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Abstract. Extrinsic mortality impinging on negative density-dependent populations can result in no
change in the number of survivors (compensation) or an increase (overcompensation) by releasing the pop-
ulation from density-dependent effects on survivorship. The relationship between the level of extrinsic
mortality (i.e., percentage of mortality) and the level and likelihood of overcompensation is theoretically
important, but rarely investigated. We tested the hypothesis that overcompensation occurs below a thresh-
old value of extrinsic mortality that is related to density-dependent mortality rate and that additive extrin-
sic mortality occurs above this threshold. This hypothesis predicts that survivorship vs. extrinsic mortality
will (1) be best described by a two-segmented model with a threshold; (2) have a slope >0 below the thresh-
old; and (3) have a slope = —1 above the threshold. We also tested whether mortality imposed by real
predators and random harvest have equivalent effects on adult production and whether magnitude of
overcompensation is related to species sensitivity to density dependence. These hypotheses were tested in
the container mosquitoes Aedes aegypti, Aedes albopictus, Aedes triseriatus, and Culex pipiens (Diptera: Culici-
dae). Cohorts of 150 larvae were exposed to random harvest of 0-70% two days after hatch or to predation
by 1-3 Mesocyclops longisetus (Crustacea: Copepoda). Overcompensation occurred in A. aegypti in a pattern
consistent with predictions. Aedes triseriatus showed strong overcompensation but no evidence of a thresh-
old, whereas A. albopictus and C. pipiens had survival consistent with compensatory mortality but no evi-
dence of a threshold. Compared to random harvest, mortality from predation yielded greater adult
production in A. aegypti and A. albopictus, lesser adult production in C. pipiens, and no difference in adult
production in A. triseriatus. Our results are largely consistent with our hypothesis about overcompensation,
with the caveat that thresholds for additive mortality appear to occur at very high levels of extrinsic mor-
tality. Magnitudes of overcompensation for the three Aedes were inversely related to survival in the 0%
mortality treatment, consistent with our hypothesis that overcompensation is related to sensitivity to den-
sity dependence. A broad range of extrinsic mortality levels can yield overcompensation, which may have
practical implications for attempts to control pest populations.
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ECOSPHERE

INTRODUCTION

Population responses to extrinsic sources of
mortality, such as harvesting and predation, have
traditionally been assumed to result in a net
reduction in population size. Extrinsic mortality,
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it would be reasoned, interacts additively with
intrinsic mortality sources such as intraspecific
resource competition. Under certain circum-
stances, however, extrinsic mortality may pro-
duce less intuitive results. Populations regulated
by negative density-dependent effects are
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constrained by intrinsic mortality or reductions
in reproduction rates as population sizes
approach and exceed the carrying capacity of
their habitats (Sibly et al. 2005). Extrinsic mortal-
ity affecting such populations can result in the
production of the same (compensation; Fig. 1b),
or a greater (overcompensation; Fig. 1a, d), num-
ber of surviving individuals in subsequent life
stages as would occur without the extrinsic mor-
tality (De Roos et al. 2007, Zipkin et al. 2008,
Sandercock et al. 2011). Compensation/overcom-
pensation may occur when extrinsic mortality
kills individuals that would have otherwise died
of intrinsic mortality sources. If removal of these
individuals leads to greater per capita resource
levels for the surviving population, overcompen-
sation may occur. Under some circumstances,
overcompensation can result in the Hydra effect
(Abrams and Matsuda 2005, Abrams 2009),
wherein extrinsic mortality results in an increase
in a population’s equilibrium size.

Overcompensation leading to the hydra effect
was first postulated in Ricker (1954), whose fish-
ery-based models yielded population density
increases in response to extrinsic mortality of
immatures. These related phenomena have been
the subject of multiple theoretical studies to deter-
mine the conditions under which they may occur
(reviewed by Abrams 2009 and Schroder et al.
2014). The timing of extrinsic mortality relative to
density-dependent mortality is predicted to be a
key factor in determining whether overcompensa-
tion and increases in population density will occur
(Jonzen and Lundberg 1999, Ratikainen et al
2008, Abrams 2009, Zipkin et al. 2009, Hilker and
Liz 2013, McIntire and Juliano 2018). Mortality
occurring before the onset of density dependence
is predicted to lead to overcompensation (Jonzen
and Lundberg 1999, Abrams 2009), and this pre-
diction has been supported in controlled labora-
tory experiments (McIntire and Juliano 2018). Life
history traits can further influence the occurrence
of overcompensation (De Roos et al. 2007, Zipkin
et al. 2009, Karatayev and Kraft 2015). Population
regulation by maturation vs. reproduction deter-
mines whether overcompensation can occur in the
juvenile and adult stage (De Roos et al. 2007), and
high reproduction rates and static maturation
rates are postulated to increase the chances of
overcompensation in adults (Zipkin et al. 2009,
Karatayev and Kraft 2015).
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Overcompensatory mortality and the hydra
effect are predicted for many food web structures
(Cortez and Abrams 2016). Despite multiple the-
oretical studies of overcompensation and the
hydra effect, there are relatively few empirical
examples in natural or laboratory populations.
Compensatory mortality has been demonstrated
in response to predation (Nannini and Juliano
1998), harvest (Weber et al. 2016), and parasitism
(Washburn et al. 1991). Overcompensation has
been demonstrated in response to harvest
(Nicholson 1954, Cameron and Benton 2004,
Zipkin et al. 2008, McIntire and Juliano 2018),
parasitism (Washburn et al. 1991), and real or
simulated toxin exposure (Agudelo-Silva and
Spielman 1984, Moe et al. 2002). Previous studies
have investigated the effects of extent of extrinsic
mortality on population sizes (Slobodkin and
Richman 1956, Fryxell et al. 2005), but we have
found no empirical studies testing the quantita-
tive predictions of how the extent of extrinsic
mortality in one life stage affects overcompensa-
tion in the production of the next stage.

