996). Consequently, ELA lakes became more
transparent during this drought period because of decreases
in runoff and diminished levels of DOC (Schindler et al.
1996). L239 has been sampled for plankton on a biweekly
basis during the ice-free season (April-October) from 1970
at a midlake sampling station using standard protocols
(Findlay et al. 2001). We report only on the biomass
responses of both planktonic primary producers and
consumers relative to changes in air temperature, ice-free
degree days, and precipitation in L239 between 01 April
and 31 October across a 32-yr period (1970-2001). Each
variable was calculated as an annual summer average.
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Principal component analysis (PCA) was performed to
identify summers between 1970 and 2001 that contrasted
maximally in terms of meteorological variables, which
included summer air temperature (uC), ice-free degree-days,
and summer precipitation (mm). Variables were standard-
ized using the ratios of the summer mean relative to the
long-term summer mean (i.€., Smean : LTSmean). Maximum
separation in ordination space as measured by euclidean
distance was used to identify years that showed the greatest
difference in their ice-free weather conditions. PCA was
performed using CANOCO (version 4.5; Microcomputer
Power; ter Braak and Smilauer 2002).

Results

Simulated extreme weather events—Our experimental
manipulation increased temperature in the warmed meso-
cosm an average of 0.7 6 0.5uC, with a maximum increase
of 2.0uC (Fig. 3). Cold mesocosms averaged 0.2 6 1.1uC
below controls with a maximum decrease of 4.0uC (Fig. 3).
Controls had a mean temperature of 19.0 6 1.9uC. Our
simulation of extreme rainfall and drought events achieved
significant differences in nutrient regimes between the
terrigenic amendment and removal treatment levels
(Fig. 4). Terrigenic amendment significantly increased
DOC by 7 mg L2 (Fig. 4A; F, 15 51124, p , 0.0001).
DOC concentrations did differ significantly among the
temperature treatments during the experiment. Spectro-
photometric estimates of Kgsso values showed that
terrigenic amendment resulted in ~70% reduction in UV
irradiance penetrating to the bottom of the mesocosms
(Fig. 4B). Therefore, mean 1% UV irradiance was signif-
icantly lower in the amended mesocosms (40 cm) than in
either the reduced terrigenic (140 cm) or the control (115
cm) mesocosms (F, 18 5 106.86, p , 0.0001). However, the
depth of 1% UV (340 nm) penetration into the mesocosms
increased significantly over the 50-d period (terrigenic 3
time interaction, Fs3 5 5.99, p 5 0.0008). Terrigenic
amendment also significantly enhanced soluble reactive
silica concentrations, which remained elevated by 60%
(Fig. 4C; F,18 5 34.21, p , 0.0001), and TDN concentra-
tions by 25% relative to controls (Fig. 4D; F,158 5 24, p ,
0.0001). TDP did not differ significantly among treatment
levels, being often below detection limits (,3 wug L21;
Fig. 4E). Mesocosms also did not differ significantly in pH,
which ranged from 6.7 to 7.2. In addition, initial
phytoplankton and zooplankton abundance did not differ
significantly among the different terrigenic treatment levels.
Phytoplankton biomass averaged 0.58, 0.49, and 0.53 mg
L21 in the reduced, ambient, and amended mesocosms,
respectively. Similarly, mean zooplankton biomass in the
reduced and amended mesocosms varied less than 10%
compared to that found in the nonamended mesocosms.

The warming treatment progressively enhanced the
positive effect of terrigenic amendment on total algal
abundance by -300% (i.e., a time—temperature—terrigenic
interaction; Fig. 5A; Table 1). Warmed mesocosms also
contained -300% higher abundance of the smaller
phytoplankton size fraction, especially under reduced
terrigenic and ambient conditions (i.e., time-temperature—
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Fig. 3. Average water temperature differences between warm

vs. cold mesocosms relative to the controls. Readings were
obtained at hourly intervals using data loggers suspended at a
depth of 1.0 m (i.e., midpoint of each of the mesocosms).
Temperature differences reported here are daily averages across
replicated treatment mesocosms (n 5 9).

terrigenic interaction). The addition of terrigenic surface
runoff at the start of the experiment exerted a progressively
positive effect on total phytoplankton biomass (i.e., time—
terrigenic interaction). In the amended mesocosms, total
phytoplankton biomass exceeded that in the controls by
200% and 300% on days 30 and 50. The positive response
of phytoplankton to terrigenic input was attributable to the
enhanced abundance of the large size fraction (Fig. 5B;
Table 1), which constituted ~85% of total biomass and
consisted of five genera (Mougeotia, Dinobryon, Synura,
Gymnodinium, and Peridinium). In contrast, the smaller size
fraction of phytoplankton showed a significant positive
response to reduced terrigenic input by - 200% (Fig. 5C).
The smaller size fraction consisted primarily of six genera
(i.e., Chroococcus, Merismopedia, Rhabdoderma, Katable-
pharis, Rhodomonas, and Cryptomonas). In comparison,
temperature exerted a weaker significant effect as warming
increased total phytoplankton biomass by only 40%.
Zooplankton also responded significantly to the inter-
active and main effects of the terrigenic input and
temperature treatments (Fig. 6; Table 1). The warming
treatment amplified the positive effect of the terrigenic
removal treatment on total zooplankton biomass (i.e.,
time—temperature—terrigenic interaction) by increasing the
abundance of macroherbivores ~400% by the end of the
experiment (Fig. 6A). The reduced terrigenic treatment
exerted the most pronounced main effect on zooplankton,
significantly doubling total biomass (Fig. 6A) because of
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Table 1.
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Summary of repeated-measures analysis of variance of the effects of terrigenic input (ambient, drought, wet) and

