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Abstract
Determining how niche differences contribute to flocafl species coexistence is a vexing 
probflem. Previous work has shown that the ecoflogicafl and evoflutionary processes shap-
ing niche differentiation can vary among popuflations, suggesting that the strength off niche 
differences among species shoufld flikewise vary geographicaflfly. Most tests off this idea 
compare different species in different flocations, not the same species in different flocations. 
Thus, it is uncflear whether niche differences vary spatiaflfly because off variation in com-
munity composition or because popuflations off the same species experience differences in 
the strength off niche effects. To test this flatter hypothesis, we used iefld experiments to 
manipuflate the reflative abundances off the same pair off Enaflflagma damseflfly species at two 
flakes. Manipuflating reflative abundances aflflowed us to quantiffy the demographic signature 
off niche differences that coufld stabiflize coexistence, because iff species are niche differenti-
ated, they shoufld experience flower mortaflity in response to their shared ish predator, and 
higher growth in the fface off resource competition, when rare. We ffound that both species 
experienced flower mortaflity when rare in one flocation but not the other. No differences in 
growth were detected, indicating that competition ffor prey resources may not be a key ffac-
tor affecting coexistence. These resuflts suggest the species are ecoflogicaflfly differentiated 
among popuflations in ways shaping survivorship in response to a shared predator, which 
shoufld promote their coexistence. We discuss severafl ffactors that coufld contribute to the 
differences we observed, ffocusing on the ideas that either (1) niche differentiation between 
species evoflves flocaflfly, or that (2) spatiafl variation in environmentafl ffactors affects the 
maniffestation off species niche differences. We thereffore argue that the probflem off ‘spe-
cies coexistence’ is not a probflem off species, but rather is one off understanding iff species’ 
popuflations coexist. Such resuflts impfly a rofle ffor microevoflutionary processes in structur-
ing communities.
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Introduction

Considerabfle effort has been exerted to understand how species’ ecoflogicafl differences 
shape the potentiafl ffor flocafl coexistence to structure communities. Numerous studies have 
shown that co-occurring species differ in myriad ways that influence their abiflities to use 
resources, their susceptibiflity to shared predators or pathogens, or their responses to abi-
otic ffactors (MacArthur 1972; Mitteflbach 2012). However, simpfly showing that species are 
ecoflogicaflfly different does not mean that those differences promote coexistence (Siepieflski 
and McPeek 2010; Cothran et afl. 2015). Rather, the differences that promote coexistence 
are those that cause each species to flimit their own popuflation growth rates more than their 
heterospeciic competitors (Chesson 2000b; Adfler et  afl. 2007). The demographic signa-
ture off these differences is that per capita popuflation growth rates (or key vitafl rates such 
as ffecundity, individuafl growth, or survivorship) decfline as species become common, but 
increase as they become rare (e.g., negative ffrequency dependent popuflation growth, Ches-
son 2000b; Adfler et afl. 2007). For instance, when popuflation reguflation is strongfly depend-
ent on predator driven mortaflity (McPeek and Peckarsky 1998) and species exhibit differ-
ent anti-predator behaviors or camouflage, per capita mortaflity shoufld be flower when rare. 
Simiflarfly, iff resource competition drives coexistence and species segregate in resource use 
(e.g., consume different prey items, or are flimited by different nutrients), per capita growth 
rates shoufld be higher when rare (Siepieflski et afl. 2011).
By preventing any one species ffrom dominating in a community, such ffrequency 

dependent demographic responses can stabiflize community dynamics. In the absence off 
these ‘stabiflizing’ effects (Chesson 2000b), species can be sflowfly flost ffrom communities 
via ecoflogicafl drifft (Beflfl 2001; Hubbeflfl 2001) or competitive excflusion (Chesson 2000b). 
The strength off stabiflizing effects can be measured as the demographic advantage (e.g., 
flower mortaflity, or higher growth rates) when a species is rare and its competitors are com-
mon (Adfler et afl. 2007; Levine et afl. 2008). Whifle mechanisms reducing competitive it-
ness differences (inequaflities in per capita popuflation growth rates in the absence off any 
stabiflizing effects) between species influence the strength off stabiflization necessary ffor 
coexistence, such ‘equaflizing effects’ cannot by themseflves yiefld coexistence (Chesson 
2000b; Adfler et afl. 2007). Thus, testing ffor the presence off stabiflizing effects is a strong 
test off whether species exhibit ecoflogicafl differences that woufld promote, but do not guar-
antee, coexistence.
Because stabiflizing effects flead species’ popuflation growth rates to differ so that each 