The extent of extrinsic mortality impinging on
a population (i.e., the percentage of the popula-
tion killed), as opposed to timing of mortality, is
expected to affect strongly whether compensa-
tion or overcompensation occurs (Boyce et al.
1999, Ratikainen et al. 2008, Abrams 2009, Zip-
kin et al. 2009). There should be a threshold
above which extrinsic mortality is additive to
intrinsic mortality sources (Boyce et al. 1999,
Ratikainen et al. 2008, Abrams 2009; Fig. 1). This
additive response is predicted to occur when
extrinsic mortality exceeds the level of density-
dependent mortality (Sandercock et al. 2011).
Above this threshold, extrinsic mortality
removes a portion of the population that exceeds
the portion that would have died due to density-
dependent effects, thus lowering survivorship
and potentially affecting density. Understanding
the relationship between level of mortality and
overcompensation is important theoretically, but
also practically, for making decisions about man-
aged populations. However, only one empirical
study examines this relationship (Sandercock
et al. 2011) and showed partially compensatory
response to harvest, which reduced population
size but at a lower magnitude than the amount
harvested. While this demonstrated neither per-
fect compensation nor overcompensation, it
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Fig. 1. Postulated relationships of proportion surviving to adulthood vs. proportion killed by extrinsic mortal-
ity as described by Sandercock et al. (2011). Panels (a), (b), and (c) illustrate two-segmented models with linear
change in proportion surviving below the threshold mortality C at which mortality becomes additive. In Sander-
cock et als (2011) formulation, and in panels (a), (b), and (c), the value of C = 1-S,, where S, = proportion sur-
viving when extrinsic mortality = 0. Panel (d) illustrates a two-segmented model with a quadratic relationship of
proportion surviving vs. proportion killed, with C = 1—-S5,. Panel (e) illustrates an unsegmented model with no
threshold C.
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demonstrates a strong relationship between level
of mortality and compensation, as predicted by
theory (Boyce et al. 1999, Ratikainen et al. 2008,
Abrams 2009, Zipkin et al. 2009).

The strength of density-dependent effects reg-
ulating a population should affect the magnitude
of increase in survivorship induced by extrinsic
mortality. Stronger density-dependent effects
result in greater reduction in survivorship at high
densities than do weak density-dependent
effects. This greater reduction yields the potential
for a greater effect of the release from density
dependence when extrinsic mortality occurs. By
this logic, populations facing stronger density
dependence are predicted to have greater magni-
tude of overcompensation than similar popula-
tions facing weaker density dependence. This
predicted relationship between the strength of
density-dependent effects and overcompensation
is untested. Sandercock et al. (2011) presented
models postulating a relationship between sur-
vivorship due solely to density-dependent
effects, with no extrinsic mortality (Sp), and a
threshold for extrinsic mortality (C =1 — S),
above which extrinsic mortality becomes addi-
tive (Fig. 1). The value of Sy provides a measure
of the strength of density-dependent effects on
survival (lower Sj implies greater density-depen-
dent death). The model postulates that with
extrinsic mortality below the threshold, overcom-
pensation (Fig. 1a), compensation (Fig. 1b), or
partial compensation (Fig. 1c) may occur, or sur-
vivorship may have a nonlinear, concave down-
ward relationship to proportion killed by
extrinsic mortality (Fig. 1d). The threshold may
also be absent (Fig. 1e). This flexible model can
be tested by fitting a segmented regression
model (Motulsky and Arthur 2004) to data on
survivorship vs. proportion extrinsic mortality,
and testing whether a threshold (C) exists,
whether the threshold C =1 — S;, and whether
the slope is >0 (overcompensation), not different
from 0 (compensation), between 0 and -1
(partial compensation), or not different from —1
(additivity). A quadratic, rather than a linear,
model provides a simple test for the nonlinearity
(Fig. 1d).

The purpose of this study was to test the
effects of multiple levels of extrinsic mortality of
larvae on overcompensation of adult production.
We tested this in four container mosquitoes
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(Diptera: Culicidae): Aedes aegypti, Aedes albopic-
tus, Aedes triseriatus, and Culex pipiens. These spe-
cies are suited for studies of overcompensation
because they experience strong negative-density
dependence in their aquatic larval stages (Dye
1984, Léonard and Juliano 1995, Lord 1998, Alto
et al. 2012). There is evidence for (Macia and
Bradshaw 2000, MclIntire and Juliano 2018) and
against (Ower and Juliano 2019) overcompensa-
tion in container mosquitoes. None of the cited
studies have tested the model of Sandercock
et al. (2011) by testing for the predicted relation-
ships between extrinsic mortality level and adult
production embodied in Fig. 1.

