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Abstract. Lakes and reservoirs worldwide are increasingly experiencing depletion of dissolved oxygen
(anoxia) in their bottom waters (the hypolimnion) because of climate change and eutrophication, which is
altering the dynamics of many freshwater ecological communities. Hypolimnetic anoxia may substantially
alter the daily migration and distribution of zooplankton, the dominant grazers of phytoplankton in aqua-
tic food webs. In waterbodies with oxic hypolimnia, zooplankton exhibit diel vertical migration (DVM), in
which they migrate to the dark hypolimnion during the day to escape fish predation or ultraviolet (UV)
radiation damage in the well-lit surface waters (the epilimnion). However, due to the physiologically
stressful conditions of anoxic hypolimnia, we hypothesized that zooplankton may be forced to remain in
the epilimnion during daylight, trading oxic stress for increased predation risk or UV radiation damage. To
examine how anoxia impacts zooplankton vertical migration, distribution, biomass, and community com-
position over day–night periods, we conducted multiple diel sampling campaigns on reservoirs that
spanned oxic, hypoxic, and anoxic hypolimnetic conditions. In addition, we sampled the same reservoirs
fortnightly during the daytime to examine the vertical position of zooplankton throughout the summer
stratified season. Under anoxic conditions, most zooplankton taxa were predominantly found in the epil-
imnion during the day and night, did not exhibit DVM, and had lower seasonal biomass than in reservoirs
with oxic hypolimnia. Only the phantom midge larva, Chaoborus spp., was consistently anoxia-tolerant.
Consequently, our results suggest that hypolimnetic anoxia may alter zooplankton migration, biomass,
and behavior, which may in turn exacerbate water quality degradation due to the critical role zooplankton
play in freshwater ecosystems.
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INTRODUCTION

Climate change is expected to significantly
alter the distribution and community interactions
of organisms in a diverse suite of ecosystems
(MEA 2005, IPCC 2013). In terrestrial ecosystems,
many species are moving poleward or to higher
elevations (Parmesan and Yohe 2003, Hijmans
and Graham 2006, Deutsch et al. 2008, Beever

et al. 2017). For example, Parmesan and Yohe
(2003) observed range shifts averaging 6.1 km
per decade for more than 1700 terrestrial plant
and animal species. Changes to migration pat-
terns are also occurring in marine ecosystems
due to climate change: Various fishes, whales,
and other organisms are extending their migra-
tions poleward to maintain habitat within opti-
mal temperature ranges or adapt to changing
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food availability (Perry et al. 2005, Hollowed
et al. 2013, deHart and Picco 2015, Christian and
Holmes 2016).

In freshwater lakes and reservoirs (hereafter,
together referred to as waterbodies), where
organisms cannot migrate poleward or to higher
elevations, species migrations and community
interactions may also be responding to global
change. Climate change may alter within-water-
body migration patterns because of stronger
thermal stratification due to warmer tempera-
tures in their epilimnion, or surface waters (Win-
der and Schindler 2004, Jankowski et al. 2006,
Carey et al. 2012), which can also result in
dissolved oxygen (DO) concentrations below
2 mg/L in the bottom waters (hypolimnion),
referred to as hypolimnetic hypoxia, or the
near-complete absence of oxygen (i.e., DO <
0.5 mg/L), referred to as hypolimnetic anoxia
(Diaz and Rosenberg 2008, Marc�e et al. 2010,
Jenny et al. 2016). Hypolimnetic hypoxia and
anoxia are increasing in intensity and duration
globally in many waterbodies due to land use
and climate change (Posch et al. 2012, Jenny
et al. 2014, 2016), but little is known about the
consequences of this forcing on freshwater com-
munity interactions and species migrations.

Global change and subsequent oxygen deple-
tion may alter the within-waterbody migration
patterns of zooplankton. Zooplankton play a
vital role in regulating water quality in water-
bodies because of their crucial position in the
food chain: They are the dominant grazers of
phytoplankton and are in turn consumed by fish
(Downing and Rigler 1984, Carpenter et al.
1987). Zooplankton commonly exhibit diel verti-
cal migration (DVM), in which most of the popu-
lation resides in the hypolimnion during the day
to avoid visual predation from fish (Zaret and
Suffern 1976, Gliwicz 1986, Lampert 1989, Dou-
bek and Lehman 2011) or damaging ultraviolet
(UV) radiation (Williamson et al. 1994, Leech
and Williamson 2001, Rhode et al. 2001), at the
expense of reduced growth and reproduction in
the colder hypolimnion (Loose and Dawidowicz
1994). At night, an increased proportion of the
zooplankton population is found in the epil-
imnion, where there are more phytoplankton for
grazing, with a decreased risk of predation and
UV radiation (Zaret and Suffern 1976, Leech and
Williamson 2001). Zooplankton DVM may also

be affected indirectly by the availability of visible
light, kairomones, water temperature, and the
depth of phytoplankton in the water column
(Zaret and Suffern 1976, Lampert 1989, Haupt
et al. 2009, Williamson et al. 2011).
Hypolimnetic anoxia in freshwaters has the

potential to fundamentally alter the community
structure and migration patterns of zooplankton
(Vanderploeg et al. 2009b, Ekau et al. 2010).
Anoxic hypolimnia may disrupt zooplankton
DVM because zooplankton need oxygen for res-
piration and exhibit decreased growth rates and
fecundity and increased mortality under low-
oxygen conditions (e.g., Devol 1981, Stalder and
Marcus 1997). If there are anoxic conditions in
the hypolimnion, zooplankton may experience a
trade-off during the day between experiencing
increased metabolic stress and mortality due to
low DO in the hypolimnion vs. mortality and
increased cellular damage due to increased fish
predation and UV radiation exposure in the oxic
epilimnion.
Previous studies on low DO concentrations