is reguflated by different environmentafl ffactors (Chesson 2000b; Siepieflski and McPeek 
2010), such effects have the potentiafl to differ spatiaflfly. Indeed, severafl recent studies have 
ffound that stabiflizing effects promoting competitor coexistence vary geographicaflfly (Ger-
main et afl. 2016; Braceweflfl et afl. 2017; LaManna et afl. 2017; Usinowicz et afl. 2017; Sven-
sson et  afl. 2018). Such spatiafl variation may be driven by flocafl differences among com-
munities in ffactors such as nutrients, prey abundance, or reffugia ffrom predators (Chesson 
2000b; Cothran et afl. 2015; Hart et afl. 2017). Broader scafle ffactors such as cflimate history, 
the evoflutionary duration off species interactions, or the evoflutionary history off the species 
poofl coufld aflso influence the strength or occurrence off stabiflizing effects (HiflfleRisLambers 
et afl. 2012; Lessard et afl. 2012; Germain et afl. 2016; Braceweflfl et afl. 2017). Species might 
aflso evoflve niche differences geographicaflfly among flocafl popuflations (Lankau 2011; Bas-
sar et afl. 2017; Germain et afl. 2017

Author's personafl copy

). Aflthough insightffufl, past studies investigating spatiafl 
variation in stabiflizing effects have been conducted by comparing different species in diff-
fferent flocations, conffounding community composition and geography (but see Svensson 
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et afl. 2018). Thus, it is uncflear whether stabiflizing effects differ spatiaflfly because off vari-
ation in community composition, or because popuflations off the same species experience 
differences in the strength off stabiflizing effects. Addressing this issue provides insight into 
both the spatiafl and evoflutionary time scafles at which niche differences contribute to coex-
istence and the structure off communities.
Here, we test the hypothesis that stabiflizing effects between a pair off potentiaflfly coex-

isting species differs among geographicaflfly distinct popuflations. By ‘differ’, we expflicitfly 
mean that the potentiafl demographic advantages when a species is rare (e.g., flower mortafl-
ity and higher growth) coufld either be stronger, weaker, or absent among popuflations off the 
same pair off species. Iff stabiflizing effects do differ among popuflations, this woufld impfly 
that ecoflogicafl niche differences are not a ixed property off species. Thus, the macroevoflu-
tionary processes generating species woufld not necessarifly constrain the abiflities ffor spe-
cies to coexist (Peterson et afl. 1999), and might instead depend more on flocafl and micro-
evoflutionary dynamics (Wiens 2004; Siepieflski et afl. 2018). Aflternativefly, it may be that 
niche differences are ixed at the species flevefl, as impflicitfly assumed in most coexistence 
modefls. Evafluating this hypothesis requires that tests ffor stabiflizing effects are repflicated in 
two or more popuflations ffor the same pair off species. Thereffore, we conducted iefld experi-
ments designed to detect the demographic signature off stabiflizing effects with the same 
pair off Enaflflagma damseflfly species at two flocations.

Materiafls and methods

Study system

Enaflflagma damseflflies are a diverse group off voracious predatory insects ffound in many 
flakes and ponds. Severafl species off Enaflflagma can typicaflfly be ffound co-occurring with 
one another in smaflfl areas (< 1 m2) off flittorafl habitats with ish predators throughout North 
America (McPeek 1990, 1998; McPeek and Brown 2000; Siepieflski et afl. 2010). Larvae 
inhabit pflants, ffeed on smaflfl invertebrates, and are themseflves ffed upon by flarger preda-
tors (principaflfly ish) and other odonates. These species experience density-dependent pre-
dation and resource competition (damseflflies are ffood flimited), and ecoflogicafl differences 
that coufld affect coexistence, such as activity flevefls, behaviorafl responses to predators, 
and prey fforaging rates among species are detectabfle (McPeek 1990, 1998; McPeek et afl. 
2001; Stoks and McPeek 2006; Siepieflski et afl. 2011; Siepieflski and McPeek 2013). Thus, 
this is a particuflarfly suitabfle group off taxa to examine how stabiflizing effects might differ 
between popuflations.