To compare responses to controlled random
removal and natural mortality sources, we
included in our experiment random harvest of
larvae and predation on larvae by Mesocyclops
longisetus (Crustacea: Copepoda) as sources of
extrinsic mortality. Mesocyclops longisetus occurs
from South America to the southern United
States (Gutiérrez-Aguirre and Suarez-Morales
2001). Their range partially overlaps the ranges
of each of the four mosquito species tested here,
and M. longisetus are commonly found in the
water-filled containers with larval mosquitoes
(Gutiérrez-Aguirre and Sudrez-Morales 2001,
Marten and Reid 2007). They are voracious, size-
selective predators of early instar mosquito lar-
vae (Soumare et al. 2004), and individuals can
kill up to 38 larvae per day (Marten et al. 1994).
Mesocyclops species prey preferentially on Aedes
over Culex larvae (Marten et al. 1994, Soumare
et al. 2004), but feeding preferences for the three
Aedes species are unknown. Past empirical stud-
ies on overcompensation in mosquitoes have
used random harvesting (McIntire and Juliano
2018) or predation (Nannini and Juliano 1998) as
sources of mortality, but none have compared
the two. Differences in the effects of the two mor-
tality sources (e.g., selectivity of mortality by
predators, biomass remaining as partially con-
sumed victims, or anti-predator behavior modifi-
cations in prey) may result in differences among
these species in likelihoods or levels of overcom-
pensation.

Based on past theoretical predictions (Boyce
et al. 1999, Ratikainen et al. 2008, Abrams 2009,
Zipkin et al. 2009) and the work of Sandercock
et al. (2011), we hypothesize that overcompensa-
tion occurs below a threshold value C of extrinsic
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mortality; the threshold C =1 — Sy; and additive
mortality occurs above this threshold. If this
hypothesis is correct, we predict that data on sur-
vivorship vs. extrinsic mortality level will (1) be
better described by a two-segmented model with
threshold C =1 — S, (Fig. 1a—d), rather than an
unsegmented model lacking a threshold (Fig. le);
(2) have a slope significantly >0 for at least part
of the range of extrinsic mortality (Fig. 1a, d);
and (3) have a slope for extrinsic mortality above
the threshold C that is not significantly different
from —1 (Fig. 1la—d). We further postulate that if
mortality imposed by real predators and random
harvest are equally unselective with respect to
prey traits, they will yield similar levels of over-
compensation in adult production for similar
levels of mortality; alternatively, if real predators
selectively remove individuals with a greater or
lesser chance of dying due to density-dependent
intrinsic mortality, or if real predators have
non-consumptive effects, such as inducing
reduced foraging (Abrams 2009, McIntire and
Juliano 2018), then we expect the two mortal-
ity sources to yield different levels of overcom-
pensation.

In comparing the species, we postulate that
differential competitive abilities and responses to
larval density will be associated with likelihood
and levels of overcompensatory mortality in
response to the same level of extrinsic mortality.
Overcompensation requires the release of a pop-
ulation from density-dependent effects, so that
populations under stronger density-dependent
regulation should exhibit greater levels of over-
compensation. Resource competition appears to
be strong in larvae of container mosquitoes (re-
viewed by Juliano 2009, 2010), and general the-
ory (Chase and Leibold 2003) and experiments
with these mosquitoes (Murrell and Juliano 2012)
indicate that ability to maintain survival and
population growth at low per capita resource
levels is the main determinant of competitive
ability. Based on the competitive abilities of the
four species in this experiment (reviewed by
Juliano 2009, 2010, Reiskind and Lounibos 2009,
Murrell and Juliano 2012, O’Neal and Juliano
2013), we predict levels of overcompensation in
the four species will be, from greatest to least,
C. pipiens, A. triseriatus, A. aegypti, and A. albopic-
tus, as this series coincides with their increasing
competitive abilities.
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METHODS

Mosquitoes and M. longisetus used in this study
were from laboratory colonies at Illinois State
University, =~ Normal, Ilinois, USA  (See
Appendix S1: Methods for colony origins and
rearing protocols). Four days prior to the begin-
ning of the experiment, 500-mL plastic containers
were filled with 400 mL ultrapure water, 1 g
dried live oak leaves (Quercus wviriginiana) col-
lected from Vero Beach, Florida, USA, 0.05 g
dried decorated crickets (Gryllodes sigillatus), and
100 pL microbial inoculum collected from a rain-
filled bucket in Merwin Nature Preserve, Lexing-
ton, Illinois, USA. Lids were placed on the con-
tainers with holes for ventilation. Containers were
housed in an environmental chamber at 25°C
until the beginning of the experiment to allow the
establishment of a microbial community to serve
as food resources for mosquito larvae.