and zooplankton DVM have yielded mixed
results. Earlier work suggests that low DO hypo-
limnia may serve as short-term refuges for some,
but not all, zooplankton taxa escaping predation
from fish during the day (Hanazato and Dodson
1995, Larsson and Lampert 2011), because low-
oxygen conditions result in a higher mortality
rate for fish than for crustacean zooplankton
(Ludsin et al. 2009, Roberts et al. 2009). Vander-
ploeg et al. (2009b) found that while fish avoided
hypoxic conditions in Lake Erie, crustacean zoo-
plankton DVM did not begin to decrease until
DO concentrations were ~1 mg/L. Many zoo-
plankton taxa were still able to occupy hypoxic
hypolimnia (1–2 mg DO/L) during the day, with-
out large changes in density (Vanderploeg et al.
2009a, Pothoven et al. 2012). Therefore, low DO
concentrations may not significantly affect zoo-
plankton DVM and community interactions until
DO reaches anoxic (vs. hypoxic) levels.
Some zooplankton taxa may be more sensitive

than others to hypolimnetic hypoxia and anoxia
(Stalder and Marcus 1997, Vanderploeg et al.
2009a, Sorensen and Branstrator 2017), which
could affect their DVM. Some predatory zoo-
plankton taxa, such as copepods, may be largely
unaffected by low DO until DO concentrations
reach <1 mg/L; however, Daphnia and other
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larger cladoceran taxa may be more hypoxia-
sensitive (Vanderploeg et al. 2009a). Because
zooplankton taxa exhibit a range of life history
characteristics and tolerances to environmental
change (Allan 1976, Balcer et al. 1984, Winder
and Schindler 2004), it is critically important to
assess which taxa may become more prevalent
under anoxic conditions.

We measured zooplankton DVM in waterbod-
ies in reservoirs throughout the summer strati-
fied period to assess how zooplankton DVM
may be altered under oxic, hypoxic, and anoxic
hypolimnetic conditions. This work builds upon
previous studies that have been limited to one
waterbody, one sampling event, or one zooplank-
ton taxon, or were conducted in the laboratory
(Salonen and Lethovaara 1992, Hanazato and
Dodson 1995, Vanderploeg et al. 2009a, b, Lars-
son and Lampert 2011). We conducted seven
24-h sampling campaigns in three reservoirs to
study the effects of oxygen conditions on zoo-
plankton vertical distribution and DVM during
consecutive day–night periods. To complement
the diel sampling events, we collected zooplank-
ton and environmental data fortnightly during
the daytime throughout the summer stratified
period in the same reservoirs. We predicted that
under anoxic conditions, zooplankton would
predominantly be in the epilimnion during the
daytime and would not exhibit DVM.

METHODS

Sample sites
Our focal sampling sites were Beaverdam

Reservoir (BVR; 37.313° N, 79.816° W), Carvins
Cove Reservoir (CCR; 37.371° N, 79.958° W),

and Gatewood Reservoir (GWR; 37.043° N,
80.862° W), which are located within 125 km of
each other in southwestern Virginia, USA. The
reservoirs were chosen because of their relative
similarity in climate, depth, size, geographical
location, and zooplankton and fish communities,
while varying in hypolimnetic oxygen availabil-
ity during the summer (Table 1; Virginia Depart-
ment of Game and Inland Fisheries, unpublished
data; Western Virginia Water Authority, unpub-
lished data). The planktivore assemblage in each
reservoir included bluegill, sunfish, minnows,
and smallmouth bass. For piscivores, GWR and
BVR had largemouth bass, whereas CCR had
largemouth and striped bass. Gatewood Reser-
voir and CCR also contained yellow perch, crap-
pies, and channel catfish, and CCR also had
flathead catfish (Virginia Department of Game
and Inland Fisheries, unpublished data; Western
Virginia Water Authority, unpublished data).
The three reservoirs had varying hypolimnetic

oxygen regimes during the sampling period.
CCR is a primary drinking water supply reser-
voir for the city of Roanoke, Virginia (USA), and
has a bubble-plume oxygenation system that
maintains oxic conditions in the hypolimnion
and does not affect thermal stratification or water
temperatures (Gantzer et al. 2009, Bryant et al.
2011). The oxygenation system in CCR was not
operating at full capacity during the monitoring
period because of mechanical issues; however,
there was still >2 mg/L of DO through all the
hypolimnion during the stratified season.
Beaverdam Reservoir is a secondary supply
reservoir for Roanoke but does not have an oxy-
genation system, and its hypolimnion becomes
anoxic immediately after thermal stratification

Table 1. Characteristics of the three reservoir study sites.

Reservoir
Surface

area (km2)
Maximum
depth (m)

Residence
time (days)

TN � 1 SD
(lg/L)

TP � 1 SD
(lg/L)

Secchi disk
depth � 1 SD (m)

Chlorophyll a
concentration
� 1 SD (lg/L)

Beaverdam (BVR) 0.28 11 ~330 230 � 58 13 � 2.8 2.8 � 0.7 9.7 � 4.9
Carvins Cove (CCR) 2.55 23 229–642 180 � 28 9.3 � 2.0 4.0 � 0.8 4.3 � 1.3
Gatewood (GWR) 0.65 15 300–666 200 � 13 12.3 � 2.3 3.3 � 0.4 6.7 � 1.5

Notes: Residence time is the approximate range or number of days of the hydraulic residence time of the reservoirs, esti-
mated from the reservoir volumes and withdrawal rates (Western Virginia Water Authority, unpublished data; New River Valley
Planning District Commission, unpublished data). Total nitrogen (TN) and total phosphorus (TP) data are mean � 1 standard
deviation (SD) from seasonal subsurface (0.1 m) water sampling. Secchi disk depth is the mean of the Secchi disk depths
recorded throughout the monitoring period. Epilimnetic chlorophyll a concentration is the mean chlorophyll a concentration
measured in the epilimnion during the monitoring period. BVR, Beaverdam Reservoir; CCR, Carvins Cove Reservoir; GWR,
Gatewood Reservoir.
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sets up in the spring (Western Virginia Water
Authority, unpublished data). Gatewood Reservoir
is a drinking water supply reservoir for the town
of Pulaski, Virginia (USA), and does not have an
oxygenation system. The hypolimnion in GWR is
fully oxic at the beginning of thermal stratifica-
tion, but the hypolimnion becomes hypoxic and
then anoxic by the end of the summer stratified
period (Fig. 1).