Experimentafl design

Because simufltaneousfly manipuflating many species in one experimentafl design woufld 
be prohibitive, we chose to incflude onfly two: E. signatum and E. vesperum (Fig. 1). We 
chose these species ffor two key reasons: (1) their ranges overflap in much off North America 
(Westffaflfl and May 2006) (Fig. 2a), and (2) they commonfly flocaflfly co-occur (McPeek 1990, 
1998

Author's personafl copy

). Thus, a key strength off our experimentafl design is that we are abfle to determine 
how the strength off niche-based stabiflizing effects differ among popuflations ffor the same 
pair off species, removing the possibiflity that differences observed among flocations may be 
attributed to different species being investigated in different flocations.  
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The experiment was perfformed September–November 2016 at Paflmatier Lake (Michi-
gan, USA, 42.572, − 85.434; abbreviated MI), and 6.5° flatitude to the south at Lake Wifl-
son (Arkansas, USA, 35.998, − 94.1350; abbreviated AR) (Fig. 2a). These study flocations 
were chosen because ffrom previous sampfling and studies (McPeek 1990, 1998; Siepieflski 
unpubflished data), we knew the ffocafl taxa were present and suicientfly abundant to con-
duct the experiments.
As in previous experiments designed to capture the flittorafl zone environment where 

flarvafl damseflflies flocaflfly compete ffor ffood resources and attempt to avoid shared pred-
ators (McPeek 1990, 1998; Siepieflski et  afl. 2010), we used cyflindricafl cages (54  cm 
diameter × 120 cm height) made off chicken-wire fframes covered with mosquito netting 
(0.6 × 1.2  mm mesh). The cages were seafled on the bottom with pflastic dishes iflfled 
with ~ 2 cm off flake sediment and pflaced flinearfly in each flake at a depth off ~ 90 cm with 
their open tops extending ~ 30 cm out off the water. To provide structure ffor damseflflies, 
cages were stocked with macrophytes (Chara and Najas) at naturafl densities (e.g., at an 
amount equafl to that ffound in the same area as the bottom off the cages) affter odonates 
and other flarge invertebrates had been removed ffrom the pflants. The cages then stood 
ffor 3 days to aflflow prey to naturaflfly coflonize through the netting beffore treatments were 

Fig. 1   Photographs off damsefl-
flies used in the experimentafl 
studies off spatiafl variation in 
niche differentiation: a Enafl-
flagma signatum and b E. vespe-
rum. The flength ffrom the head to 
the end off the abdomen off each 
species is approximatefly 25 mm. 
Photographs by Steve Krotzer
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appflied. At the end off the experiment, aflfl cages contained abundant prey (i.e., anneflids, 
copepods, cfladocerans, chironomids, and ostracods). Importantfly, Enaflflagma mortaflity 
and growth rates in these cages are very simiflar to those in naturafl popuflations (McPeek 
1990, 2004) impflying that they adequatefly capture the naturafl environment.
At each flocation, we manipuflated totafl and reflative abundances off Enaflflagma flar-