Containers (n = 201) were randomly assigned
a species and mortality treatment. Mortality
treatments consisted of either a percentage of the
cohort (0%, 10%, 30%, 50%, or 70%) to be
removed at random on day 2 or the addition of
1, 2, or 3 female M. longisetus (Appendix SI:
Fig. S1). On day 0 of the experiment, 150 mos-
quito hatchlings (Appendix S1: Methods for
hatching procedures) of one species were added
to appropriate containers, and M. longisetus were
added to predator treatment containers. This ini-
tial density of mosquito larvae was chosen based
on preliminary trials testing different resource
amounts and densities and is consistent with
high field densities reported for our study spe-
cies (Juliano et al. 2004, Johnson and Sukhdeo
2013, Camara et al. 2016). Containers were
returned to the environmental chamber, which
maintained a 14:10 light:dark photoperiod. Ran-
dom mortality treatments were applied on day 2,
which is the time most likely to induce overcom-
pensation in experimental populations of con-
tainer mosquitoes (McIntire and Juliano 2018).

On days 16 and 30, 0.5 g dried live oak leaves
and 0.025 g dried decorated crickets were added
to each Aedes container, and on days 9, 16, 23,
and 30, the same amounts were added to the C.
pipiens containers. More frequent resource addi-
tions were used for C. pipiens because initial trials
using the same feeding schedule as the Aedes
containers failed to produce adults in all C.
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pipiens treatments. Containers were checked
daily for pupae, which were removed and placed
in 0.92-mL vials with cotton stoppers. Pupae
were stored in the environmental chamber and
checked daily for emergence, and the date of
emergence for each individual was recorded. All
individuals reaching adulthood were counted as
survivors. Temporal blocks ended when no lar-
vae remained, with a maximum duration of
84 d.

Statistical analyses

This experiment was conducted in incomplete
temporal blocks (n =8) over a period of
9 months. Blocks were incomplete due to egg
availability. A single quantitative mortality vari-
able (hereafter “mortality”’) was created to enable
comparison of random extrinsic mortality and
predator-induced extrinsic mortality. This mor-
tality variable was the percent of individuals
removed on day 2 for random mortality treat-
ments and the percent mortality by predation
through day 2 for predator treatments. Because
Aedes and Culex species were given different food
treatments, they were analyzed separately.

We analyzed these data in two ways. First,
number of survivors per container was analyzed
using a generalized linear mixed model (PROC
GLIMMIX, SAS 9.4, SAS Institute, Cary, North
Carolina, USA) to fit a descriptive polynomial to
the data, and to test for differences due to preda-
tor treatment and mosquito species. Models
including predator presence/absence, species
(Aedes analysis only), mortality, mortality”, mor-
tality’, and all two-way interactions as fixed
effects, and block included as a random effect,
were evaluated. Higher-order polynomial terms
were not tested in models without lower-order
terms. To account for over-dispersion, a negative
binomial error distribution was used. Because
the species*mortality interaction was significant
in the Aedes analysis (see Results), separate
regressions were run to determine the best model
for each species. Corrected Akaike’s information
criteria (AIC.; Sugiura 1978) were compared to
determine the best model, and the model with
the lowest evidence ratio was used to generate
predictions in the case of A. aegypti, A. triseriatus,
and C. pipiens. The two best A. albopictus models
had similar AIC. (Appendix S1: Table S1), so
excluding the second-best model would discard
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valuable information. The best model contained
the predator effect alone, whereas the second-
best model contained predator and a cubic rela-
tionship to mortality. Since the third- and fourth-
best models contained the linear and quadratic
relationships to mortality, respectively, and the
evidence ratio for the fourth model was relatively
low (E = 2.044), these four models were aver-
aged (Anderson 2008) to predict numbers of sur-
vivors and standard errors (SEs), which were
weighted by their respective model weights (w;)
when all unselected models were excluded
(Appendix S1: Table S2). These four models had
a combined weight of w; = 0.7037 relative to all
possible models (Appendix S1: Table S1, sum of
w; from top four models).

A second analysis was designed to test for
overcompensation, compensation, or additivity
by testing hypotheses about the slopes of the
relationship, to test for the presence of the thresh-
old C, and whether C =1 — S,, where S; is the
intercept on the vertical axis (Fig. 1). For this
purpose, we modeled the relationship of propor-
tion surviving to adulthood vs. proportion mor-
tality on day 2 using PROC NLMIXED in SAS
9.4 and compared five different models for each
species: two-segmented models with linear rela-
tionships above and below the threshold
(Fig. 1la—c); two-segmented models with a quad-
ratic relationship below and a linear relationship
above the threshold (Fig. 1d); and one-segmen-
ted linear relationships (i.e, no threshold;
Fig. 1le). For two-segmented models with a
threshold, we tested models with the threshold
constrained to be C =1 — Sy, and models where
the threshold was unconstrained and estimated
as a parameter of the regression model. All mod-
els included the effect of predator presence/ab-
sence and the random block effect. We also
tested segmented threshold models postulating
negative binomial, log normal, and Poisson error,
and in all cases, they were poorer descriptions of
the data than models postulating normally
distributed error, which are the models we
report. We used AIC. to determine which
model best described the data, and hypothesis
tests on parameters to test for overcompensation
(slope > 0) and partial compensation (0>
slope > —1). Slopes not significantly different
from 0, or not significantly different from —1,
were interpreted as being consistent with
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compensation or additivity, respectively. For
unconstrained models, we tested whether C dif-
fered significantly from 1 — S,,.

