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Abstract

Community assembly following disturbance is a key process in determining

the composition and function of the future community. However, replicated

studies of community assembly at whole-ecosystem scales are rare. Here, we

describe a series of whole-lake experiments, in which the recovery of zoo-

plankton communities was tracked following an ecosystem-scale disturbance,

that is, application of the piscicide, rotenone. Using a before-after-control-

impact design, 14 lakes in eastern Washington were studied: Seven lakes were

treated with rotenone, while seven lakes acted as reference systems. Each lake

was monitored up to 6 months before and 1–2 years after the rotenone treat-

ments. Zooplankton samples and environmental measurements were collected

approximately monthly from each lake. Community responses following distur-

bance were assessed using metrics of abundance, diversity, and community

composition, as well as taxonomic group abundance. Zooplankton recovery was

also assessed using species traits related to habitat, feeding mode, trophic level,

body size, and life history. In addition to patterns of recovery, potential mecha-

nisms were explored relating to abiotic conditions, biotic interactions, and traits.

There were steep declines in the abundance (average across years: 99%) and

diversity (average across years: 75%) of the zooplankton community following

rotenone treatment. Although abundance had recovered by the second year of

the study, community diversity had not fully recovered after 2 years. Communi-

ties from rotenone lakes appeared to be compositionally recovered within about

8 months following disturbance. Cyclopoid copepods were typically the first

group to recover and remained dominant for a few months, whereas cladoc-

erans recovered more slowly, typically within �6–7 months following rotenone.

Calanoid copepods were not fully recovered 2 years after rotenone treatment.

Traits related to body size and feeding mode were associated with the zooplank-

ton communities following rotenone treatment. We failed to observe significant

spatial synchrony in recovery patterns of zooplankton across lakes, though we

did observe significant synchrony of zooplankton taxonomic groups within
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lakes. These findings suggest that traits related to ecological function, and to a

lesser extent, biotic, and abiotic factors, as well as characteristics of the distur-

bance itself, may be important in helping to understand recovery processes.

KEYWORD S
crustacean zooplankton, priority effects, rotenone, synchrony, traits

INTRODUCTION

Disturbances are a key factor in shaping communities
and ecosystems. The intensity, frequency, size, and return
interval of disturbance regimes impact community and
ecosystem structure and function (Turner, 2010; White &
Pickett, 1985). Species may become adapted to these
events (Dayton, 1971; Gunderson, 2000); however,
anthropogenic disturbances may pose novel threats that
species are not adapted to. For instance, anthropogenic
disturbances can shift communities to new equilibria
(Brasher, 2003; Folke et al., 2004). The factors that influ-
ence community responses to disturbance are still uncer-
tain, but remain a vital concern for resource managers
whose understanding of recovery processes helps to
dictate their management strategies (Fraterrigo & Rusak,
2008; Holling & Meffe, 1996).

Recovery to disturbance evolves over time. Immediately
following severe disturbances, community assembly occurs,
which is dependent on immigration and emergence from
dormancy, and can be affected by the severity of the distur-
bance and system characteristics (Brock et al., 2003;
Chase, 2003; Myers et al., 2015). The first species that appear
following disturbance tend to be those that are resistant to
the disturbance, as well as species that develop quickly, rep-
resenting high relative fitness (HilleRisLambers et al., 2012;
Jentsch & White, 2019). Early colonists may show priority
effects, where their early colonization leads to short-term
dominance of the community (Frost et al., 2006; Jenkins &
Buikema Jr., 1998; Urban & De Meester, 2009). Additional
stressors on the community, such as predator introductions,
may reduce the importance of priority effects and lead to sec-
ondary succession, where the community evolves to consist
of slower developing species (DeMott, 1989; Koch, 1974).
Secondary succession is dependent upon species interactions,
which are affected by food availability, abiotic conditions,
and species traits (Frost et al., 2006; Lepori & Hjerdt, 2006).
Additionally, legacy effects resulting from historical distur-
bances can have a lasting influence on community recovery
to future disturbances (Johnstone et al., 2016). However, the
relative importance of the factors that drive recovery in com-
munities following disturbance is still unclear.

Studies on community recovery from disturbance
have limitations. Disturbances are frequently unplanned,

and thus, there are rarely data to determine baseline
conditions prior to impact. Long-term study sites have
demonstrated slow-developing successional processes
from unplanned disturbances, but these studies often
lack replication and appropriate reference systems
(Peterson et al., 2003; Turner et al., 2003), making it diffi-
cult to ascertain whether recovery trends are synchro-
nous across space. Scale is also a factor, as small-scale
experiments may not accurately capture larger scale
processes, upon which management decisions depend
(Schindler, 1998). Additionally, many studies rely on
coarse structural attributes, such as abundance, richness,
or diversity, which may miss certain recovery patterns.

Lakes are a model system for studying recovery from
disturbance because of their defined boundaries (Post
et al., 2007). Whole-lake manipulations have often, though
not always, resulted in clear ecological responses, such as
eutrophication following the addition of phosphorous
(Schindler, 1974). Zooplankton occupy a central role in
lake food webs (Walsh et al., 2016) and are especially use-
ful subjects due to their small size, short life span, fast gen-
eration times (<10 days; Gillooly, 2000), ease of collection,
and sensitivity to environmental perturbations. Zooplank-
ton can experience both top-down (i.e., predation) and
bottom-up (i.e., resource availability) pressures given their
position in the middle of lake food webs. Additionally,
zooplankton can exhibit synchronous dynamics at a vari-
ety of timescales (Vasseur et al., 2014), making them an
ideal system to study recovery from disturbance.

Zooplankton functional traits have been described in
the literature (Barnett et al., 2007; Hébert et al., 2016),
which may provide key insights into how communities
recover from perturbations. In particular, Litchman
et al. (2013) developed a framework for trait-based
approaches to better represent zooplankton functions in
communities and ecosystems. Zooplankton body size and
motility were identified as key ecological traits that
transcend multiple functions and represent important
biological trade-offs, and are therefore representative of
ecological strategies (Litchman et al., 2013). The applica-
tion of this framework may help advance the study of
community recovery from disturbance by disentangling
individual species responses from a more generalizable
functional trait response.

2 of 26 MCGANN AND STRECKER
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Rotenone, a pesticide used to manage nuisance fish
populations, is an example of a severe, short-lived distur-
bance, due to its high toxicity to obligate gill-breathing
organisms, as well as crustacean zooplankton (Melaas
et al., 2001), and its ability to rapidly breakdown to non-
toxic forms (Dalu et al., 2015; Finlayson et al., 2014). Pre-
vious studies reviewed by Vinson et al. (2010) on the
recovery of zooplankton communities from rotenone
treatments have been equivocal, varying in the time to
recovery and taxon-specific sensitivity. However, these
results were largely based upon short-term, unreplicated
studies with no standard definition of recovery. Though
previous studies have yielded important insights (Duggan
et al., 2015; Melaas et al., 2001), there has been a lack of
generalizable trends resulting from the application of this
powerful pesticide. Further, there is a clear management
need to understand both short- and long-term effects of
rotenone on nontarget organisms using well-designed
studies (Vinson et al., 2010).

Here, we describe patterns and mechanisms of crusta-
cean zooplankton recovery in replicated whole-lake exper-
iments. Our objectives were to examine overall patterns of
zooplankton community structure following rotenone, and
examine the factors that influence recovery. We assessed the
recovery of rotenone-treated lakes to nontreated lakes by
sampling before and after impact, using a before-after-con-
trol-impact (BACI) design (Underwood, 1991). BACI studies
are well suited to assess community responses to distur-
bance, as the effect of treatment on the impacted sites is
compared to baseline changes in the reference sites during
the same time period (Christie et al., 2019). Here, we define
recovery as no significant differences in zooplankton com-
munity structure, taxonomic groups, and community compo-
sition in treatment lakes compared to reference lakes (Xiang
et al., 2014). Lastly, we use spatial synchrony, defined as syn-
chronous changes among lakes within a region (Vasseur
et al., 2014), as well as within-lake synchrony of zooplank-
ton, to examine the consistency of zooplankton recovery
over time.

We hypothesize that there will be three major drivers
structuring recovery: functional traits (e.g., life history,
morphology, and physiology), abiotic conditions, and
biotic interactions. We present four testable predictions
that stem from these drivers, either acting alone or poten-
tially interacting (Table 1, references therein), summarized
briefly here. (1) We predict that cyclopoid copepods will
be the first taxonomic group to recover, as they can
undergo dormancy in an advanced stage, may have prior-
ity effects advantages, and, due to their mobility, may
experience a greater benefit from the loss of planktivorous
fishes compared to other taxonomic groups. Although we
did not quantify dormancy, crustacean zooplankton
exhibit fairly consistent diapausing strategies within

taxonomic groups (reviewed in Gyllström &
Hansson, 2004). (2) We predict that zooplankton in
warmer, more productive lakes will recover the fastest.
Some possible mechanisms include greater emergence
from diapaused eggs, faster swim speeds (and therefore
higher encounter rates, reducing Allee effects), faster
developmental rates, and greater food resources. (3) We
predict that fish stocking following rotenone treatment
will promote species coexistence via predation on the most
abundant taxa (i.e., early colonists), and thus, we will
observe increased zooplankton diversity following fish
stocking. (4) We predict that there will be asynchrony
between taxonomic groups within lakes, inferring that
competition between groups will affect recovery patterns.
Ultimately, our research may inform fish management in
lakes and, more broadly, the interplay of disturbance fac-
tors, traits, abiotic conditions, and biotic interactions in
structuring community recovery from disturbance.