Diel sampling events
We conducted seven 24-h sampling campaigns

in 2016 in BVR, CCR, and GWR to examine vari-
ation in zooplankton vertical distribution and
DVM between day and night (Table 2). Sampling
always occurred at the deep hole of each reser-
voir close to the dam (GPS coordinates above).
We sampled anoxic BVR and oxic CCR during
similar times earlier and later in the stratified

Fig. 1. Temperature and dissolved oxygen concentrations in Carvins Cove Reservoir (A, B), Beaverdam Reser-
voir (C, D), and Gatewood Reservoir (E, F) during the sampling period of 2016. Black triangles at the top of the
figures denote sampling dates; the intervening data were interpolated. Vertical black lines identify the 24-h cam-
paign sampling dates.
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period. GWR was sampled when the hypolim-
nion was still oxic in late April, when the hypo-
limnion was hypoxic in late June, and when the
hypolimnion was anoxic in September (Table 2).
All sampling was conducted on sunny, clear days
when zooplankton DVM would most likely
occur (Leech and Williamson 2001) at least
1 week before or after a full moon, which can
disrupt zooplankton DVM (Alldredge and King
1980, Dodson 1990). No storms occurred within
the three days before each sampling event. Since
there was no major precipitation prior to each
24-h period, and all three reservoirs have hydra-
ulic residence times on the scale of years
(Table 1), flushing rates from the reservoir likely
had a minimal effect on zooplankton removal
during the sampling events.

During each diel campaign, we sampled many
physical, chemical, and biological parameters at
noon on the first day, dusk, midnight,
02:00 hours, dawn, and then noon on the second
day. We collected high-resolution (4 Hz sam-
pling rate) depth profiles of temperature and DO
using a Conductivity, Temperature, Depth pro-
filer (CTD; SeaBird Electronics, Bellevue, Wash-
ington, USA), coupled with a SBE 43 DO sensor
from the surface to the sediments of the reservoir.
In cases when the CTD was not available for
sampling, we used a YSI multi-parameter meter
(YSI, Inc., Yellow Springs, Ohio, USA) and
recorded temperature and DO at every 0.5–1 m
increments from the surface to the sediments in
place of the CTD. In addition, we collected high-
frequency measurements of chlorophyll a con-
centrations using a Fluoroprobe (Moldaenke,
Schwentinental, Germany) that measures fluo-
rescence of chlorophyll a at ~20–40 cm depth

increments from the surface to the sediments of
the waterbodies (Gregor and Mar�s�alek 2004,
Ghadouani and Smith 2005, Catherine et al.
2012, Pannard et al. 2015). We also collected Sec-
chi disk readings for water clarity and water
samples at 0.1 m depth for analysis of total nitro-
gen (TN) and total phosphorus (TP) on each sam-
pling event. Sample bottles were acid washed
prior to water collection and were frozen until
laboratory analysis for TN and TP.
We collected zooplankton with a 30-L Schind-

ler trap (Wildlife Supply Company, Yulee, Flor-
ida, USA) at 1 m depth intervals from 0.1 m to at
least 1 m below the thermocline (determined by
the CTD or the YSI to the nearest meter) when a
reservoir was fully oxic, or 1 m below the oxic–
hypoxic or oxic–anoxic boundary layer (deter-
mined by the CTD or YSI to the nearest meter).
The Schindler trap data were collected at each
whole meter in the water column, but because of
the vertical size of the 30-L trap, each Schindler
trap sample encompassed 0.2 m above and
below the meter of interest. On the August BVR
diel sampling event, we used the Schindler trap
to collect samples every meter in the reservoir’s
water column from 0.1 to 10 m (bottom of the
reservoir). The same person (J.P.D.) collected
each Schindler sample across all sampling events
to ensure consistency in zooplankton collection.
Zooplankton were immediately preserved in
70% ethanol for later enumeration in laboratory.
We also collected zooplankton samples using

74-lm mesh vertical net tows (Wildlife Supply
Company, Yulee, Florida, USA) to determine the
integrated epilimnetic vs. hypolimnetic biomass
of zooplankton, which provided complementary
data to the zooplankton vertical distributions

Table 2. Dates of the diel sampling events on the three focal reservoirs as well as the hypolimnetic oxygen regime
observed in the reservoir at each event in 2016.

Reservoir 24-h sampling dates 24-h hypolimnetic oxygen regime Fortnightly sampling date range

Beaverdam (BVR) June 7–8 Anoxic 6 April–25 October
August 3–4 Anoxic

Carvins Cove (CCR) May 27–28 Oxic 13 May–26 September
August 12–13 Oxic

Gatewood (GWR) April 29–30 Oxic 6 April–17 October
June 26–27 Hypoxic

September 4–5 Anoxic

Notes: Sampling date ranges are also provided for the fortnightly sampling during the daytime. BVR, Beaverdam Reservoir;
CCR, Carvins Cove Reservoir; GWR, Gatewood Reservoir.
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from the Schindler trap samples. For each sam-
pling event and time, we collected two tows: a
full water column vertical tow from ~0.5 m
above the lake sediments to the reservoir surface,
and a vertical tow from either (1) the thermocline
depth to the nearest meter (determined by the
CTD or YSI) when the water column was
completely oxic or (2) the oxic–hypoxic or oxic–
anoxic boundary to the nearest meter, if a reser-
voir’s hypolimnion was either hypoxic or anoxic
(determined by the CTD or YSI) on each sam-
pling date. The difference in zooplankton density
and biomass between these two tows provided a
quantitative metric of the zooplankton commu-
nity for comparing the epilimnion and hypolim-
nion or the oxic layer and anoxic layer.