We analyzed post-treatment intrinsic mortality
for each species using generalized linear mixed
models in the event/trial mode with a binomial
distribution of error and a logit link function
(PROC GLIMMIX, SAS 9.4). Treatment was a
fixed effect and block a random effect. For each
replicate, trials were the number of larvae on day
2 after extrinsic mortality treatments, and events
were the number dying after day 2 (=larvae on
day 2 — adults produced). Least squares means
were compared using Tukey’s method.

REsuLTs

Polynomial models

The mean number of adults produced with no
extrinsic mortality for C. pipiens, A. triseriatus, A.
aegypti, and A. albopictus was 6, 17, 38, and 47,
respectively (Appendix S1: Fig. 52). The mortal-
ity*species interaction was significant in the anal-
ysis of the three Aedes species (Fp, 132 = 15.55,
P < 0.0001). Therefore, we report here the results
from the single-species analyses. The model aver-
age prediction for A. albopictus incorporated pre-
dictions from the predator-only (w;= 0.3376),
predator + a cubic relationship to mortality
(w; = 0.3054), predator + linear effect of mortal-
ity (w; = 0.1919), and predator + a quadratic
relationship to mortality (w; = 0.1651) models
(Appendix S1: Table S1). This model-averaged
prediction showed no change in number surviv-
ing to adulthood with added mortality (compen-
sation) over the range of 0-50% mortality, and an
apparent decrease in survival to adulthood at
70% mortality (Appendix S1: Table S1; Fig. 2a).
Mortality by predation resulted in significantly
more surviving adults compared to that for a
similar level of random mortality, with predator
treatments yielding 3.74-7.19 more survivors
depending on the model (Appendix Sl:
Table S2).

The A. aegypti and C. pipiens data were each
best described by the models containing predator
and a cubic relationship to mortality (Appen-
dix S1: Tables S3 and S4), whereas the A. trise-
riatus data were best described by a model
containing only the linear effect of mortality
(Appendix S1: Table S5). The effect of predator
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was significantly positive for A. aegypti with an
estimate of 5.80 more adults produced in preda-
tor treatments, and negative for C. pipiens with
an estimate of 1.88 fewer adults produced in
predator treatments, compared in both cases to
adult production with a similar level of random
mortality (Appendix S1: Table S6; Fig. 2b, c). The
polynomial for Aedes aegypti indicates overcom-
pensation at 50% mortality compared with 0%
mortality (Fig. 2b). Aedes triseriatus clearly
showed overcompensation across all mortality
levels, with a linear increase in survivors with
greater random or predator-induced mortality
(Appendix S1: Table S6; Fig. 2d). The polynomial
for Culex pipiens showed an apparent over-
compensatory response at all levels of random
mortality, with the greatest number of survivors
produced in the 30% mortality level (Appen-
dix S1: Table S6; Fig. 2c). Predator-induced mor-
tality did not suggest overcompensation
(Fig. 2c).

Segmented models

One-segmented linear models without the
threshold were the best models for A. albopictus,
A. triseriatus, and C. pipiens (Table 1, Fig. 3;
Appendix S1: Table S7). The quadratic two-seg-
mented threshold model with C estimated from
the data was best for A. aegypti (Appendix Sl:
Table S7), and C was significantly different from
the predicted 1 — Sy (Table 1; t = 2.05, df = 48,
P = 0.0475). The curvilinear trend for A. aegypti
below the threshold was clearly positive (Fig. 3)
and dominated by a significant positive quadra-
tic term (b3, Table 1), indicating significant over-
compensation. In all three species where the one-
segmented model was best, the second-best
model was the linear two-segmented model with
the threshold C constrained to C=1 — S,
(Appendix S1: Table S7). Slopes of the regression
(b1) were positive for A. triseriatus and C. pipiens,
and significantly >0 for A. triseriatus (Table 1,
Fig. 3), indicating significant overcompensation.
The slopes for A. albopictus and C. pipiens were
not significantly different from 0 and thus consis-
tent with compensation (Table 1, Fig. 3). For A.
albopictus, A. triseriatus, and C. pipiens, the one-
segmented model slopes were always signifi-
cantly greater than —1 (Table 1), so mortality
was never additive. For A. aegypti, the slope
above the estimated threshold C (b,) was
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Fig. 2. Observed and predicted numbers of surviving Aedes albopictus (a), Aedes aegypti (b), Culex pipiens (c),
and A. triseriatus (d) reaching adulthood after exposure to a range of mortality treatments on or by day 2, based
on polynomial regressions. Random mortality was applied to no-predator treatments (circles) by randomly
removing 0%, 10%, 30%, 50%, or 70% of the initial cohort size (150) on day 2. Predator treatments (triangles)
received 1, 2, or 3 female Mesocyclops longisetus at the start of the experiment, and the percent mortality by day 2
was determined by counting the number of surviving mosquito larvae. Predicted curves for the no-predator
(blue) and predator (orange) treatments plot the polynomial function produced by generalized linear mixed
models. Dashed lines show 95% confidence intervals. Predicted values were calculated using the models with the
lowest corrected Akaike’s information criteria (AIC,) for A. aegypti, A. triseriatus, and C. pipiens and using model
weights to average the four models with the lowest AIC. for A. albopictus. The effect of predator was significant

for all species except A. triseriatus.

negative and not significantly different from —1
(Table 1) and thus consistent with additive mor-
tality above the threshold C. Predator effects
were positive and significant (A. albopictus and
A. aegypti, Table 1) or not significant (A. trise-
riatus, P = 0.2530) for all Aedes and negative and
nearly significant (P = 0.0775) for C. pipiens
(Table 1).