temperature (ambient, warm, cold) on log-transformed plankton biomass (total, large phytoplankton, small phytoplankton, total
zooplankton, omnivores, macroherbivores, microherbivores) during a 50-d mesocosm experiment. Data given are F-values forn 5 3

replicates. * p , 0.007, ** p , 0.0014, *** p , 0.00014.

Degrees of Total Total
Source freedom  phytoplankton  Large Small zooplankton  Omnivores Macroherbivores Microherbivores

Temp 2 48.94*** 3.60 57.29%** 3.94* 8.56** 47.16%** 31.15%**
Terrigenic 2 190.74*** 69.63*** 25.28*** 49.01*** 11.06** 1.79 143
Temp3

terrigenic 4 16.63*** 1.03 30.36*** 7.35%* 3.78 10.05%** 35.39***
Time 2 37.88*** 9.34**  18.04*** 62.42%** 529.48*** 54 58*** 62.07***
Time3 temp 4 4.85** 1.05 5.21* 28.56*** 9.08*** 10.56*** 6.65***
Time3

terrigenic 4 17.59%** 8.41%*  12.44%** 16.30*** 5.88* 41.66*** 15.03***
Time3 temp

3 terrigenic 8 2.73 1.11 10.67*** 11.81%** 6.65*** 16.54*** 10.93***
taurocephala, Ascomorpha, Gastropus, Lecane, and Tricho- Discussion

cerca.

Extreme weather and lake conditions—Individual years
characterized by extreme weather conditions were identi-
fied by ordination of the ELA meteorological data. PCA
contrasted years based on three significant explanatory
climate-related variables (Fig. 7). The first PCA axis (x-
axis) best represented a precipitation gradient along which
wet summers (688 6 30 mm) were separated from dry
summers (425 6 28 mm). Epilimnetic DOC concentrations
averaged 7.3 6 0.2 mg L2 and 6.4 6 0.3 mg L2 during
the wet and dry years, respectively. A mean difference of
0.9 mg DOC L 21 between extreme years does not, however,
reflect elevated concentration that often occur in the lake
following heavy rainfall events (e.g., 11.9 6 0.9 mg L21
during 1996). The second PCA axis better represented an
air temperature gradient that discriminated years according
to warm (13.1 6 0.1uC) vs. cold (11.3 6 0.2uC) summers.
The surface water temperatures in L239 averaged 16.6 6
0.4uC and 15.0 6 0.4uC during the warm and cold
summers, respectively. Warm and dry summers (1976,
1983, 1984, and 1987-1989) were discriminated from cold
and wet summers (1970, 1985, 1992-1993, 1996, and 2000;
Fig. 7). These two groups reflect how the ELA had
experienced a distinctive warm-dry period during the
1980s, while cold-wet conditions were more common in
the early 1970s and most of the 1990s (Findlay et al. 2001).

Planktonic communities showed contrasting responses
to extreme summer weather conditions (Fig. 8). Mean total
phytoplankton biomass was significantly (F, 1, 5 8.716, p
5 0.014) lower during relatively wet and cold summers
because of the reduced abundance of large taxa (Fig. 8A).
The small phytoplankton size fraction did not differ
significantly (p 5 0.88) between extreme summers. Total
zooplankton biomass was significantly (F;,0 5691, p 5
0.027) higher by ~50% during wet and cold summers,
although there were no significant differences in total
abundance of the functional consumer groups (i.e., large
herbivore, p 5 0.17; small herbivores, p 5 0.136;
omnivores, p 5 0.117) (Fig. 8B).

Our study highlights how the effects of thermal
variability on midsummer boreal plankton communities
can depend on rainfall-driven terrigenic inputs. The
marginally positive effect of experimental warming on
total phytoplankton biomass was amplified by terrigenic
amendment, while the effects of temperature manipulations
on the smaller phytoplankton size fraction and total
zooplankton biomass were most evident under simulated
droughtlike conditions. At the whole-lake ecosystem level,
planktonic primary producers and consumers also showed
contrasting responses to extreme summer weather condi-
tions; however, many of these reactions were opposite to
those detected in the experiment. In the following, we
discuss potential mechanisms for our findings by examining
the functional responses of phytoplankton and zooplank-
ton to climatic factors.