Seasonal surveys
To complement the 24-h sampling events,

BVR, CCR, and GWR were sampled approxi-
mately fortnightly during the monitoring period
(Fig. 1; April–October for BVR and GWR, and
May–September for CCR; Table 2) during the
daytime (09:00–17:00 hours) in 2016 to determine
the vertical distribution of zooplankton in the
water column at the deepest site in each reservoir
(same sampling location as the 24-h campaigns).
Sampling also occurred on clear, sunny days,
when zooplankton DVM would most likely
occur (Leech and Williamson 2001). On each
fortnightly sampling, we sampled all aforemen-
tioned physical, chemical, and biological vari-
ables except for the Schindler trap samples.

Laboratory analyses
All water chemistry and zooplankton samples

were analyzed according to standard procedures.
The TN and TP samples were analyzed following
USGS method I-4650-03 after a persulfate diges-
tion using a Lachat flow-injection analyzer
(Lachat ASX 520 Series, Lachat Instruments,
Loveland, Colorado, USA). Zooplankton were
enumerated using a Meiji RZ dissecting micro-
scope (Meiji Techno, San Jose, California, USA) at
509 magnification. All crustacean zooplankton
(the sum of cladocerans + copepods) were iden-
tified to either genus for cladocerans and cala-
noid copepods or order for cyclopoid copepods.
Due to the number of samples needed to be
counted (~600), we were not able to taxonomi-
cally resolve every individual to the species level

and instead aggregated to the genus level, fol-
lowing the precedent of many zooplankton stud-
ies (Meerhoff et al. 2007, Kissman et al. 2010).
We identified cyclopoids to the genus resolution
for one vertical tow sample in each of the 24-h
sampling campaigns to identify the major genera
present. At least 100 total individuals were
counted per sample to also detect any rare taxa.
Zooplankton density in the water column (indi-
viduals/L) was calculated by scaling counts to
the total volume sampled by the net tows in the
water column or volume of the Schindler trap
(Downing and Rigler 1984). The density of the
large predatory zooplankton Leptodora and Chao-
borus was calculated by counting all individuals
in each entire sample, and then scaling to either
the water column or Schindler trap volume
(Downing and Rigler 1984). Zooplankton bio-
mass was calculated by measuring the length of
the first ten observed individuals of each taxon
within a sample, which were converted via
length–weight regressions to biomass (Downing
and Rigler 1984).

Data analyses
We first compared the DVM and vertical distri-

bution of crustacean zooplankton during the diel
sampling events in the seasonally oxic reservoir
(CCR; Fig. 1B) vs. the seasonally anoxic reservoir
(BVR; Fig. 1D) to determine whether hypolim-
netic anoxia altered zooplankton DVM using
two-way ANOVA. Our independent variables
were hypolimnetic oxygen concentration (anoxic
vs. oxic conditions) and time of day (the first
noon vs. midnight) for each diel sampling event
for the two reservoirs. Our dependent variables
were (1) percent of crustacean zooplankton bio-
mass in the hypolimnion, (2) percent of copepod
zooplankton biomass in the hypolimnion, and
(3) percent of cladoceran zooplankton biomass in
the hypolimnion. We chose one sampling time
for the day and night for each diel event in the
ANOVA to minimize non-independence of the
sampling points within the time series (Kutner
et al. 2005). Given our limited sampling size, we
interpreted statistical significance at a = 0.05 and
marginal significance at a = 0.10. We then
assessed zooplankton DVM in GWR during
the three sampling events during the stratified
period (Fig. 1F), when the hypolimnion was
oxic, hypoxic, and then anoxic. Finally, we
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quantitatively compared seasonal zooplankton
vertical tow samples to the diel sampling data.
All analyses were performed in R v.3.2.4 (R
Development Core Team 2016), which we also
used to determine the thermocline depth on each
sampling day for the reservoirs by analyzing the
temperature profiles with rLakeAnalyzer, a lake
physics package (Read et al. 2011).

RESULTS

Diel and seasonal temperature and DO
The three reservoirs exhibited similar thermal

structure throughout the sampling period. Ther-
mal stratification developed at the end of April in
all three reservoirs, which exhibited similar mean
seasonal thermocline depths (CCR: 7.0 � 0.8 m [1
standard deviation, SD], BVR: 5.3 � 1.1 m, GWR:
6.8 � 1.5 m; Fig. 1A, C, E). The epilimnetic and
hypolimnetic temperatures of the reservoirs were
also similar: The epilimnion of each reservoir
exhibited maximum temperatures of 27°–30°C,
and the hypolimnion was between 10° and 15°C
during the summer months.

Although thermal structure was similar across
the three reservoirs, DO concentrations were sub-
stantially different. CCR’s hypolimnion was oxic
(DO > 6 mg/L) during both diel sampling events
and remained oxic through the end of the moni-
toring period in September (Fig. 1B). The hypo-
limnion of both BVR (Fig. 1D) and GWR (Fig. 1F)
was oxic at the onset of thermal stratification but
became anoxic on 4 May in BVR (Fig. 1D) and 8
July in GWR (Fig. 1F). Beaverdam Reservoir’s
hypolimnion was anoxic for both diel sampling
events on 7–8 June (7–10 m) and 3–4 August (6–
10 m; anoxia reached about 1 m higher in the
water column during August; Fig. 1D). At BVR’s
August diel sampling, DO was >5 mg/L from 0.1
to 4 m in the epilimnion and hypoxic at ~4–6 m
in the metalimnion. GWR’s hypolimnion was oxic
during the first diel sampling event at the end of
April, hypoxic at the second diel sampling event
at the end of June, and anoxic at the third diel
sampling event in September (Fig. 1F).

Seasonally, Secchi disk depths were slightly
deeper in CCR (4.0 � 0.8 m, 1 SD) compared to
GWR (3.3 � 0.4 m) and BVR (2.8 � 0.7 m;
Table 1). Additionally, TN, TP, and chlorophyll a
concentrations were slightly lower in CCR com-
pared to GWR and BVR seasonally (Table 1).