METHODS

Study sites and design

In our study, the impacts on seven rotenone lakes were
compared to seven reference lakes, with sampling occur-
ring both before and after treatments occurred in both
sets of lakes. Rotenone was applied to lakes in the fall of
either 2014 (n = 4) or 2015 (n = 3). All of the lakes in our
study are located in eastern Washington in three
ecoregions: (1) Columbia Plateau (Amber, Badger, Dry
Falls, Lower Hampton, Rat, Upper Hampton, and Wid-
geon); (2) Okanogan (Big Twin and Lost); and (3) Cana-
dian Rocky Mountains (Bayley, Browns, Cedar,
McDowell, and No Name) (Figure 1). The Columbia Pla-
teau ecoregion is a semiarid landscape with a mix of
channeled scabland and coulee areas, sagebrush vegeta-
tion, and is highly impacted by large irrigation agricul-
ture, including the vast Columbia Basin Project. The
Okanogan and Canadian Rocky Mountain regions are
mountainous landscapes of coniferous forests. The cli-
mate of these regions consists of hot, dry summers and
cold, snowy winters with increasing precipitation at
higher elevations.

Lakes were chosen to be as similar as possible across
categories (i.e., reference vs. rotenone). The study lakes are
relatively small (4.5–100 ha), low elevation (305–1300 m),
shallow to moderate depth (6–30 m), and mostly mesotro-
phic (total phosphorus [TP] from 8–33 μg/L) (Table 2). All
of our treatment lakes, but one, have been previously
treated with rotenone within the previous 13 years. There
were no significant differences between reference and
rotenone lakes for each of these variables prior to
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treatment using a Welch’s t test, which assumes unequal
variances between groups (Table 2). However, both catego-
ries of lakes span relatively large ranges across variables
and include some outliers (e.g., years posttreatment and
TP). We took the additional step of comparing lakes across
multiple response variables using an analysis of similarity,
which analyzes how similar groups of sampling units are.
Using the R library vegan (v. 2.5–7), we first performed a
Z score transformation of the key lake variables (Table 2)
and then analyzed the data using Euclidean distances with
n = 999 permutations. There was no significant difference
between reference and rotenone lakes (R = 0.078,
p = 0.138). Thus, we can cautiously conclude that lake cat-
egories are relatively similar and will indicate instances
where outliers may be influential.

These lakes are mostly hydrologically disconnected,
except for seasonal connections to small ponds and
wetlands. Both reference and rotenone lakes were typically
stocked annually with fingerlings (5.1–7.6 cm) and/or
catchable-sized (27.9–33.0 cm) fish by Washington Depart-
ment of Fish and Wildlife (WDFW; Appendix S1: Table S1).

Sampling methodology and zooplankton
enumeration

Lakes were sampled monthly when conditions permitted
from June 2014 to September 2016 (n = 230 total sam-
ples; Appendix S1: Table S2). Our sampling partially
coincided with required sampling as a part of WDFW’s
National Pollutant Discharge Elimination System
(NPDES) permits conditions for applying rotenone
(permit number WA0041009). Winter sampling was
inconsistent due to ice conditions and accessibility, which
created safety concerns. Forest fires also limited access to
two of our lakes (Lost and Rat). Rotenone-treated lakes
were sampled more intensively in the weeks before and
after rotenone exposure. Rotenone treatments were
applied in October 2014 and 2015 using powder and/or
liquid forms, at a final concentration that ranged from
2.0 to 4.0 ppm (median = 3.7; Appendix S1: Table S3).
We are aware that some lakes have been rotenoned mul-
tiple times in the past (WDFW, unpublished), but do not
have comprehensive data on prior treatments.

TAB L E 1 Summary of predictions, types of drivers, hypothesized mechanisms, and supporting literature

Prediction Category of driver Hypothesized mechanisms Supporting literature

1. Cyclopoids will be
first to recover

Traits (life history) Dormancy at advanced life stages; critical
densities required for sexual
reproduction (i.e., Allee effects)

Elgmork (1980),
Gerritsen (1980), Næss
and Nilssen (1991)

Traits (physiology) Motile, raptorial feeders will experience
weakened predation risk, increasing
feeding efficiency

Barnett et al. (2007),
Litchman et al. (2013)

Biotic Priority effects, where early colonists
monopolize resources and exclude later
colonizing species

Jenkins and Buikema
Jr. (1998), Urban and De
Meester (2009)

2. Recovery will be
fastest in warmer,
more productive
lakes

Abiotic + traits (life
history)

Greater emergence from diapause at higher
temperatures

Arnott and Yan (2002)

Abiotic + traits
(physiology)

Temperature increases swim speeds,
increasing encounter rates with
potential mates; temperature increases
development rates

Gillooly et al. (2002),
Kramer et al. (2011)

Abiotic + biotic More food resources available in
productive lakes will hasten recovery

Lepori and Hjerdt (2006)

3. Fish stocking after
rotenone will
increase species
diversity

Biotic Most abundant taxa (early colonists) will
be preyed on by fish, allowing other
species to establish

Tucker and Fukami (2014)

4. Asynchrony between
taxonomic groups
within lakes

Biotic Competition for resources Vasseur et al. (2005)

Traits (life history) Faster developing species will appear early
in succession, especially spring/early
summer, as there will be more food
available; slower growing species will
outcompete early successional species
later in the summer

Koch (1974), Sommer
et al. (1986),
DeMott (1989)
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Physical and chemical characteristics of lakes were mea-
sured on each sampling visit at the site of maximum depth.
Different multiparameter meters were used to measure
physical and chemical variables throughout the study; how-
ever, the same meter was consistently used on each lake,
with a few exceptions (Appendix S1: Table S4). Meters were
calibrated prior to each monthly sampling event. Data points
were removed when anomalous values were detected that
were thought to be errors. Temperature, pH, conductivity,
and dissolved oxygen were recorded at 1-m intervals. Water

clarity was measured at the deep site using a Secchi disk. In
July of each sampling year, an integrated water sample of
the epilimnion was collected using a 2.5-cm-diameter tube
sampler for nutrient analysis. These unfiltered water sam-
ples were stored on ice in the field and frozen upon return
to the laboratory at the end of the day until later analysis.
Samples were analyzed with a Shimadzu UV-1800 Spectro-
photometer (Shimadzu, Kyoto, Japan) at the Cooperative
Chemical Analytical Laboratory for total nitrogen (TN;
APHA, 2005a) and TP (APHA, 2005b) using colorimetric

RatRat

LostLost

AmberAmber

CedarCedar

BadgerBadger

BayleyBayley BrownsBrowns

No NameNo Name

WidgeonWidgeon

McDowellMcDowell
Big TwinBig Twin

Dry FallsDry Falls

Lower HamptonLower Hampton
Upper HamptonUpper Hampton

0 30 60 90 12015
km

Reference

Rotenone (2014)

Rotenone (2015)

Elevation (m)
2834

36

CanadaCanada

USAUSA

F I GURE 1 Map of study lakes in eastern Washington based on elevation gradient. Inset shows relative position in the state of

Washington
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methods with a persulfate digestion. Method detection limits
for TN and TP were 10 and 2 μg/L, respectively.

Vertical plankton samples were taken using an 80-μm
mesh, 1.2-m-length net with a 30 cm diameter. An 80-μm
mesh net is routinely used in lake monitoring (Yan
et al., 1996) and is able to capture even very small crusta-
ceans and nauplii (A. Strecker, unpublished). Each lake
was sampled at three sites: shallow, middle (intermediate
between the deep and shallow sites), and the deepest spot
in the lake, determined by a bathymetric map. This sam-
pling methodology allowed assessment of the full diver-
sity of crustacean zooplankton in the lake, including
littoral taxa (Walseng et al., 2006). We chose to focus on
crustacean zooplankton (excluding rotifers) for several
reasons: (1) to be consistent with the sampling required
by the NPDES permit and (2) limitations on gear avail-
ability across four WDFW districts (80-μm mesh nets).
The shallow site was ≥4 m deep to account for the length
of the net. The same locations were sampled at each visit,
confirmed with Global Positioning System (Appendix S1:

Table S5). Zooplankton were preserved at a final concen-
tration of 70% ethanol.

Identification of zooplankton was conducted with a
Leica M165C microscope (Leica Microsystems Inc., Buf-
falo Grove, IL). To reduce the high number of samples to
enumerate (230 lake-dates � 3 depths = 690 total sam-
ples), composite samples were made of each lake by vol-
ume weighting the deep, middle, and shallow sites. Here,
volume weighting refers to the volume of the water
filtered by the plankton net during sampling. In brief,
each sample was gently homogenized and poured into a
volumetric cylinder. These samples were then topped off
with deionized water to a volume representing that sam-
ples’ contribution to the overall volume of all three sam-
ples. For example, if the deep spot = 50 L of water
filtered, middle = 30 L, and shallow = 20 L, the represen-
tative volumes could be 50, 30, and 20 ml. All three volu-
metric flasks were then combined into a single composite
sample. Subsamples from the composite sample for enu-
meration were obtained with a plankton splitter.