The total biomass response by phytoplankton to
experimental manipulations of terrigenic input and tem-
perature events resulted from changes in the large size
fraction. A potential explanation for the eventual positive
response of the most abundant large algae (filamentous
chlorophytes and colonial chrysophytes) to terrigenic
amendment is their relative greater nutrient-storage capac-
ity that enabled them to potentially better exploit the
enhanced concentrations of nutrients. Also, reduced
underwater light and UV levels in the amended mesocosms
may have alleviated photoinhibition of the phytoplankton
that had been collected from a greater depth in the lake.
Warming could have then further enhanced algal growth by
stimulating enzymatic and growth rates under nutrient-
replete conditions (Raven and Geider 1988). Interestingly,
warmer climatic conditions similarly promoted blooms of
large phytoplankton taxa (colonial chrysophytes and
dinoflagellates) in reference lakes of the ELA during the
1980s, including L239 (Findlay et al. 2001).

Removal of UV-attenuating DOC to simulate drought-
like conditions stimulated the smaller phytoplankton
fraction, which consisted mainly of cyanobacteria and
cryptophytes. A potential explanation for the observed
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(n 53).

increased abundance of small cyanobacteria is their relative
greater tolerance of higher UV irradiance compared to
eukaryotic algae (Hader et al. 2007). Under increased
exposure to UV, smaller cyanobacteria and phytoflagel-
lates also responded positively to warming events, agreeing
with earlier findings of long-term biomonitoring studies
(Findlay et al. 2001) and short-term experiments (Strecker
et al. 2004) conducted in cold-water systems. These fast-
growing, nonsiliceous phytoplankton would not have been
negatively affected by our experimental removal of silica

(Fig. 4C). Further, enhanced nutrient recycling by higher
abundance of herbivores might have explained the ob-
served persistence of smaller phytoplankton in the reduced
terrigenic treatment. The higher surface area:cell volume
ratio of the small phytoplankton would have enabled faster
nutrient uptake and growth response than larger taxa to
nutrients recycled by the grazers (Reynolds 1984).

The abundance of macroherbivores, consisting mainly of
D. catawba, dominated in the warmed drought-like
conditions. Elsewhere, daphnids also appear to be more
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responsive than slower-growing copepods to warming
(Strecker et al. 2004) despite their inability to track spring
algal blooms that occur earlier under warmer spring
conditions (Winder and Schindler 2004). D. catawba has
been shown to better tolerate the combined effect of
warming and exposure to ultraviolet radiation owing to
enhanced photoenzymatic repair (Hansson et al. 2007;
Williamson et al. 2007). In addition, D. catawba is
considered a very effective competitor under severe food
limitation (Tessier 1986), possibly benefiting from the small
cryptophytes that were most abundant under the warm
droughtlike conditions. Therefore, D. catawba in the
absence of fish predation appears well suited to warm
and dry summers.

Unlike the cladocerans, omnivorous copepods were
favored by cold events and droughtlike conditions during
the early stages of the experiment. This finding agreed with
the reported suppression of copepods under warmed,
fishless conditions (McKee et al. 2002). Further, combined
exposure to UV and cold temperatures can be advanta-
geous for copepods, such as Leptodiaptomus minutus, that
can rely on photoprotective pigmentation (Leech and
Williamson 2000; Persaud and Williamson 2005).

The observed response of microherbivores to the
combined effects of lowered terrigenic amendment and
temperature was likely influenced by predation and
interspecific competition. Rotifers responded positively to
the effect of reduced terrigenic input only following the
decline of omnivorous copepods. Subsequently, warming
suppressed the positive response of rotifers to lowered
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Fig. 8. Total summer biomass of (a) phytoplankton and (b)

zooplankton during years with cold-wet vs. warm-dry summer
weather conditions in Lake 239. Error bars denote 6 1 SE (n 5 3).

terrigenic amendment possibly because of increased com-
petitive interference from macroherbivores (Gilbert 1985)
stimulated by these conditions. We did not quantify
responses by other microherbivores (e.g., protozoans) and
bacterioplankton to the experimental manipulations; how-
ever, terrigenic amendment and warming clearly could have
stimulated these heterotrophs.

Planktonic communities in L239 also showed responses
to extreme summer conditions, which, however, differed
from those observed during the experiment. Discrepancies
between these whole-lake and mesocosm-based findings
were likely attributable to differences in spatial and
temporal scale (Carpenter 1996; Schindler 1998b). The
relative shallow depth of our mesocosms would have
prevented vertical migration by certain deep-water species.
For instance, mixotrophic algae in L239 that are capable of
migrating away from grazers and toward the nutrient-rich
hypolimnion during warm, drought periods at ELA
(Findlay et al. 2001) were not detected in the mesocosms.
Similarly, zooplankton lacked a depth refuge when exposed