Post-treatment intrinsic mortality decreased
significantly with increasing extrinsic mortality
for all species (Fig. 4). Thus, survivors of extrin-
sic mortality gained a significant survival benefit
via release from density-dependent mortality,

ECOSPHERE % www.esajournals.org

particularly with greater extrinsic mortality. Post-
day-2 mortality yielded detectable pairwise dif-
ferences among predator treatments only for A.
albopictus and A. aegypti (Fig. 4).

DiscussioN

Our polynomial vs. segmented analyses
served different purposes. The segmented mod-
els are ideally suited for testing for overcompen-
sation, compensation, or additivity in a clear and
objective way, and for determining whether the
threshold for additive mortality exists. The
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Table 1. Parameter estimates for the segmented generalized linear mixed models.
Hy: by or
Species Best model So by b, bs (SE) C Predator effect b, = —1
Aegt 2 Segments, 0.2349 (0.0219)** —0.9451 (0.6413) —0.5742 2.9577 0.5267 0.0406 (0.0154)* by
quadratic; (0.7153) (1.0662)*  (0.1146)"** NS
Cis free;

Albof  1Segment 0.3030 (0.0216)** —0.1657 (0.1966)
Tris§  1Segment 0.0761 (0.0155)** 2.2680 (0.9013)*
Culexq 1Segment 0.0401 (0.0081)** 0.5758 (0.5961)

0.0834 (0.0292)*  by***
0.0202 (0.0175)  by**
-0.0166 (0.0092)  by*

Notes: Best models based on corrected Akaike’s information criteria (Appendix S1: Table S7) for proportion surviving (S4)
vs. proportion killed by day 2 (K), with parameter estimates. S, = proportion surviving with K = 0; C = threshold where slope
changes for segmented models with C is estimated from the data or C =1 — S; in constrained models; b; = linear effect below
the threshold C; b, = linear effect above the threshold C (absent in unsegmented models); b; = quadratic effect below the
threshold C; predator effect = additive effect of real predation vs. random removals, modeled as independent of values of K
(i.e., no predator*K interaction). All models include an additive random effect of experimental block. Values in parentheses are

standard errors (SEs). The last column tests the null hypothesis of additive mortality (Slope = —1) for either by or b».

*P < 0.05; **P < 0.01; ***P < 0.001.
t Aedes aegypti.

1 Aedes albopictus.

§ Aedes triseriatus.

9 Culex pipiens.

continuous curves produced by polynomials can-
not provide clear answers to these questions. In
contrast, the polynomials provide the best test
for differences among Aedes species in the rela-
tionships of survivors to extrinsic mortality (via
the test for interactions of mortality with species)
and provide the most powerful tests for effects of
random vs. predator-induced mortality on sur-
vivorship. We will discuss the implications of
each of these analyses.

Overcompensation, compensation, additivity, and
thresholds

The low numbers of adults produced in the 0%
mortality treatments demonstrate that the densi-
ties and resource levels used in this experiment
were sufficient to induce strong negative-density
dependence. Statistically significant overcom-
pensation of adult production was present in A.
aegypti (up to 50% mortality) and A. triseriatus
(up to 70% mortality). Production of adults by A.
albopictus and C. pipiens was consistent with com-
pensatory mortality, though caution is needed in
this interpretation because it is based on the
regression slopes being not significantly different
from 0. It remains striking that for these two spe-
cies, killing as many as 70% of the larvae on day
2 yields no detectable reduction in adult produc-
tion. Our three predictions based on Sandercock
et al. (2011) were clearly supported strongly for
A. aegypti with a significant positive slope, and a
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slope beyond the threshold not different from
—1, indicating additive mortality. The threshold
at which the slope changes was, however, signifi-
cantly different from the predicted 1 — Sp.
Results for A. triseriatus are also consistent with
this model, because of the significantly positive
slope and the threshold of 1 — Sy predicted to
occur at an extrinsic mortality rate greater than
any we used (1 — Sy is estimated to be
1 — 0.094 = 0.906; see Table 1). For C. pipiens,
the predictions are not supported, but neither
can they be refuted as the slope is positive, but
not significant (Table 1), and the predicted mor-
tality threshold of 1 — Sy, would again fall at a
value greater than any we implemented
(1 — Sp = 0.940). For A. albopictus, we found no
evidence of overcompensation, and our hypothe-
sis is not supported, because we failed to find
any evidence of a threshold. The most striking
finding about A. albopictus is the consistency of
numbers of adults produced across a wide range
of extrinsic mortality rates. All these Aedes show
considerable plasticity of adult size in response
to differences in per capita food (Wormington
and Juliano 2014) and that plasticity may con-
tribute to the stability of adult production despite
major changes in density. This raises an interest-
ing question for future research: Does that plas-
ticity of adult size contribute to biomass
overcompensation in response to extrinsic mor-
tality (De Roos et al. 2007)?
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Fig. 3. Observed and predicted proportion surviving to adulthood for Aedes albopictus (a), Aedes aegypti (b),
Culex pipiens (c), and A. triseriatus (d) after exposure to a range of mortality treatments on or by day 2, based on
segmented nonlinear regressions to test the threshold model (Sandercock et al. 2011). Treatments described in
Fig. 2. Predicted curves for the no-predator (blue) and predator (orange) treatments plot the best segmented
model based on nonlinear regression. Dashed lines show 95% confidence intervals. Predicted values were calcu-
lated using the models with the lowest corrected Akaike’s information criteria for each species.