TAB L E 2 Summary of lake historical, physical, and chemical metrics, with means and SD for reference and rotenone lakes and results

of Welch’s two-sample t-tests (df = 12 for all categories except year posttreatment, which was df = 11)

Lake
Years
post

Area
(ha)

Zmax

(m)
Elevation
(m)

TP
(μg/L)

TN
(μg/L)

Secchi
(m) pH

Cond
(μS/cm)

Reference

Amber 30 36.8 10 740 12 750 5.0 7.93 293

Bayley Never 6.8 6 800 17 570 2.2 7.67 127

Big Twin 35 26.3 17 615 17 1590 4.3 8.42 286

Browns 59 35.6 7 1165 3 170 4.3 7.07 24

Cedar 21 19.8 7 730 12 760 4.1 7.96 364

Dry Falls 62 35.6 8 415 21 1200 4.4 9.47 975

Lost 43 18.2 10 1300 5 470 4.0 8.81 163

Mean reference (� SD) 39 � 16 25.6 � 10.5 9.3 � 3.7 825 � 310 12 � 6 787 � 473 4.0 � 0.9 8.19 � 0.73 319 � 288

2014 Rotenone

Lower Hampton 10 7.7 12 305 51 640 4.0 8.91 391

McDowell 8 27.9 7 785 6 330 2.5 7.24 74

Upper Hampton 10 20.6 18 310 20 520 2.6 8.83 300

Widgeon 10 4.5 12 320 7 380 3.9 8.52 327

2015 Rotenone

Badger 13 99.6 30 740 7 380 7.8 7.90 175

No Name 66 7.3 7 955 17 370 4.2 7.60 171

Rat 10 28.7 20 570 15 490 4.3 7.86 244

Mean rotenone (� SD) 18 � 21 28.0 � 33.1 15.1 � 8.2 570 � 265 16 � 16 444 � 110 4.2 � 1.7 8.12 � 0.64 240 � 108

t 1.97 �0.07 �1.72 1.65 �0.55 1.87 0.22 0.18 0.63

p 0.074 0.946 0.122 0.124 0.595 0.107 0.828 0.864 0.547

Note: Variables represent averages prior to rotenone treatments. For reference lakes, averages were taken across summer 2014 and 2015.
Abbreviations: cond, specific conductance (water column); pH, surface pH; TN, total nitrogen; TP, total phosphorus; years post, years since last rotenone
treatment; Zmax, maximum depth.
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The enumeration procedure followed Strecker and
Arnott (2005), which included counting at least 50 adult
individuals of each species, 25 juveniles of each order,
until reaching 250 individuals per sample. This protocol
is designed to search more of the sample for rare species.
Adult individuals were identified to species level when
possible, and copepod juveniles (nauplii and copepodids)
were identified to order or subclass using taxonomic keys
(Haney et al., 2013; Thorp & Covich, 2010). Early devel-
opmental stages of cladocerans (e.g., red eye and curled
tail spine) were identified simply as juvenile cladocerans
(Toyota et al., 2016).

Metrics of zooplankton community structure were cal-
culated for each sample, including abundance, Shannon–
Wiener diversity, and abundance of each of the three major
taxonomic groups (calanoids, cyclopoids, and cladocerans).
Categorizing taxa within these groups was necessary
because many species were only found in a few lakes. These
metrics were averaged monthly to compare baseline trends
in reference lakes to trends in rotenone lakes.

Statistical analysis

We first present our methods for describing zooplankton
responses to rotenone and then follow with methods used to
test specific predictions (Table 1). We used linear mixed
effects (LME) models on community metrics (total density,
diversity, and taxonomic group abundance) to test for pat-
terns of recovery from rotenone. LME models are common
to BACI experiments with repeated measures data testing
the effects of disturbance (Underwood, 1991). LME models
are a valid alternative to repeated measures analysis of vari-
ance (ANOVA), because they can account for non-normalcy
and nonindependence (Harrison et al., 2018).

Lakes that were treated with rotenone in 2014 and
2015 were analyzed in separate models (hereafter referred
to as 2014 rotenone and 2015 rotenone), in order to
account for the differences in treatment years. Two LME
models were run for 2014 rotenone lakes: Year 1 and Year
2 following treatment. The 2014 rotenone Year 1 model
contrasted the four rotenone lakes with the seven refer-
ence lakes from June 2014 to September 2015, whereas the
Year 2 model again used pre-impact data from June to
September 2014 contrasted with postimpact data from
October 2015 to September 2016. A single LME model was
used for 2015 rotenone lakes, contrasting reference and
rotenone treatment lakes from May 2015 to September
2016. Additionally, preexisting differences between refer-
ence and rotenone lakes before any treatment was applied
were tested with LME models for both 2014 rotenone and
2015 rotenone lakes, contrasting metrics from June to
September of each respective treatment year.

Fixed effects in LME models included the following:
(1) treatment (reference vs. rotenone); (2) period (before
vs. after, where after is separated into Year 1 and Year
2 postimpact for 2014 rotenone lakes); and (3) the inter-
action of period and treatment. A significant interaction
was taken as evidence that the treatment had a signifi-
cant effect and that recovery had not yet occurred (Bro
et al., 2004). To control for nonindependence in data over
time, month was included as a random effect (Harrison
et al., 2018). Lake was also included as a random effect to
capture site-to-site variation. To identify the optimal ran-
dom effects structure, we compared models with no ran-
dom effects, random slopes, or random slopes and
intercepts, selecting the model with the lowest Akaike
information criterion (AIC) score (Zuur et al., 2009).
Models were fit using restricted maximum likelihood.
Model assumptions were examined by visual inspection
of QQ plots and distribution of residuals (Harrison
et al., 2018). Both total zooplankton and taxonomic group
abundance were log10(x + 1) transformed to meet
assumptions. Given that we were interested in the inter-
action term (period � treatment) because of its relevance
to understanding recovery, we did not perform model
simplification and report on all fixed effects. We also
tested for differences in water quality variables (specific
conductance, pH, Secchi, dissolved oxygen, and nutri-
ents) using LME models with the same approach
described above.

Spatial synchrony of zooplankton abundance was
examined across four categories of lakes and periods:
(1) reference–before; (2) treatment–before; (3) reference–
after; and (4) treatment–after (sample sizes in Appendix
S1: Table S2). Although examinations of spatial synchrony
are more typically performed on long-term datasets, we
focus our question on whether zooplankton recovery was
similar across lakes, with the caveat that small sample
sizes may limit inference. Spatial synchrony was measured
with ri, the intraclass correlation coefficient, as generated
from two-way ANOVAs without replication, following
Rusak et al. (1999). This method is effective at detecting
synchrony over time without the confounding effects of
interlake differences. Zooplankton data were detrended
prior to analysis to remove potentially confounding effects
of linear changes resulting from rotenone treatment. To
test whether ri differed from 0, we used a restricted ran-
domization test (n = 9999 permutations) that shuffled zoo-
plankton abundance across months, but preserved data
within each lake. These procedures were repeated with
each taxonomic group and performed separately for the
2014 and 2015 treatment years. Only the first year follow-
ing treatment was used for 2014 lakes. We used the false
discovery rate test to control for multiple comparisons
(Benjamini & Hochberg, 1995) within each study year
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taxonomic group combination. Given the small number of
lakes, especially for rotenone treatment (n2014 = 4,
n2015 = 3), we did not test for synchronous subsets.

We examined changes in zooplankton community
composition with nonmetric multidimensional scaling
(NMDS) of all 14 lakes. Patterns of dissimilarity between
rotenone-treated and reference lakes before and in the first
year after treatment were compared using NMDS with the
Bray-Curtis distance metric (Faith et al., 1987). Species
abundances were square root transformed to adjust for
potential skewed effects from overly abundant species.
One time point (McDowell Lake, 11 June 2015) was
removed because there were no live zooplankton. We
included only those species present in >1 lake and >5% of
samples in order to reduce the influence of rare taxa (Cao
et al., 2001). Juveniles (nauplii, copepodids, and cladoc-
erans) were excluded from this analysis as they provide lit-
tle insight on compositional changes, as was Leptodora
kindtii, which may not have been accurately sampled with
daytime tows. All time points and lakes were run together
to compare results across the entire study. Increased varia-
tion in community composition of rotenone lakes and ref-
erence lakes before and after treatment was tested using a
beta dispersion test (M. J. Anderson et al., 2006). PER-
MANOVA could not be used because of differences in
group dispersion (M. J. Anderson & Walsh, 2013).

Prediction 1

We sought to understand whether between-lake differ-
ences in recovery patterns were driven by combinations
of functional traits, abiotic, and/or biotic conditions. To
test our prediction that cyclopoids would be the first
group to recover, we took a multipronged approach,
assessing patterns between taxonomic groups with LME
models (above), analyzing functional traits, and compar-
ing observed densities to critical densities needed for
sexual reproduction.

To assess the role of traits in understanding recovery,
we compiled a list of species-level traits from several
sources (Barnett et al., 2007, Hébert et al., 2016; Appendix
S2). As zooplankton species trait information can be sparse
for certain taxa and traits, we were able to find comprehen-
sive data on habitat, feeding mode, trophic level, body size,
body mass, and egg development rate (details in Appendix
S2). From this dataset, we generated a species � trait
matrix, which was populated by 0 or 1 (binary variables),
numerical categories (ordinal variable), or numerical
values (continuous variables). The species � trait matrix
was multiplied by a site � species matrix (with relative
abundances of species from each lake on each sampling
date) to generate a site � trait matrix, representing

abundances of traits, following the approach of Strecker
et al. (2011). Traits were standardized to a Z score. With the
site � trait matrix, we performed a redundancy analysis
(RDA) to relate multivariate trait abundances to three pre-
dictor variables representing recovery: period (0 = before
treatment and 1 = after treatment), months post rotenone
(discrete), and month of the year (discrete, representing
seasonality). Sampling dates prior to rotenone were
included and coded as 0 for the variable months post rote-
none. We restricted our analyses to treatment lakes only.
RDA was appropriate, given the relatively short gradient
observed. Predictor variables were not collinear (variance
inflation factor < 10). Forward selection of predictor vari-
ables was performed following Blanchet et al. (2008).