Anoxia disrupted zooplankton DVM
Zooplankton exhibited pronounced DVM in

oxic CCR, but largely did not exhibit DVM in
anoxic BVR during either diel sampling event.
We focused on the August diel sampling for
comparisons between BVR vs. CCR because this
was when we collected zooplankton at every
meter in the water column with the Schindler
trap in BVR (see Appendix S1: Fig. S1 for data
from the May and June diel sampling events on
CCR and BVR).
The Schindler trap and vertical tow samples

both indicated that zooplankton DVM consistently
occurred in oxic CCR. Crustacean zooplankton
were largely absent from the epilimnion (biomass
was generally <10 lg dry weight (DW)/L in the
epilimnion) of CCR at noon, with 90.5 � 7.9% (1
SD) of the total crustacean zooplankton biomass in
the hypolimnion (Figs. 2A, 3A; Appendix S1:
Fig. S1). At dusk, crustacean zooplankton biomass
increased by up to 409 at 4–7 m depth, in the
lower epilimnion, compared to noon Schindler
samples. At midnight and 02:00 hours, crustacean
zooplankton biomass was up to 1009 greater in
the epilimnion compared to noon, with only
47.3 � 17.1% of the crustacean zooplankton bio-
mass remaining in the hypolimnion (Figs. 2A,
3A). Epilimnetic crustacean zooplankton bio-
mass subsequently decreased again at dawn and
remained low at the second noon sample
(Fig. 2A). Diel vertical migration occurred in CCR
across both May and August diel sampling events
for total crustacean zooplankton (Fig. 3A): Cyclo-
poid copepods composed 78.0 � 9.0% (1 SD) of
the crustacean zooplankton biomass in CCR at
each sampling event (Fig. 2B), and drove most of
the observed crustacean DVM pattern, compared
to cladocerans (Fig. 3C, D).
In contrast to CCR, crustacean zooplankton in

BVR were mostly in the oxic epilimnion during
the night and largely absent from the entire
water column during the daytime (Figs. 2C, 3A;
Appendix S1: Fig. S1). A significantly greater
proportion of crustacean zooplankton, primarily
copepods, remained in the hypolimnion thro-
ughout the diel period in oxic CCR than in the
hypolimnion of anoxic BVR (both total crus-
taceans and copepods: P = 0.005; all ANOVA
statistics in Table 3). The two-way ANOVA
interaction of time of day and hypolimnetic
oxygen condition was marginally significant for
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copepods (P = 0.07) and suggestive but not sta-
tistically significant for total crustacean biomass
(P = 0.11; Table 3), indicating that DVM behav-
ior of copepods was much more pronounced in
oxic CCR than anoxic BVR. Crustacean zoo-
plankton biomass at noon was generally
<20 lg DW/L at all depths in BVR, with only
14.8 � 20.9% (1 SD) of the crustacean zooplank-
ton biomass in the anoxic hypolimnion. How-
ever, biomass increased substantially at dusk,
midnight, and 02:00 hours, with crustacean zoo-
plankton biomass up to 309 greater in the epil-
imnion during these night times compared to the
noon samples. As in CCR, cyclopoid copepods
composed most of the total crustacean zooplank-
ton biomass in BVR on both diel sampling events

(80.8 � 15.1%; Fig. 2D; Appendix S1: Fig. S1),
and thus, much of the pattern in crustacean zoo-
plankton DVM was a result of the cyclopoid
copepods, not cladocerans (two-way ANOVA
interaction: P = 0.67; Table 3, Fig. 3C, D).
Following the results for CCR and BVR, zoo-

plankton displayed DVM in GWR when the
hypolimnion was oxic during the spring, but
largely ceased DVM after hypolimnetic hypoxia
and anoxia developed in the summer (Fig. 3B;
Appendix S1: Fig. S2). During the first diel sam-
pling event when GWR was fully oxic, most of
the crustacean zooplankton biomass was in the
hypolimnion during the daytime (64%) com-
pared to nighttime (36%; Fig. 3B). Crustacean
zooplankton migrated upward at nighttime and

Fig. 2. Profiles of total crustacean (copepods + cladocerans) zooplankton biomass and cyclopoid biomass from
oxic Carvins Cove (A and B, respectively) and anoxic Beaverdam (C and D, respectively) reservoirs during the
August diel sampling event. Zooplankton were sampled every meter with a Schindler trap. The solid horizontal
line represents the thermocline depth rounded to the closest whole meter in Carvins Cove, and the oxycline
depth rounded to the closest whole meter for Beaverdam. Note the difference in x-axis scales between reservoirs.
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epilimnetic crustacean zooplankton biomass was
on average ~29, and up to 59, greater at night-
time (mean epilimnetic biomass at nighttime:
37.8 � 40.1 lg DW/L) compared to noon sam-
ples (17.9 � 8.4 lg DW/L; Appendix S1: Fig. S2).

After the hypolimnion of GWR became hypoxic
in late June, the proportion of the crustacean zoo-
plankton biomass in the hypolimnion at noon was
much lower (13%) than when it was oxic in April.
Crustacean zooplankton biomass was on average
~59, and up to 209, greater in the oxic epilimnion
at nighttime (62.6 � 44.6 lg DW/L) vs. daytime

(12.5 � 8.0 lg DW/L) when the hypolimnion was
hypoxic in June (Appendix S1: Fig. S2). In compar-
ison, there were no (0%) crustacean zooplankton
in the hypolimnion at noon in September when
the hypolimnionwas anoxic (Fig. 3B; Appendix S1:
Fig. S2), indicated by the vertical net tow samples.
The Schindler trap data largely mirrored the tow
data, except that the Schindler trap sample from
the meter just below the oxic–anoxic boundary
layer in GWR indicated that some zooplankton
were present in the anoxic hypolimnion, but this
population only represented <10% of the total

Fig. 3. Mean proportion (in percent) �1 standard deviation of crustacean zooplankton, copepod, and
cladoceran biomass in the hypolimnion during the diel sampling events, as measured by vertical plankton tows.
(A) Crustacean zooplankton exhibited much greater diel vertical migration (DVM) in oxic Carvins Cove than
anoxic Beaverdam Reservoir, as determined by the comparison of the first noon sample (white bar) vs. the first
night sample (black bar) of each diel sampling event (n = 2 diel sampling events each for the two reservoirs). (B)
Crustacean zooplankton exhibited much greater DVM in Gatewood when the hypolimnion was oxic in April vs.
hypoxic in June or anoxic in September; each bar is the first noon or first midnight of each MSN sample.
Copepods (C) primarily drove DVM patterns compared to cladocerans (D) in oxic Carvins Cove and anoxic
Beaverdam reservoirs.
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biomass (Fig. 4G, H). Crustacean zooplankton bio-
mass was on average ~29, and up to 129, greater
in the oxic epilimnion at nighttime (mean biomass:
83.1 � 54.4 lg DW/L) compared to daytime
(45.1 � 39.5 lg DW/L) under anoxic conditions in
September (Appendix S1: Fig. S2). The migration
patterns of crustacean zooplankton in GWR were
also driven by copepods, which composed
92.3 � 7.5% of the total crustacean zooplankton
biomass across the three 24-h sampling events.