Mortality by predation vs. random harvest

Based on the polynomial models, it is clear that
these Aedes differed in their responses to extrinsic
mortality. Further, mortality by predation led to
significantly greater adult production than did
random mortality in A. aegypti and A. albopictus.
Random mortality in this experiment was
imposed by randomly removing individuals
from the containers, resulting in the complete
loss of biomass represented by the harvested
individuals. In contrast, predation by M. longise-
tus releases feces and unconsumed body parts to
the system, potentially enhancing resources for
the microorganisms on which surviving mosqui-
toes feed, which may contribute to the greater
numbers of adults produced in predator treat-
ments. Furthermore, the selectivity of the ran-
dom and predator-induced mortalities likely
influenced the difference in adult production.
Individuals were selected at random for removal
in harvest treatments, whereas predators are
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likely selective for prey traits. We expect M.
longisetus  would preferentially kill smaller,
slowly developing individuals, or any individu-
als debilitated by crowding. If this selective
removal of less robust larvae occurred with real
predation, it may have resulted in higher-quality
survivors than did our random removal treat-
ments, with correspondingly greater likelihood
of survival to adulthood. For A. triseriatus, preda-
tor present/absent had no significant effect,
though the trend was for greater adult survivor-
ship with predators vs. random mortality
(Figs. 2, 3).

In contrast to A. aegypti and A. albopictus, fewer
C. pipiens adults were produced when exposed to
predation than to random mortality. Culex are
thought to be less vulnerable than Aedes to pre-
dation by copepods (Marten and Reid 2007), and
if copepod predation in this experiment was less
for C. pipiens than for the Aedes, the result may be
a lesser overcompensatory effect on survivorship
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Fig. 4. Least squares mean (+standard error) cumulative post-treatment mortality rates from day 2 until the
last larva pupated or died (1 — [number of adults produced/ number of larvae on day 2]) for Aedes albopictus (a),
Aedes aegypti (b), Culex pipiens (c), and A. triseriatus (d). Early instar larvae were exposed to a range of 0-70% ran-
dom harvest (blue bars) or 1, 2, or 3 predators (pred; orange bars). Within each panel, the F statistic tests the null
hypothesis of no treatment effect, and least squares means associated with the same letter are not significantly

different based on Tukey’s test.

of C. pipiens to adulthood (Abrams 2009, McIn-
tire and Juliano 2018). We analyzed day 2 sur-
vivorship for the predator treatments and the no-
predator replicates (prior to manipulation) and
found a significant interaction of species and
predator number, but the important difference
was that A. aegypti was significantly more vul-
nerable to predation by three copepods than all
other species (data not shown). Thus, we find no
evidence that C. pipiens is less vulnerable to cope-
pod predation than Aedes in general. The reason
for the opposite responses to predation vs. ran-
dom removals among these genera remains
unexplained.

Our analyses of post-treatment mortality rates
(Fig. 4) show the benefits of extrinsic mortality
that accrue to the survivors. A wide range of
intensities of extrinsic mortality (30-70%) result

ECOSPHERE *%* www.esajournals.org

in detectable decreases in post-treatment mortal-
ity of survivors for all three of the Aedes.

Competitive ability and overcompensation

We predicted that competitive ability of these
species would be related to both the level of over-
compensation and survival in the absence of
extrinsic mortality (Sp). In natural settings and in
laboratory microcosms, A. albopictus is the best
competitor, followed by A. aeqypti, A. triseriatus,
and C. pipiens (reviewed by Juliano 2009, 2010,
Reiskind and Lounibos 2009, Murrell and Juliano
2012, O’'Neal and Juliano 2013), and competitive
abilities are often determined by a species’ ability
to persist at low per capita resource levels (Chase
and Leibold 2003, Murrell and Juliano 2012). In
our experiment, per capita resource availability
was lowest with 0% mortality, so that Sy provides
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a measure of ability to compete for resources.
Estimated S for the four species was in the order
we predicted: C. pipiens < A. triseriatus < A.
aegypti < A. albopictus (Table 1), which suggests
that density-dependent effects are greatest for C.
pipiens and least for A. albopictus. We thus pre-
dicted overcompensatory responses to be greatest
for C. pipiens, followed by A. triseriatus, then A.
aegypti, and least for A. albopictus. One way to
quantify the magnitude of the overcompensatory
response is by the slopes of the segmented linear
regressions below the threshold (ie, b; in
Table 1). Larger positive slopes indicate greater
overcompensation, whereas slopes <0 indicate
partial to no overcompensation. This comparison
is complicated by the nonlinearity found in the
best model for A. aegypti (Table 1) so that the
slope is not constant. The results in Table 1 are
partly consistent with this prediction, with the
notable exception of C. pipiens. The steepest slope
is for A. triseriatus and is significantly >0
(Table 1). For A. aegypti, we will use for compar-
ison the linear slope from the second-best model,
which is 0.4974 £ 0.1910 (Slope £ SE) and also
significantly >0 (P =0.0122; Appendix SI:
Table S7). The slope for A. albopictus is slightly
negative but not significantly different from 0
(Table 1). Thus, the three Aedes species fall in the
order predicted by competitive ability and S,.
Slope for C. pipiens is positive and somewhat
greater than that for A. aegypti. However, it is not
significantly different from 0 (Table 1), so it
clearly does not fit our prediction. Lack of over-
compensation in Culex is consistent with a field
study of its congener, C. restuans (Ower and
Juliano 2019). Because resource availability was
greater for C. pipiens than for the Aedes, its
response may not be comparable to those of the
Aedes. Culex pipiens did not survive well under
any of our experimental conditions, perhaps
because this species is adapted to water with very
high nutrient levels. Thus, our prediction about
competitive ability and overcompensation is sup-
ported only for the three Aedes in the experiment.