In order to evaluate the potential importance of Allee
effects in limiting recovery, we compared densities of com-
monly encountered taxa in rotenone lakes to published
values of critical densities required for sexual reproduction
(Gerritsen, 1980; Gray & Arnott, 2011). Critical densities
were compared for Bosmina longirostris, Daphnia
pulicaria, diaptomid copepods (Aglaodiaptomus leptopus,
Leptodiaptomus novamexicanus, or Skistodiaptomus
oregnonensis, depending on which species was present in
each lake), and Mesocyclops edax. Copepods are obligately
sexual, whereas B. longirostris and D. pulicaria are cycli-
cally asexual. Though some D. pulicaria populations are
known to exhibit obligate asexuality, populations in
Washington State are thought to primarily exhibit cyclic
asexuality (Hebert & Finston, 2001). Temperate bosminids
are thought to be cyclically asexual (De Melo &
Hebert, 1994). While the timing and outcomes of sexual
reproduction differ between cladocerans and copepods
(resting eggs and either resting or subitaneous eggs,
respectively), in order for populations to reestablish fol-
lowing rotenone, the critical density threshold must be
surpassed. We note that there can be significant life his-
tory variation within species, but posit that failure to
achieve critical densities could be one (of many) com-
peting hypotheses for differential recovery from distur-
bance. A similar approach to evaluating zooplankton
recolonization following acidification was taken by Gray
and Arnott (2011). We compared species densities to
both high and low published critical densities to encom-
pass a range of possible reproductive outcomes.

Prediction 2

We evaluated the influence of water temperature and
Secchi depth (as a proxy of algal biomass) on zooplank-
ton recovery. To do this, we compared zooplankton taxo-
nomic group densities in the summer after rotenone
treatment to densities in reference lakes using % change:
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% change¼ rotenone� referenceð Þ
reference

�100: ð1Þ

We chose July and August to compare across rotenone
and reference lakes, as these months had the most com-
prehensive sampling. Mean water column temperature
was averaged across July and August, as was Secchi depth.
LME models were used to test our prediction, with treat-
ment year as a random variable. Models were compared
with the corrected AIC (AICc) for small sample sizes, and
the importance of water temperature and Secchi depth
was tested in separate models because of the small sample
size (n = 7). Since all of the models without the random
effects had the lowest AICc, we present the results from
these simplified generalized least squares models.

Prediction 3

The effects of fish stocking on recovery patterns of zoo-
plankton diversity across rotenone and reference lakes
were assessed using an analysis of covariance (ANCOVA),
with the change in Shannon–Wiener (ΔSW) diversity as
the response variable:

ΔSW¼ SWafter�SWbefore ð2Þ

where SWafter represents average zooplankton diversity in
the 2months following fish stocking and SWbefore repre-
sents average zooplankton diversity in the 2months prior
to fish stocking. Fish stocking density (number of fish per
hectare) was the explanatory variable (Appendix S1:
Table S1). Fish stocking typically occurred in the spring
following rotenone treatment, between March and June,
and both rotenone and reference lakes were stocked.
Although the timing of fish stocking could potentially
confound changes in diversity with seasonal planktonic
succession (i.e., communities are becoming more diverse
simply because of seasonal changes in spring), we found
that there was no relationship between fish stocking date
and ΔSW (linear model: F1,15 = 0.007, p = 0.932). Refer-
ence lakes sampled in both years following treatment
were treated as independent replicates, in addition to
rotenone lakes (n = 17).

Prediction 4

Lastly, we tested our prediction that there will be asynchrony
between taxonomic groups following rotenone. We infer that
asynchrony between taxonomic groups is a signal of competi-
tion (Vasseur et al., 2005), acknowledging that both synchrony
and asynchrony can represent other ecological processes

(e.g., predation and environmental fluctuations). We estimated
synchrony in treatment lakes with Kendall’sW in the R pack-
age synchrony v. 0.3.8 (Gouhier & Guichard, 2014). Abun-
dance of each group was detrended prior to analysis (as in
spatial synchrony analyses). Kendall’s W ranges between
0 and 1, with the former representing lack of synchrony and
the latter representing perfect synchrony. Spearman’s ranked
correlation (ρ) was used to distinguish asynchrony (negative
value) from lack of synchrony (zero) (Gouhier &
Guichard, 2014). Monte Carlo randomizations (n = 999) shuf-
fled taxonomic groups to determine significance with correct
error rates.

All analyses were run in R v. 4.0.3 (R Development Core
Team, 2020) using lme4 v. 1.1-26 (Bates et al., 2015), lmerTest
v. 3.1-3 (Kuznetsova et al., 2017), nlme v. 3.1-149 (Pinheiro
et al., 2014), vegan v. 2.5-7 (Oksanen et al., 2007), adespatial
(v. 0.3-14), and MASS v. 7.3-53 (Venables & Ripley, 2002)
(code available from Zenodo: https://doi.org/10.5281/zenodo.
5794626).

RESULTS

Water quality

There were no major changes in physical and chemical
parameters following treatment (Figure 2). Secchi depth,
surface pH, surface dissolved oxygen, and specific conduc-
tance did not show any significant interaction effects (with
two exceptions, below) (Table 3, Figure 2). Additionally,
there were no significant interaction effects for TP or TN,
indicating that nutrient concentrations stayed relatively sta-
ble following rotenone (Appendix S3: Tables S1, S2). There
was a significant interaction effect for Secchi depth for the
first year after treatment in 2015 rotenone lakes and the sec-
ond year after treatment in 2014 rotenone lakes. Water clar-
ity in the 2015 rotenone lakes decreased by an average of
1.5 m following treatment, while remaining stable in refer-
ence lakes. In the second year following treatment for 2014
rotenone lakes, sampling was sporadic, but on average,
water clarity increased by 2.2 m following treatment, while
reference lakes exhibited a modest mean increase of 0.4 m.
Thus, water clarity changes were not consistent across lakes
treated in different years. Water clarity increases following
rotenone have been observed previously, though this
change may be more prevalent in lakes that were initially
eutrophic and may be short-lived (Prejs et al., 1997).

Patterns of zooplankton recovery

Prior to the rotenone treatment, zooplankton communi-
ties from reference and rotenone lakes were largely
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similar across metrics of abundance, diversity, and taxo-
nomic group abundance, with the exception of cyclopoid
copepods (Tables 4 and 5). Cyclopoids were significantly
more abundant in rotenone lakes compared to reference
lakes in 2014 but not 2015.

Zooplankton abundance declined immediately fol-
lowing rotenone treatment in 2014 rotenone lakes when
compared to relatively stable reference lake abundances
in October (99% decline; Figure 3a). Zooplankton abun-
dance in rotenone lakes then showed a rapid increase to
pretreatment levels by February of the following year
(�4 months after treatment), which exceeded pre-
treatment levels for 2–3 months, and then remained sta-
ble for the duration of the study (Figure 3a). There was a
significant interaction between period � treatment for
2014 rotenone lakes in the first year (Table 4), indicating
that rotenone had an overall significant negative effect
on zooplankton abundances and that recovery had not
yet occurred. This effect was no longer significant in the
second year following treatment for the 2014 rotenone

lakes (Table 4), suggesting that recovery had occurred.
The same trend was apparent for zooplankton abundance
of 2015 rotenone lakes, which showed a decrease in
abundances following treatment (99% decline compared
to reference lakes in winter) and then a return to pre-
treatment levels by May of the following year
(�7 months after treatment) (Table 4). There was no sig-
nificant interaction for abundance in the 2015 rotenone
lakes, suggestive of recovery.

Shannon–Wiener diversity decreased immediately fol-
lowing treatment by 79% and 71% in 2014 and 2015 rote-
none lakes, respectively, with a general increasing trend
until June of the following year (�8 months after treatment;
Figure 3b). There was a significant interaction between
treatment � period for diversity in the 2014 rotenone lakes
in both Year 1 and Year 2, as well as the 2015 rotenone
lakes, indicating that diversity still had not fully recovered to
pretreatment levels by the end of the study (Table 4).