Taxon-specific responses to anoxia
Although copepods generally displayed greater

DVM than cladocerans under oxic conditions in
CCR and springtime in GWR, there was no differ-
ence in the DVM pattern of copepods vs. clado-
cerans under anoxic conditions in BVR and GWR.
The three reservoirs shared the same species of
zooplankton, which included the following:
(cladocerans) Bosmina longirostris, Ceriodaphnia
dubia, Chydorus sphaericus, Daphnia ambigua, Daph-
nia catawba, and Diaphanosoma birgei, and (cope-
pods) Diacyclops thomasi, Diaptomus sicilis, and
Mesocyclops edax. The phantom midge Chaoborus
punctipennis was also in all three reservoirs. Most
individual zooplankton genera avoided anoxic
hypolimnia during the day and night, except for
C. punctipennis, which had higher biomass in the
anoxic hypolimnion of GWR and BVR during the
daytime (Fig. 4). The three most abundant taxa
from the diel sampling events, cyclopoids

(dominated by Mesocyclops; Fig. 2; Appendix S1:
Fig. S1; Appendix S1: Fig. S2), the calanoidDiapto-
mus (Fig. 4A), and Daphnia (Fig. 4B), exhibited
DVM in oxic CCR but did not exhibit DVM in
anoxic BVR or GWR. When the hypolimnion was
anoxic, these three taxa primarily remained in the
oxic epilimnion during both the daytime and
nighttime, or right at the oxic–anoxic boundary
(Fig. 4D, E, G, H; Appendix S1: Table S1). In con-
trast, Chaoborus displayed DVM regardless of oxy-
gen conditions in the hypolimnion and was
consistently absent from the epilimnion in BVR,
CCR, and GWR in the daytime. Chaoborus consis-
tently migrated to the epilimnion and metal-
imnion in the nighttime (Fig. 4C, F, I).
All other crustacean zooplankton taxa present

during the diel sampling events or seasonally
during the daytime displayed very little DVM
behavior in hypolimnetic anoxic conditions or
were too rare to assess patterns (Appendix S1:
Table S1). Typically, both the vertical tows and
Schindler traps indicated that <10% of the
biomass of each crustacean zooplankton taxon
in the water column was present in the hypo-
limnion when it was anoxic (Appendix S1:
Table S1).

Seasonal zooplankton samples
Seasonal daytime crustacean zooplankton data

supported the 24-h sampling data; most of the
crustacean zooplankton biomass was in the

Table 3. Two-way analysis of variance (ANOVA) results examining the effects of time of day (day vs. night),
hypolimnetic oxygen conditions (oxic vs. anoxic), and their interaction on the proportion of crustacean
(summed copepod + cladoceran) zooplankton, copepod, and cladoceran biomass in the hypolimnion during
the 24-h diel sampling events.

Response variable (proportion biomass in hypolimnion) Model effect F-statistic P-value df

Crustacean zooplankton Overall model 13.28 0.02 3, 7
Day vs. night 5.20 0.08 1, 7
Oxic vs. anoxic 30.51 0.005 1, 7
Interaction 4.11 0.11 1, 7

Copepods Overall model 14.23 0.01 3, 7
Day vs. night 3.41 0.14 1, 7
Oxic vs. anoxic 32.94 0.005 1, 7
Interaction 6.35 0.07 1, 7

Cladocerans Overall model 1.50 0.34 3, 7
Day vs. night 1.51 0.29 1, 7
Oxic vs. anoxic 2.77 0.17 1, 7
Interaction 0.22 0.67 1, 7

Notes: df refers to the degrees of freedom for each model component. Bold P-values highlight statistically significant
(P < 0.05) and marginally significant (P < 0.10) values.
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hypolimnion during the daytime under oxic con-
ditions, but most of the biomass was in the epil-
imnion during the daytime under anoxic
conditions. Crustacean zooplankton were pre-
dominantly in the hypolimnion in CCR during
the daytime throughout the seasonal sampling

period from May through September (Fig. 5A),
indicating DVM: Crustacean zooplankton bio-
mass was ~16 times higher in CCR’s hypolimnion
than the epilimnion throughout the season. In
contrast, although crustacean zooplankton were
predominantly in the oxic hypolimnion in BVR

Fig. 4. Diaptomus (A) and Daphnia (B), the two dominant crustacean zooplankton taxa after cyclopoid cope-
pods (shown in Fig. 2), and Chaoborus (C) consistently exhibited diel vertical migration (DVM) in oxic Carvins
Cove Reservoir, as measured every 1 m by a Schindler trap. Conversely, while Diaptomus and Daphnia were
predominantly in the oxic epilimnion during both day and night in anoxic Beaverdam and Gatewood reservoirs
(D, E, G, H), Chaoborus exhibited DVM in all three reservoirs, regardless of the oxygen concentration in the hypo-
limnion (C, F, I). The solid horizontal line represents the thermocline depth rounded to the closest whole meter in
Carvins Cove, and the oxycline depth rounded to the closest whole meter for Beaverdam and Gatewood.
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(Fig. 5B) and GWR (Fig. 5C) during the daytime
at the onset of thermal stratification, once the
hypolimnia of the reservoirs became anoxic,
crustacean zooplankton were largely only pre-
sent in the oxic epilimnion during the daytime.
When the hypolimnion exhibited hypoxia in
GWR (25 May–25 June), some crustacean zoo-
plankton biomass was still present in this layer
(~10–50%) during the day (Fig. 5C). However,
after this layer became anoxic, crustacean zoo-
plankton were nearly entirely absent (generally

<10%) from the hypolimnion of GWR, as well as
BVR, during the daytime.