Lack of overcompensation by A. albopictus is
somewhat surprising, as an experiment on effects
of mortality timing on overcompensation with A.
albopictus (McIntire and Juliano 2018) with the
same resource levels, but initial cohorts of 250 lar-
vae exposed to 48% random mortality at day 2
yielded a strong overcompensation response. The
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greater cohort size with the same initial quantity of
resources that we used with smaller cohorts in the
present study indicates greater density-dependent
effects in early in their experiment, which would
be expected to yield greater overcompensation
with similar mortality. A second experiment by
McIntire and Juliano (2018) found compensation in
A. triseriatus in response to extrinsic mortality,
which contrasts with the overcompensation
observed for A. triseriatus in the present study.
These two experiments on A. triseriatus used simi-
lar initial per capita amounts of detritus, so that fur-
ther experiments are needed to understand why
overcompensation responses vary within a species.

The shift to additive mortality above the
threshold in A. aegypti is consistent with predic-
tions of theory (Boyce et al. 1999, Ratikainen
et al. 2008, Abrams 2009, Zipkin et al. 2009, San-
dercock et al. 2011). The absence of this result in
our A. triseriatus and C. pipiens suggests that
extrinsic mortality levels in this study were not
sufficiently high to exceed the threshold to induce
additive mortality. For A. albopictus, our results
are inconsistent with predictions, as our best
model did not include a threshold (Appendix S1:
Table S7). However, the second-best model for A.
albopictus had an Akaike weight only slightly
worst than the best model (Appendix S1:
Table S7), and it included a threshold constrained
tobeequal to1l — Sy (Appendix S1: Table S7). For
all three of the species for which the one-segment
model with no threshold was best, the second-
best model was the two-segment model with
C=1- 5y (Appendix S1: Table S7). Thus, our
results may well be consistent with the predic-
tions from Sandercock et al. (2011). The high level
of density-dependent mortality observed in mos-
quitoes in the absence of extrinsic mortality sug-
gests that further experiments need to use
experimental levels of extrinsic mortality that are
very high (e.g., 90%).

Practical implications

Quantitative relationships of overcompensa-
tion to extrinsic mortality are critical for effec-
tively managing pest populations (Zipkin et al.
2009). Interventions aimed at control of density-
dependent populations can lead to counterpro-
ductive results (Agudelo-Silva and Spielman
1984, Buckley et al. 2001, Pardini et al. 2009). The
four mosquito species used in this study are
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targets of control efforts because of their impor-
tance as vectors of viruses (Eldridge et al. 2000).
Our results demonstrate the potential impor-
tance of control strategies that minimize the risk
of imposing mortality levels that are offset by a
release from density dependence. To avoid
inducing overcompensation, control strategies
must result in sufficiently high levels of mortality
to surpass the threshold for additive mortality
demonstrated by the target population. We
believe that species- and site-specific field studies
are needed to determine what this threshold is
for natural populations.

Mesocyclops longisetus has been successfully
used as a biocontrol agent of several mosquito
species, including the three Aedes species tested
in this study (Marten et al. 1994, Soumare and
Cilek 2011). Our results suggest the success of M.
longisetus at reducing mosquito populations is
not only dependent on predation rate of individ-
uals, but also dependent on copepod numerical
response, which was necessarily absent in our
short-term experiment. Introductions of M.
longisetus for mosquito control must use large
numbers of copepods, and growth of a large
copepod population is needed to avoid overcom-
pensation in mosquito adult production (Sou-
mare and Cilek 2011).

For mosquitoes that are vectors, the interaction
of density dependence and extrinsic mortality
may affect mosquito population vectorial capac-
ity in ways that go beyond changing number of
adults (Bara et al. 2015). Larval density reduction
can increase adult size and longevity, which
increases vectorial capacity (Reiskind and Louni-
bos 2009), and decrease vector competence,
which decreases vectorial capacity (Alto et al.
2008). Thus, density reductions in larvae via
extrinsic mortality may thus have complex and
potentially counterproductive effects on vector-
borne disease.
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