When zooplankton were split into taxonomic groups,
patterns emerged in the rates of response to rotenone
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TAB L E 3 Results of the linear mixed effects models for the water quality variables

Effect

Secchi depth Surface pH
Surface dissolved
oxygen

Surface specific
conductance

df t p df t p df t p df t p

2014

Year 1

Treatment 10.7 �1.967 0.076** 9.9 0.998 0.342 117.9 0.605 0.546 9.6 �0.158 0.878

Period 114.8 �0.756 0.451 111.8 0.040 0.968 120.6 1.042 0.299 112.0 3.048 0.003*

Treatment � Period 114.1 �0.051 0.960 111.4 0.109 0.913 116.0 0.011 0.991 111.8 �0.608 0.544

Year 2

Treatment 14.7 1.623 0.126 11.8 0.109 0.915 75.4 1.019 0.312 10.0 0.155 0.880

Period 65.6 �0.929 0.357 68.6 �0.326 0.745 73.9 1.311 0.194 66.9 2.335 0.023*

Treatment � Period 65.2 �2.727 0.008* 67.0 1.157 0.251 73.4 �0.945 0.348 66.5 �0.049 0.961

2015

Year 1

Treatment 11.1 �0.114 0.912 17.5 0.247 0.808 52.3 1.415 0.163 10.0 �1.262 0.236

Period 65.8 �0.337 0.737 79.0 0.672 0.503 26.9 0.903 0.375 37.0 �1.212 0.233

Treatment � Period 65.1 2.563 0.013* 79.9 �1.119 0.267 27.1 �0.160 0.874 47.1 0.817 0.418

Note: Specific conductance was log10-transformed prior to analysis. Numerator df is 1 for all effects; denominator df (reported below) varies due to the use of
the Satterthwaite approximation.

*p < 0.10, **p < 0.05.

TAB L E 4 Results of the linear mixed effects models for zooplankton metrics

Effect

Abundance Shannon–Wiener diversity

df t p R 2
M R 2

C df t p R 2
M R 2

C

2014

Before

Treatment 40.0 1.298 0.202 na na 9.1 1.136 0.285 0.04 0.19

Year 1

Treatment 30.4 0.717 0.479 0.10 0.19 18.9 0.983 0.338 0.12 0.31

Period 126.8 �1.139 0.257 128.0 1.407 0.162

Treatment � Period 126.3 �1.989 0.049* 127.7 �3.616 <0.001*

Year 2

Treatment 12.8 1.017 0.328 0.29 0.45 17.1 1.175 0.256 0.06 0.25

Period 84.2 �5.191 <0.001* 87.0 20.960 0.039

Treatment � Period 83.5 0.123 0.902 86.7 �2.581 0.011*

2015

Before

Treatment 8.2 �0.813 0.439 0.04 0.47 8.4 2.223 0.055** 0.21 0.54

Year 1

Treatment 9.3 �1.519 0.162 0.06 0.92 12.2 �1.568 0.142 0.19 0.43

Period 22.8 �3.607 0.002* 87.2 �0.662 0.510

Treatment � Period 30.7 �0.764 0.451 86.7 4.953 <0.001*

Note: Random effects are reported with marginal R 2 (i.e., fixed effects; R 2
M) and conditional R 2 (i.e., fixed and random effects; R 2

C) for each separate model.
When “na” is supplied for R 2

M and R 2
C, a model with fixed effects only was selected as the optimal model structure (see Section “Methods” for details).

Numerator df is 1 for all effects; denominator df (reported below) varies due to the use of the Satterthwaite approximation.
*p < 0.10, **p < 0.05.
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treatment (see “Prediction 1”). Calanoid copepod (100%
decline both years), cladoceran (2014: 99.7%; 2015:
99.6%), and cyclopoid copepod (2014: 89%; 2015: 93%)
abundances all declined immediately following rotenone
treatment compared to reference lakes (Figure 4). For
cyclopoids, which were more abundant in rotenone lakes
compared to reference lakes prior to treatment, the
decline was even more steep when comparing samples
immediately before and after rotenone treatment (2014:
98%; 2015: 99%). The concentration of rotenone used had
no effect on % changes in abundance immediately follow-
ing treatment (generalized least squares, all p > 0.05).

Calanoid copepod abundance increased at the slowest
rate (Figure 4a). There was a significant interaction in the
2014 rotenone lakes in both Year 1 and Year 2, as well as
2015 rotenone lakes, suggesting that rotenone had a consis-
tent negative impact, with incomplete recovery even 2 years
after treatment (though abundance appeared recovered
near the end of the second year for 2014 rotenone lakes;
Table 5).

Cladoceran abundance increased at a modest rate fol-
lowing the disturbance, returning to pretreatment abun-
dances by April or May of the following year (6–7 months
after treatment) (Figure 4b). There was a significant
treatment � period interaction for cladocerans in the first
year for the 2014 rotenone lakes, and a marginally

TAB L E 5 Results of the linear mixed effects models for the

zooplankton taxonomic groups

Effect df t p R 2
M R 2

C

Calanoids

2014

Before

Treatment 9.1 �0.133 0.897 0.00 0.62

Year 1

Treatment 125.9 �0.123 0.902 0.65 0.67

Period 128.9 �0.138 0.891

Treatment � Period 125.7 �7.843 <0.001*

Year 2

Treatment 15.4 �0.223 0.827 0.23 0.42

Period 81.6 �1.515 0.134

Treatment � Period 81.2 �2.905 0.005*

2015

Before

Treatment 7.4 �2.154 0.066** 0.20 0.52

Year 1

Treatment 8.7 �1.883 0.093** 0.36 0.72

Period 44.3 �1.291 0.203

Treatment � Period 52.1 �3.755 <0.001*

Cladocerans

2014

Before

Treatment 40.0 0.416 0.680 na na

Year 1

Treatment 119.0 0.745 0.458 0.11 0.59

Period 122.6 �0.282 0.778

Treatment � Period 119.9 �3.340 0.001*

Year 2

Treatment 93.0 0.367 0.714 na na

Period 93.0 �3.969 <0.001*

Treatment � Period 93.0 �0.703 0.484

2015

Before

Treatment 8.2 �0.801 0.446 0.04 0.51

Year 1

Treatment 9.0 �1.432 0.186 0.10 0.44

Period 19.7 �3.673 0.002*

Treatment � Period 25.3 �1.271 0.215

Cyclopoids

2014

Before

Treatment 8.5 2.739 0.024* na na

(Continues)

TABL E 5 (Continued)

Effect df t p R 2
M R 2

C

Year 1

Treatment 10.9 2.631 0.024* 0.15 0.76

Period 62.5 1.483 0.143

Treatment � Period 66.0 �3.635 <0.001*

Year 2

Treatment 11.1 2.715 0.020* 0.17 0.57

Period 84.6 2.434 0.017*

Treatment � Period 84.3 �3.313 0.002*

2015

Before

Treatment 8.2 1.849 0.101 0.16 0.51

Year 1

Period 84.5 0.683 0.496

Treatment � Period 84.3 �2.376 0.020*

Note: Random effects are reported with marginal R 2 (i.e., fixed effects; R 2
M)

and conditional R 2 (i.e., fixed and random effects; R 2
C) for each separate

model. When “na” is supplied for R 2
M and R 2

C, a model with fixed effects
only was selected as the optimal model structure (see “Methods” for details).
Numerator df is 1 for all effects; denominator df (reported below) varies due
to the use of the Satterthwaite approximation.
*p < 0.10, **p < 0.05.
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significant interaction for 2015 rotenone lakes, but no
interaction for Year 2 of the 2014 rotenone lakes,
suggesting that recovery had occurred by Year 2 (Table 5).

Cyclopoid abundances increased the fastest following
treatment of all rotenone lakes, with returns to pre-
treatment abundances between February and April of the
following year (4–6 months after treatment) (Figure 4c).
There was a significant treatment � period interaction for
cyclopoid copepods in the first year of both 2014 and 2015
rotenone lakes, but no interaction for the second year
(Table 5), suggesting that recovery had occurred by Year 2.

Trends in juvenile zooplankton (copepodids, nauplii,
and juvenile cladocerans) abundance following rotenone
treatment were qualitatively similar to adults (Appendix S3:
Figure S1). Calanoid copepodids exhibited steep declines
and the slowest recovery, whereas cyclopoid copepodids did
not decline to the same extent and rebounded relatively
quickly. Notably, nauplii exhibited a rapid recovery follow-
ing treatments, particularly in the 2014 rotenone lakes,
achieving pretreatment densities �January 2015.

Spatial synchrony was not observed in treatment
lakes, either before or after rotenone treatment, in both
2014 and 2015 (Table 6). Positive and significant syn-
chrony was observed in cladocerans and total zooplank-
ton in reference lakes after treatment in 2014, as well as

calanoid copepods in reference lakes prior to treatment
in 2015. We note that relatively small sample sizes and
short temporal windows may have limited our ability to
detect synchrony across lakes.

Analysis of zooplankton community composition
showed increasing variability in treatment lakes follow-
ing rotenone treatment when compared to relatively sta-
ble community composition in reference lakes (Figure 5,
Appendix S3: Figure S2). This change in community vari-
ability between treatment and reference lakes after rote-
none treatment was significant (beta dispersion test:
F3,226 = 32.546; p < 0.001). The stress value of the NMDS
was 0.2, which is borderline as values >0.2 should be
interpreted with caution; however, this is expected due to
ordinating drastically different posttreatment
communities, in conjunction with stable reference com-
munities (Clarke, 1993). The increased variability post-
treatment can be attributed to changes in the abundance
of cyclopoid (e.g., Acanthocyclops robustus and M. edax)
and calanoid (e.g., L. novamexicanus and Skistodiaptomus
oregonensis) copepods, as well as the cladoceran
Chydorus spp. (Figure 5i). Examining each lake individu-
ally, most lakes shifted to the bottom left quadrant of the
ordination plot immediately following treatment
(October) (Figure 5a–g), corresponding with the littoral
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F I GURE 3 Monthly averaged adult (a) log10 zooplankton abundances (individuals/m3) and (b) Shannon–Wiener diversity for

reference, 2014 rotenone, and 2015 rotenone lakes. Error bars represent �1 SE, red lines indicate date of treatment, and gray arrows

represent study periods. See Appendix S1: Table S1 for sample sizes
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Chydorus and the cyclopoid A. robustus, but no calanoid
copepods. Community composition generally returned to
pretreatment community composition by June of the year
following rotenone (�8 months after treatment).