DISCUSSION

Global change is causing terrestrial and marine
organisms to alter their migration and population
distributions globally (Parmesan and Yohe 2003,
Perry et al. 2005, Hijmans and Graham 2006,
Deutsch et al. 2008, Beever et al. 2017). Our
results suggest that changing hypolimnetic

Fig. 5. Biweekly daytime crustacean zooplankton tows of biomass for (A) Carvins Cove (epilimnion + hy-
polimnion), (B) Beaverdam (oxic and anoxic layers), and (C) Gatewood (oxic, hypoxic, and anoxic layers) reser-
voirs. The full water column in Carvins Cove remained oxic throughout the monitoring period, and thus, the
epilimnion + hypolimnion colors are represented by different shades of blue. In contrast, the hypolimnion
exhibited anoxia in both Beaverdam and Gatewood reservoirs by the end of the stratified period and is repre-
sented by a red line. Vertical black lines designate sampling days where the hypolimnion either became hypoxic
(dissolved oxygen [DO] <2 mg/L) or anoxic (DO <0.5 mg/L). The onset of hypoxia occurred simultaneously
with anoxia in Beaverdam with our sampling dates, and so hypoxia and anoxia are not differentiated in the
Beaverdam panel.
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oxygen conditions due to climate and land use
change may also alter the migration of freshwater
organisms within lakes and reservoirs. We found
that crustacean zooplankton predominantly avoid
hypoxic and anoxic hypolimnia and remain in the

epilimnion during the daytime in reservoirs with
planktivore communities (Fig. 6; Virginia Depart-
ment of Game and Inland Fisheries, unpublished
data; Western Virginia Water Authority, unpub-
lished data). Although a small portion of the

Fig. 6. Illustration of daily migration patterns of crustacean zooplankton (copepods and cladocerans) and
Chaoborus in (A) oxic vs. (B) anoxic hypolimnetic conditions during day (left) and night (right), as denoted by the
sun and moon. The blue color refers to oxic conditions in the water column, and red refers to anoxic conditions.
Note that the animals are not drawn to scale.
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zooplankton population may remain in the hypo-
limnion under hypoxic conditions, our data indi-
cate that crustacean zooplankton largely avoid
anoxic conditions (Figs. 3, 5). Because both natu-
ral lakes and human-made reservoirs are increas-
ingly experiencing hypolimnetic anoxia (e.g.,
Posch et al. 2012, Jenny et al. 2014, 2016), our data
suggest that it is possible that zooplankton DVM
behavior may change in response to lower DO
conditions in inland waterbodies.

The disruption of crustacean zooplankton
DVM in response to hypolimnetic anoxia is likely
because these organisms require oxygen for
metabolism and respiration (Devol 1981, Stalder
and Marcus 1997). Laboratory experiments have
shown that crustacean zooplankton exhibit
reduced survival in anoxic conditions, and mor-
tality can occur within a few hours (Tinson and
Laybourn-Parry 1985, Roman et al. 1993, Stalder
and Marcus 1997). Therefore, the detection of no
oxygen in the hypolimnion of a waterbody could
trigger crustacean zooplankton to stop DVM
before severe metabolic stress occurs, forcing the
zooplankton to remain at the oxic–anoxic bound-
ary, as observed in BVR and GWR (Figs. 2, 4).

Some zooplankton taxa, such as Diaptomus
and Daphnia (Fig. 4D, E, H), were occasionally
located at the oxic–anoxic boundary. The Schind-
ler trap data were collected at each whole meter
in the water column, but because of the vertical
size of the 30-L trap, each Schindler trap sample
encompassed 0.2 m above and below the meter
of interest. Therefore, it is likely that most of the
crustacean zooplankton at the oxic–anoxic
boundary were just above the oxic–anoxic
boundary layer. The vertical tows, which were
able to better capture distinct oxic and anoxic
layers, showed that crustacean zooplankton were
primarily in oxic layers when the hypolimnion
was hypoxic or anoxic (Fig. 3).

There was mixed evidence as to whether there
was a gradient in the stress response of crus-
tacean zooplankton to hypoxic vs. anoxic condi-
tions. A larger proportion of the crustacean
zooplankton population was in the hypolimnion
during the daytime in GWR under hypoxic con-
ditions vs. anoxic conditions during the 24-h
sampling events (Fig. 3B). Additionally, there
were still crustacean zooplankton present in the
hypoxic layer (~4–6 m) during the August sam-
pling event in BVR, but very few in the anoxic

hypolimnion. However, there did not appear to
be much difference in crustacean zooplankton
biomass in the hypolimnion during hypoxic vs.
anoxic conditions seasonally in GWR (Fig. 5C).
Future studies are needed to more finely assess
the vertical position of different zooplankton
taxa across a range of low DO conditions, espe-
cially at DO concentrations between 0.5 and
2 mg/L, to determine zooplankton responses to a
gradient of hypolimnetic hypoxia and anoxia.
Although anoxia largely prevented crustacean

zooplankton from inhabiting the reservoirs’
hypolimnia, the phantom midge larvae Chao-
borus thrived in anoxic hypolimnia during the
daytime (Figs. 4, 6). Chaoborus was only present
in the epilimnion during the nighttime to possi-
bly feed on crustacean zooplankton and rotifer
prey or to repay an oxygen debt from remaining
in anoxic conditions during the daytime (La Row
and Marzolf 1970). Chaoborus is known to use the
malate cycle for metabolism (Maddrell 1998,
Gosselin and Hare 2003), an alternative pathway
that does not require oxygen. This unique adap-
tation allows Chaoborus to inhibit anoxic waters
for long periods of time, unlike other crustacean
zooplankton. Consequently, Chaoborus may be
expected to increase in waterbodies experiencing
increasing durations of anoxia (as suggested by
McGinnis et al. 2017).
In anoxic BVR and GWR, there was up to 309