Prediction 1

There was support for our prediction that cyclopoid cope-
pods would recover fastest (Figure 4c, Appendix S3:
Figure S1). To better understand potential mechanisms,
we examined the relationship between zooplankton traits
and recovery using RDA (Figure 6). RDA axes 1 and
2 explained a modest 15.1% of variance in traits, and the

overall RDA was significant (F = 9.70, p = 0.001, n = 999
permutations). Significant predictor variables included
period and months post rotenone (all p < 0.01). The period
after treatment was positively associated with larger body
mass, longer egg development times, omnivore–carnivore
trophic levels, and raptorial feeding strategies—many of the
traits associated with cyclopoid copepods (Appendix S2). The
period after treatment was negatively correlated with omni-
vores and herbivores, filter feeding, and suspension feeding.
The number of months post rotenone was positively corre-
lated with pelagic taxa, as well as larger body sizes, and nega-
tively correlatedwith abundance of littoral taxa.

We compared densities of four common taxa in rote-
none lakes to critical densities for sexual reproduction
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F I GURE 4 Monthly averaged log10 adult abundance of (a) calanoids, (b) cladocerans, and (c) cyclopoids (individuals per cubic meter)

for reference, 2014 rotenone, and 2015 rotenone lakes. Error bars represent �1 SE, red lines indicate date of treatment, and gray arrows

represent study periods
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obtained from the literature. We found that some species
(e.g., M. edax and D. pulicaria) rapidly exceeded their criti-
cal densities following rotenone and sustained relatively
stable populations after reaching their critical density
(Figure 7). However, other taxa, such as B. longirostris,
never reached their critical densities following treatment
and densities remained low or at zero for the rest of the
study. Diaptomid calanoid copepods demonstrated vari-
able trends: S. oregonensis (McDowell), A. leptopus
(No Name), and L. novamexicanus (Upper Hampton)
established relatively stable populations following rote-
none in some lakes, though at lower densities compared to
pretreatment. Other populations of these diaptomids did
not recover (e.g., L. novamexicanus in Widgeon and Lower
Hampton lakes and A. leptopus in Rat Lake).

Prediction 2

The influence of abiotic variables on zooplankton recovery
was examined in the summer following rotenone. Secchi
depth, a proxy of algal biomass, had no effect on zooplank-
ton taxonomic group recovery, measured as % change in
abundance between rotenone and reference lakes (cal-
anoids: R2 = 0.538, p = 0.061; cladocerans: R2 = 0.059,
p = 0.600; Figure 8). Given that cyclopoid copepods were
significantly more abundant in rotenone compared to refer-
ence lakes before treatment occurred, we instead calculated
% change in abundance for this taxonomic group as the dif-
ference between the year before and after treatment:

% change¼ after�beforeð Þ
before

�100: ð3Þ

We found no relationship between Secchi depth and
% change for cyclopoids (R2 = 0.006, p = 0.865). Water
temperature had no effect on recovery of calanoid
(R2 = 0.513, p = 0.070) or cyclopoid (R2 = 0.210,
p = 0.301) copepods, but did have a significant positive
effect on cladocerans, with the highest temperatures hav-
ing the largest % change in abundance (R2 = 0.615,
p = 0.037) (Figure 8).

Prediction 3

In order to test the influence of fish stocking on recovery,
we analyzed zooplankton diversity before and after fish
stocking that occurred in the spring following rotenone
treatment (Figure 9). There was no difference between rote-
none and reference lakes in the slope of the relationship
between fish stocking density and ΔShannon-Wiener diver-
sity using ANCOVA (F1,14 = 0.353, p = 0.562). However,
we observed a significant overall effect of fish stocking den-
sity (F1,14 = 11.066, p = 0.005). Given the lack of difference
between rotenone and reference lakes, we pooled all lakes
and found that ΔShannon-Wiener diversity increased signif-
icantly with stocking density, indicating that zooplankton
communities became more diverse, on average, following
fish restocking (R2 = 0.435, p = 0.004).

Prediction 4

Lastly, we examined synchrony of zooplankton taxonomic
groups within each lake as an indicator of competition.
Contrary to expectations, we failed to observe asynchrony

TAB L E 6 Spatial synchrony of zooplankton across lakes, as estimated by the intraclass correlation coefficient (ri) with p values from

randomizations

Treatment Period

All zooplankton Calanoid copepods Cladocerans Cyclopoid copepods

ri p ri p ri p ri p

2014

Reference Before 0.048 0.665 �0.062 0.583 0.079 0.456 0.112 0.209

Reference After 0.218 0.005 0.095 0.096 0.231 0.003 0.055 0.206

Treatment Before �0.152 0.083 �0.124 0.074 �0.140 0.113 �0.062 0.699

Treatment After �0.152 0.075 �0.038 0.201 0.172 0.076 0.223 0.024

2015

Reference Before 0.159 0.041 0.303 0.008 0.196 0.017 0.051 0.491

Reference After �0.058 0.405 �0.004 0.956 0.050 0.499 �0.034 0.612

Treatment Before 0.220 0.110 �0.119 0.212 0.174 0.311 �0.057 0.536

Treatment After 0.147 0.527 �0.052 0.864 0.016 0.936 0.206 0.370

Note: Values in bold indicate significance at α = 0.05 with the false detection rate correction for multiple comparisons.
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of zooplankton taxonomic groups in rotenone lakes. We
observed significant synchronous patterns in the all but
two of the rotenone lakes (Lower Hampton and Widgeon),
in addition to nearly all reference lakes in 2014 and 2015
(Table 7), suggestive of seasonal changes.

DISCUSSION

We found that a combination of species traits, abiotic, and
biotic factors likely influenced the recovery of zooplankton
communities to rotenone. Overall zooplankton abundances
recovered relatively quickly to pretreatment levels, but
recovery of diversity and community composition took lon-
ger. Species traits were likely key determinants in the recov-
ery process, as we found that taxonomic groups recovered
at varying rates, including calanoid copepods, which failed
to recover within 2 years following rotenone treatment. We
failed to observe patterns of spatial synchrony in zooplank-
ton following rotenone treatment, suggesting that patterns

of recovery from disturbance may be highly site-specific.
Using different metrics to analyze recovery trajectories can
lead to various interpretations of a “recovered” community
and may be beneficial in describing recovery patterns.
These findings give insight into the major drivers of recov-
ery to disturbance and may help guide management of
lakes with rotenone treatments.

Species traits as indicators of recovery

Species traits were valuable to understand different
recovery processes between taxonomic groups in our
study (Table 1). Relative fitness differences between
species are a significant mechanism driving patterns of
community assembly (HilleRisLambers et al., 2012). Zoo-
plankton species differ in a number of traits including
dormancy strategy, reproduction, feeding, and develop-
ment. We observed that pelagic species and larger taxa
(body length) were correlated with time since

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

F I GURE 5 Recovery trajectories of zooplankton communities for all rotenone lakes (a–g) and reference lakes (h) from NMDS site

scores and (i) species scores. (a) Lower Hampton, (b) McDowell, (c) Upper Hampton, (d) Widgeon, (e) Badger, (f) No Name, (g) Rat, and

(h) all reference lakes throughout the study (2014–2016). Empty symbols represent before rotenone treatment, and filled symbols represent

the first year after rotenone treatment. ACAROB = Acanthocyclops robustus; AGLLEP = Aglaodiaptomus leptopus; ALOSET = Alona

setulosa; BOSLONG = Bosmina longirostris; CERLAC = Ceriodaphnia lacustris; CHYSPP = Chydorus spp.; DAPPUL = Daphnia pulicaria;

DIABIR = Diaphanosoma birgei; DIATHO = Diacyclops bicuspidatus thomasi; EPILAC = Epischura lacustris; HARPAC = harpacticoid;

LEPNOV = Leptodiaptomus novamexicanus; LEPSIG = Leptodiaptomus signicauda; MESEDA = Mesocyclops edax; MICVAR = Microcyclops

varicans; NMDS, nonmetric multidimensional scaling; SKIORE = Skistodiaptomus oregonensis
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disturbance, whereas taxa with larger body mass, longer
egg development times, raptorial feeding, and omnivore–
carnivore trophic levels were associated with the post-
treatment period (Figure 6). Declines in littoral taxa might
be expected, as rotenone can persist in lake sediments (dis-
cussed below). This potential resiliency of large-bodied taxa
(both length and mass) to environmental disturbance con-
tradicts theory that smaller taxa should dominate following
disturbance (Odum, 1985). Pulse disturbance theory sug-
gests that traits that are resistant to the disturbance will be
selected for, as will traits related to rapid colonization
(i.e., the colonization–competition trade-off; Jentsch &
White, 2019). In our study, large-bodied D. pulicaria and
M. edax recovered quickly from rotenone exposure
(Figure 7), suggesting that these taxa were resistant to the
disturbance and/or effective colonists. Body size is a “master”
trait for zooplankton, representing a host of functions that
determine ecological strategies (e.g., feeding, growth, and
metabolism; Litchman et al., 2013). Thus, traits related to
resistance to disturbance (e.g., diapause at advanced stages)
and fast growth (e.g., large size) may be keys to understand-
ing the recovery process. We explore these both below.

Dormancy strategies are a key determinant of early
community assembly processes following disturbance,
as both the intensity and timing of a disturbance can
create dynamic emergence responses among taxa fol-
lowing disturbances (Russell et al., 2015). Emergence
from diapause in the egg bank and dispersal from sur-
rounding lakes are likely the two major mechanisms of

zooplankton recovery (Arnott & Yan, 2002;
C�aceres, 1998; Dalu et al., 2015). Dispersal from nearby
lakes is unimportant in our study since none of our
lakes are downstream from another lake and overland
dispersal is probably negligible compared to the seed
bank (Gray & Arnott, 2011). Cyclopoid copepods recov-
ered the fastest and appeared to reach higher abun-
dances following rotenone treatment than observed in
the pretreatment monitoring phase (Figure 4c).
Cyclopoids can diapause in a juvenile copepodid stage
(Gyllström & Hansson, 2004), potentially allowing them
to emerge at an advanced stage of development. How-
ever, some cyclopoid species may also diapause as adults
(Elgmork, 1980) or even as fertilized adult females
(Næss & Nilssen, 1991), giving these taxa a distinct
advantage when conditions improve. M. edax is known
to diapause as an adult female (Næss & Nilssen, 1991),
which may help to explain why this species rebounded
so quickly following rotenone (Figure 7). Our analysis of
cyclopoid copepodid abundance (Appendix S3) further
supports our hypothesis that dormancy strategies may
be one mechanism for rapid cyclopoid recovery from
rotenone. The exact mechanisms at play remain to be
tested experimentally. Additionally, raptorial feeders,
like cyclopoids (Barnett et al., 2007), are more mobile
and may experience greater predation risk compared to
less motile taxa; however, this pressure would be
reduced following the removal of planktivorous fish
with rotenone. Our results are consistent with similar
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F I GURE 6 Redundancy analysis (RDA) of zooplankton trait abundance (gray arrows) in response to period (before or after rotenone)

and months post rotenone (black arrows). Symbols represent site scores for lakes, colored by the number of months post rotenone. The

length of vectors has been increased for visual clarity
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F I GURE 7 Log10 abundance (individuals per cubic meter) of (a) Bosmina longirostris, (b) Daphnia pulicaria, (c) diaptomid copepods

(Aglaodiaptomus leptopus, Leptodiaptomus novamexicanus, or Skistodiaptomus oregonensis, depending on lake), and (d) Mesocyclops edax

across 2014 (blue symbols) and 2015 (orange symbols) rotenone lakes. Long dashed line indicates the upper critical density for

establishment, and dashed line indicates the lower critical density for establishment. Red lines indicate date of treatment for 2014 and 2015

rotenone lakes
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studies showing rapid recovery by cyclopoids (R. S.
Anderson, 1970; Beal & Anderson, 1993).

In our study, following a short-term dominance by
early recovering species, later successional processes
appeared to take hold. Cladocerans showed rapid popula-
tion increases in spring, likely from a combination of
overwintering individuals and emergence from diapause
(Figure 4b). Given that overwintering populations were
either absent or very small, we hypothesize that emer-
gence from the egg bank was the main source of the
population—this remains to be tested. Cladoceran traits,
such as fast growth rates, cyclical asexual reproduction,
and efficiency in resource allocation, may be integral to
their rapid population growth following disturbance
(Haddad et al., 2008). Calanoids were the slowest group
to recover in the treated lakes, with abundances not
reaching pretreatment levels for the duration of the study
(Figure 4a). Calanoids are thought to recover slowly due
to emergence from diapause eggs, slow development
time, reduced mate encounters at low densities, and
selective feeding behaviors (Barnett et al., 2007). The slow
recovery of calanoids following disturbance was observed
in a similar study (Melaas et al., 2001). Notably, cyclopoid

copepods also have relatively slow development rates, but
it appears that this barrier to recovery may be overcome
if taxa have the ability to diapause at advanced stages of
development. Life history traits (e.g., development time
and dormancy) may be key indicators of the likelihood
and speed of recovery of different taxa.

Understanding Allee effects can also help explain dif-
ferential recovery across taxa. Using the literature-derived
critical density threshold for sexual reproduction
(Gerritsen, 1980; Gray & Arnott, 2011), we observed that
some species, like M. edax, never dipped below the thresh-
old and thus maintained high densities (Figure 7). By con-
trast, other taxa, like D. pulicaria, fell below the threshold
after rotenone treatment, but quickly exceeded the thresh-
old in spring, likely due to asexual reproduction during
favorable periods (Figure 7). Daphnia were able to main-
tain abundances above the threshold into fall. Daphnia
typically use both abiotic (temperature and photoperiod)
and biotic (crowding and food availability) cues to induce
diapause (Gyllström & Hansson, 2004). Conversely, both
B. longirostris and diaptomid copepods were largely unable
to surpass the threshold and therefore failed to recover to
pretreatment levels. The inability of B. longirostris to
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F I GURE 8 Percent change in July and August abundance of calanoid copepods (a, b), cladocerans (c, d), and cyclopoid copepods (e, f)

across gradients of water temperature (�C) (a, c, e) and Secchi depth (b, d, f), where each point represents an individual lake (n = 7). Note

differences in y-axis scaling. See text for calculations of % change. Regression line in (b) (�95% confidence interval): % change = �138.5

+ water temperature � 6.1
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exceed the threshold is curious: It is cyclically partheno-
genic and would be expected to grow rapidly in the spring
and summer, much like Daphnia. However, despite hav-
ing similar times to first reproduction (B. longirostris:
5.6 days; Daphnia pulex: 6.5 days) and similar egg develop-
ment times (B. longirostris: 2.4 days at 20�C; D. pulex:
2.7 days at 20�C), B. longirostris produces far fewer eggs
per clutch (maximum 15) compared to D. pulex (maximum
82) (Kuns & Sprules, 2000; Lynch, 1980). Additionally, the
smaller B. longirostris swims more slowly than Daphnia
and has a smaller encounter radius (i.e., the distance at
which a conspecific is detected), increasing the critical
threshold of B. longirostris compared to D. pulex
(Gerritsen, 1980). Although we did not directly quantify
Allee effects, it is a plausible mechanism to explain
species-specific differences in recovery. Targeted experi-
ments of mating success in the aftermath of rotenone
could provide needed support for this hypothesis (Kramer
et al., 2008). Thus, body size, life history traits, and repro-
ductive mode may interact to play a critical role in shaping
organismal recovery from disturbance.

Biotic controls on recovery

In general, biotic controls of zooplankton community
recovery appeared to be weak. There was no signal of
competition across taxonomic groups within lakes;
indeed, we detected significant positive synchrony in 5 of
7 treatment lakes, as well as nearly all reference lakes
(Table 7). This result concurs with that observed by
Vasseur et al. (2014), where synchrony was the prevailing

pattern for zooplankton, observed over a range of
time frames and spatial scales, whereas asynchrony
(i.e., compensatory dynamics in Vasseur et al., 2014) was
rare. Thus, seasonal patterns, likely driven by both abi-
otic (e.g., temperature) and biotic (e.g., resources) factors,
appear to outweigh the recovery dynamics for crustacean
zooplankton in our study.

There was some evidence for priority effects in the
2014 rotenone lakes, where, on average, cyclopoid abun-
dance was 3.6� greater in the year following treatment
compared to the pretreatment period, while abundance
in reference lakes was 2.5� greater in the same time
frame (Figure 4c). This large increase of early colonizing
cyclopoids may have slowed the establishment of other

TABL E 7 Synchrony of zooplankton taxonomic groups within

lakes in the year following treatment

Lake Kendall’s W Spearman’s ρ p

2014

Rotenone

Lower Hampton 0.291 �0.063 0.624

McDowell 0.769 0.654 0.002*

Upper Hampton 0.573 0.359 0.035*

Widgeon 0.533 0.300 0.086

Reference

Amber 0.591 0.386 0.054

Bayley 0.622 0.433 0.019*

Big Twin 0.787 0.681 0.002*

Browns 0.908 0.862 0.001*

Cedar 0.687 0.530 0.006*

Dry Falls 0.348 0.022 0.436

Lost 0.741 0.612 0.001*

2015

Rotenone

Badger 0.912 0.868 0.001*

No Name 0.979 0.968 0.001*

Rat 0.992 0.988 0.001*

Reference

Amber 0.782 0.673 0.001*

Bayley 0.941 0.911 0.001*

Big Twin 0.984 0.976 0.001*

Browns 0.979 0.968 0.001*

Cedar 0.836 0.754 0.001*

Dry Falls 0.908 0.863 0.001*

Lost 0.995 0.992 0.001*

Note: Since the same reference lakes were used throughout the entire study,

we present synchrony for the period following 2014 rotenone treatment and
2015 rotenone treatment.
*p < 0.05.
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F I GURE 9 The relationship between fish stocking density

(log10 fish per hectare) and ΔShannon-Wiener zooplankton

diversity across treatments, where a positive value indicates

diversity increased following fish stocking (n = 17). Regression line

across all treatments (�95% confidence interval): ΔShannon–
Wiener diversity = 0.19 � log10 stocking density � 0.85
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taxonomic groups, though this effect was not observed in
2015 rotenone lakes. Furthermore, although we found a
positive effect of fish stocking on zooplankton diversity,
potentially demonstrating a release from priority effects,
the effect was not different between reference and rote-
none lakes (Figure 9). We conclude that the effects of fish
stocking on zooplankton diversity appear to be indepen-
dent of disturbance history, and overall, biotic interac-
tions did not appear to play a significant role in recovery.