greater total crustacean zooplankton biomass in
the epilimnion at nighttime than during the day-
time. The nighttime increases in epilimnetic bio-
mass were likely not subsidized by zooplankton
leaving the hypolimnion since there was only a
small fraction of total biomass in the hypolim-
nion during the daytime (Fig. 3). Thus, the sub-
sidy of the zooplankton to the epilimnion during
the nighttime may have largely come to the pela-
gic epilimnion via alternative mechanisms such
as diel horizontal migration (DHM) from littoral
refugia of macrophytes, rocks, woody debris,
and other nearshore shady areas (Lauridsen and
Buenk 1996, Burks et al. 2002), sediment burrow-
ing during the daytime (Gosselin and Hare
2003), or net/trap avoidance (Schindler 1969,
DeVries and Stein 1991). However, it is unlikely
that sampling bias was the driver of the biomass
differences between daytime and nighttime sam-
ples in the two reservoirs with anoxic hypolim-
nia because the biomass increases at nighttime
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(up to 309 greater) were much higher than the
daytime vs. nighttime differences from previous
studies (DeVries and Stein 1991, Lauridsen et al.
1996, Nurminen and Horppila 2002). Additional
studies from a range of lakes and reservoirs with
oxic, hypoxic, and anoxic hypolimnetic DO con-
centrations are needed to directly assess the
mechanisms of oxygen concentrations vs. other
environmental factors on the strength of zoo-
plankton DVM.

The crustacean zooplankton biomass data
from the Schindler trap and vertical net tow sam-
ples exhibited overall the same patterns, with
some slight differences. These differences are to
be expected, because tows collect an integrated
sample, whereas the Schindler trap data repre-
sent discrete measurements at a single location in
the water column. Comparisons of zooplankton
density between Schindler traps and vertical net
tows (with a smaller mesh size) are generally
comparable for many crustacean zooplankton
taxa (Downing and Rigler 1984, DeVries and
Stein 1991, Levine et al. 2013). The crustacean
zooplankton taxa that would be most likely to
have a sampling bias between the Schindler trap
and vertical net tows (e.g., smaller taxa such as
Diaphanosoma and Bosmina because of water loss
from the Schindler trap) generally represented
<10% of the total crustacean zooplankton density
and biomass in our focal reservoirs (Figs. 2, 4).

The intensive nature of diel sampling limited
both our ability to sample the entire water
column at every meter for zooplankton in the
deeper reservoirs and our overall number of
sampling events. However, despite that we were
unable to collect Schindler traps from the bottom
12 meters in CCR due to sampling constraints,
the vertical tow data indicate that most of the
crustacean zooplankton population increase in
CCR’s epilimnion at nighttime is a result of the
zooplankton migration from the hypolimnion.
Sampling at every meter in the water column at
CCR and GWR would have also allowed us to
more fully resolve hypolimnetic vs. littoral subsi-
dies into the epilimnion at CCR and GWR at
nighttime. In addition, not measuring UV radia-
tion prevented us from examining the relative
contribution of hypolimnetic oxygen conditions
vs. UV radiation in driving DVM patterns in the
three waterbodies. Secchi disk depth was slightly
deeper seasonally in CCR vs. BVR and GWR,

and therefore, UV radiation may have played a
stronger role for overall DVM in CCR (Table 1;
Leech and Williamson 2001, Rhode et al. 2001,
Williamson et al. 2011). Finally, other factors
may have contributed to zooplankton vertical
migration and seasonal biomass differences such
as baseline fish grazing rates between the reser-
voirs (Deneke and Nixdorf 1999, Jeppesen et al.
2004), or disease pressure differences (Johnson
et al. 2018), which we cannot rule out. Looking
ahead, conducting more 24-h sampling events
would help quantify the full seasonal range of
zooplankton DVM, spatial heterogeneity of
DVM in the pelagic zone, day-to-day variability
in DVM in anoxic waterbodies, and zooplankton
seasonal succession (Lampert et al. 1986, Som-
mer et al. 1986, Straile 2015).
Global increases in waterbody hypolimnetic

anoxia intensity and duration may fundamen-
tally alter crustacean zooplankton migration pat-
terns (Fig. 6) and thereby alter whole-ecosystem
processes and function (Tessier and Welser 1991,
Ekau et al. 2010). Oxic CCR exhibited ~39 higher
crustacean zooplankton biomass (19.6 � 10.7 [1
SD] lg DW/L) than BVR (6.7 � 4.5 lg DW/L)
and ~29 higher biomass than GWR (10.7 �
7.8 lg DW/L) through the total water column
during the daytime during the monitoring
period. While it is likely that many other factors
contributed to this difference in biomass, hypo-
limnetic anoxia may result in lower zooplankton
biomass in BVR and GWR because these zoo-
plankton were forced to remain in the epilimnion
during the daytime, where they may have expe-
rienced increased predation from fish and dam-
aging UV radiation (Vanderploeg et al. 2009b,
Lyu et al. 2013). We also observed slightly higher
nutrient and chlorophyll a concentrations and
shallower Secchi depths in BVR and GWR vs.
CCR. An interesting question is whether water-
bodies with hypolimnetic anoxia have higher
phytoplankton biomass because of greater nutri-
ent concentrations (Conley et al. 2009, Beaulieu
et al. 2013, Doubek et al. 2015), decreased phyto-
plankton food quality for zooplankton (Gulati
and Demott 1997, Brett et al. 2000), or decreased
grazing pressure due to the detrimental effects of
anoxia on zooplankton. As waterbodies increas-
ingly exhibit hypolimnetic anoxia in many
regions of the world (Posch et al. 2012, Jenny
et al. 2014, 2016), it is critical to quantify the
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direct and indirect effects of anoxia on altered
zooplankton food webs and behavior and result-
ing consequences for ecosystem function and
water quality.
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