Predation by other organisms can also influence zoo-
plankton communities. Macroinvertebrates are thought
to be moderately affected by rotenone, depending on
their body size, habitat, and the presence or absence of
gills (Vinson et al., 2010). The planktonic phantom midge
larvae, Chaoborus, was present in 11 of our study lakes
(5 rotenone and 6 reference). Though our sampling
regime was not designed to target this taxon, it was fre-
quently captured in daytime net tows. In two rotenone
lakes, Chaoborus abundances declined by 51% and 94%
immediately following treatment (abundances were
already zero in October for the other three lakes),
suggesting that it is sensitive to rotenone. Like the crusta-
ceans, Chaoborus abundance returned quickly the follow-
ing spring and peaked in the summer, often at much
higher average abundances in the summer following
treatment compared to the summer before treatment,
anywhere from 1.1 to 10.7� higher abundances
(median = 5.3�). This trend was not observed in refer-
ence lakes, where the same year-over-year comparison
yielded, on average, a very slight increase in Chaoborus
abundance (median = 1.1�). We hypothesize that
Chaoborus may be responding to both relaxed predation
and competition from planktivorous fishes following
rotenone treatment, in addition to high spring prey abun-
dances (Figure 3a). In particular, Chaoborus may favor
small-bodied taxa, like Bosmina (von Ende & Dempsey,
1981), which may be limiting the recovery of Bosmina in
rotenone lakes (Figure 7). We interpret these results cau-
tiously because daytime sampling likely underestimates
Chaoborus abundance, but these results lend some evi-
dence to the complex nature of recovery from disturbance.

Abiotic controls on recovery

The direct role of abiotic factors in controlling zooplank-
ton recovery was marginal. This result is a bit surprising,
given that the positive synchrony we observed across tax-
onomic groups within lakes (Table 7) might imply a role
for external abiotic forcing, as in Vasseur et al. (2014).
However, we also observed that there was no significant
spatial synchrony (i.e., synchronous changes across lakes)
in treatment lakes (Table 6)—spatial synchrony across

lakes within a region is suggestive of regional-scale,
extrinsic drivers (Rusak et al., 1999). This latter result
reinforces the hypothesized weak role of abiotic variables
in our study. Water temperature and Secchi depth
(a proxy for algal biomass) failed to explain changes in
taxonomic group abundance in rotenone lakes compared
to reference lakes in July and August, with one exception.
Cladoceran abundance was positively related to average
water column temperature, with warmer rotenone lakes
having abundances similar to reference lakes (Figure 8).
This is not surprising given that cladoceran emergence is
more affected by temperature than the emergence of
copepods (Jones & Gilbert, 2016) and higher tempera-
tures increase developmental rates (Gillooly et al., 2002).
Though not significant, it is worth noting that the two
treatment lakes with the highest abundances of calanoid
copepods relative to reference lakes also were the warmest
and had the smallest Secchi depths, suggestive of more pro-
ductive conditions (Figure 8a,b). These two lakes, McDowell
and No Name, were relatively shallow (mean Zmax = 7 m)
compared to the other rotenone lakes (mean Zmax = 18.4 m)
(Table 2). Additionally, No Name Lake would typically be iso-
thermal by late summer, with anoxia in the bottom 1–2 m
(Strecker, unpublished), suggestive of conditions that would
be favorable for zooplankton, but less favorable for
reintroduced trout, which prefer cooler water. Thus, although
the direct role of abiotic features in influencing recovery may
be limited, interactions between abiotic conditions
(e.g., temperature) and traits (e.g., emergence from diapause
and developmental rates) may be critical to understanding
recovery fromdisturbance (Table 1).

Characteristics of the disturbance

Characteristics of the disturbance itself may also influ-
ence recovery (Turner, 2010; White & Pickett, 1985).
Though we cannot determine the importance of time
since last disturbance or frequency of disturbance as a
factor influencing recovery with our study design, we
hypothesize that legacies of past disturbances may play
an important role in shaping recovery. Cladoceran and
total zooplankton abundance in No Name Lake recov-
ered the most compared to all other rotenone lakes by
the summer following treatment. No Name Lake was
last treated with rotenone in �1949, 66 years prior to
our study; all other rotenone lakes were last treated
within the previous 13 years (Table 2). Additionally, sev-
eral lakes have been treated multiple times in the past
(WDFW, unpublished). Although it is speculative, it is
possible that multiple rotenone applications over time
may have depleted the egg bank of zooplankton, which
would be especially detrimental to calanoid copepods, as
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they are thought to have shorter durations of egg viabil-
ity in the sediment compared to cladocerans (Knapp &
Sarnelle, 2008). The long history of fish stocking in
Sierra Nevada lakes is thought to have depleted the egg
bank of the copepod Hesperodiaptomus shoshone and
restricted its recovery following cessation of stocking
(Knapp & Sarnelle, 2008). Thus, historical rotenone
treatments may have created legacy effects that persist,
altering the ability of communities to recover from
disturbance. These legacy effects are a function of both
frequency and intensity of disturbance. For instance, the
highest intensity disturbance had negative legacy effects
on community biomass at different disturbance frequen-
cies in experimental protist communities, suggestive of
nonlinear and threshold dynamics potentially preventing
recovery from occurring (Jacquet & Altermatt, 2020).

Lastly, the timing of disturbance may be a critical factor
in understanding recovery. Rotenone was applied in
October of 2014 and 2015 in our study. Other studies of the
recovery of zooplankton from rotenone that observed simi-
lar recovery patterns were also treated in the fall (Hanson &
Butler, 1994; Melaas et al., 2001). Crustacean zooplankton,
especially copepods, can be cued to enter a period of dor-
mancy as either diapausing eggs or other life stages, by sea-
sonal changes in temperature and photoperiod, as well as
food availability (Gyllström & Hansson, 2004) that can
occur in late summer or fall (though timing can vary by spe-
cies; C�aceres, 1998). Rotenone may have a longer half-life
in sediment compared to water (Vasquez et al., 2012).
Though there are few studies on the effects of rotenone on
dormant life stages, one study suggests that calanoid rest-
ing eggs can tolerate rotenone at much higher concentra-
tions compared to later life stages (Næss, 1991). However,
resting egg hatching rates in rotenone treatments were
reduced compared to pretreatment (Næss, 1991). Addi-
tionally, hatching of postdiapause embryos of Artemia
franciscana (a stage equivalent to diapause embryos of
copepods) was reduced by �80% at ecologically relevant
rotenone concentrations (Covi et al., 2016). Critically,
this inhibitory effect persisted even after the rotenone
was removed, suggesting that this piscicide may have
long-term effects on the egg bank of lakes, resulting in
the prolonged recovery of certain taxa. Future studies on
the effects of rotenone should focus on the dynamics of
the egg bank to better understand barriers to species and
community recovery.

Implications for disturbance ecology and
management

The findings of our study emphasize the need to analyze
multiple metrics of community structure to ensure

recovery has occurred. Recovery of zooplankton com-
munity abundance did not coincide with recovery of
community composition or diversity, which occurred
much later or was only partially recovered, respectively.
This may in part be due to high abundances of early
recovering species, whereas species slower to recover
still had not reached pretreatment abundances. Thus,
the metrics chosen for analysis are vital in evaluating
recovery (Frost et al., 2006). Recent studies have demon-
strated the need to assess recovery trajectories using a
variety of metrics, including multivariate composition
data, to ensure that assessments of recovered communi-
ties are accurate (Goosem et al., 2016). Utilizing both
univariate and multivariate metrics in analysis of recov-
ering communities can be a more robust style of analysis
and may help to avoid inadequate evaluations of ecolog-
ical processes.

Although the results of our study are encouraging
for the field of disturbance ecology, there are several
limitations to be considered. Due to ice conditions, as
well as inaccessibility due to a forest fire, some lakes
were sampled more intensely than others following the
disturbance. We do not believe that sampling frequency
influenced our results because the significant negative
effect of rotenone was observed immediately, without
corresponding declines in reference lakes (Figure 3).
The lack of reference samples in the months immedi-
ately following disturbance may have affected our inter-
pretation of community recovery, but a difference in
communities would still be likely due to a small but pre-
sent overwintering zooplankton assemblage in reference
lakes (Grosbois et al., 2017). The last limitation to con-
sider is possible effects of rotenone on phytoplankton
and rotifers, which were not assessed in our study.
Duggan et al. (2015) observed a short-term shift in phy-
toplankton, and fluctuating rotifer abundances follow-
ing rotenone treatment, but no long-term effects,
indicating that food resource changes would likely not
significantly alter the zooplankton community in the
following years.

The recovery of communities to whole-ecosystem-scale
disturbances is a dynamic process dependent on both biotic
and abiotic characteristics. Species traits are a critical aspect
of the recovery process, as both dormancy strategies and
development time are important characteristics for resource
managers to consider for recovering communities
(Fraterrigo & Rusak, 2008). Priority effects can shape the
recovery process but may depend on abiotic conditions and
additional management actions following disturbance, such
as fish restocking (Duggan et al., 2015; Tucker &
Fukami, 2014). Further, though we did not quantify the
long-term legacy effects of historical disturbance, these may
have profound effects on community resilience and
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recovery, ultimately altering the processes that maintain
ecosystem function.
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