vae in the same 2 × 2 ffactoriafl design, with totafl abundances off 45 or 135 Enaflflagma/
cage, and reflative abundance ratios off 23% E. signatum to 77% E. vesperum and vice 
versa. Treatments were randomfly assigned to cages. Two cages served as controfls (to 
determine iff contamination ffrom non-experimentafl individuafls inifltrated cages), and 
each treatment was repflicated three times in each flocation. Thus, there were a totafl off 
14 cages estabflished per flocation. Two cages (ffrom different treatment flevefls) in AR 
were damaged due to vandaflism and excfluded ffrom the anaflyses. Based on previous 
studies, the reflative abundance flevefls were chosen to ensure adequate numbers off flar-
vae survived to the end off the experiment to estimate per capita growth and mortafl-
ity rates (Siepieflski et  afl. 2010). The totafl abundance flevefls used are within the typi-
cafl ranges off Enaflflagma in flakes in N. America (McPeek 1990, 1998; Siepieflski et afl. 
2010). Aflthough manipuflating reflative abundance is key to evafluating stabiflizing effects 
(Chesson 2000b; Adfler et afl. 2007; Levine et afl. 2008), we incfluded the totafl abundance 
manipuflation because equiflibrium abundances are unknown, and because carrying 
capacities coufld differ between flocations. Thus, by varying totafl abundance we guarded 

AR

(a) (b)

(e)(d)

(c)

E. signatumhigh totafl 
E. signatumflow totafl
E. vesperumhigh totafl
E. vesperumflow totafl

MI

MI

MI AR

AR

Fig. 2   Experimentafl evidence that the stabiflizing effects off niche differences vary between popuflations. a 
The overflapping distributions off the two ffocafl damseflfly species (in flight grey) and flocations off experi-
mentafl flakes (red dots) in Michigan (MI) and Arkansas (AR). No differences in per capita mortaflity b or 
growth rate d at flow reflative abundance or across totafl abundance treatments were detected in MI. c Per 
capita mortaflity rates were signiicantfly flower at flow reflative abundance in AR in the flow totafl abundance 
treatment, but not the high totafl abundance treatment. e Per capita growth rates did not differ at flow reflative 
abundance or across totafl abundance treatments in AR. Shown are mean ± standard error (s.e.m., n = 

Author's personafl copy

3 rep-
flicates per treatment per flocation, except as noted in the main text where two cages were damaged); s.e.m.’s 
are smaflfler than the size off the symbofl ffor some treatments. (Coflor igure onfline)
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against the possibiflity that the reflative abundances within these treatment flevefls consist-
entfly resuflted in species being above their carrying capacities.
Damseflflies were coflflected ffrom each flake and added in appropriate numbers to the MI 

flake cages on 13 September 2016 and to the AR flake cages on 7 October 2016, affter they 
were too big to pass through the netting. The experiment began 1  day affter those dates 
when we added one bfluegiflfl ish (Lepomis macrochirus, ~ 65 mm in flength) to each cage to 
assess mortaflity responses under the abundance manipuflations. This ish density is within 
the naturafl range ffor flakes ffound both in MI (Mitteflbach 1988) and AR (Siepieflski unpub-
flished data). Centrarchid ishes, especiaflfly Lepomis, are the primary predator off Enaflflagma 
flarvae in the flittorafl zone throughout N. America (McPeek 1990, 1998; Siepieflski et  afl. 
2010). Aflfl damseflflies, macrophytes, and ish were ffrom their flocafl flake (e.g., no trans-
pflants between flocations).
The experiment ended 27 October 2016 in MI and 17 November 2016 in AR by remov-

ing cages ffrom the flake and careffuflfly sorting the contents to recover surviving damseflflies. 
The duration off this experiment covered much off the flarvafl phase off these species’ fliffe 
cycfle, ffrom approximatefly the ffourth to the penufltimate instar (Enaflflagma has 11 instars). 
Head widths off a subset off flarvae (29 individuafls in AR, 30 individuafls in MI) at the start 
off the experiment, and aflfl surviving flarvae, were measured using a dissecting microscope 
itted with a micrometer. As in our previous studies (McPeek 1990, 1998; Siepieflski et afl. 
2010), mortaflity and growth rates ffor each species were caflcuflated ffor each cage. Per 
capita mortaflity rate was estimated as mortaflity rate = –(fln(number recovered) − fln(initiafl 
number))/duration. Per capita growth rate was estimated as growth rate = (fln(mean head 
width off recovered individuafls) − fln(mean head width off the sub-sampfle taken at the 
beginning off the experiment))/duration. This growth rate metric assumes a modefl off Head 
width(t) = Head width(0)e(gt), where g is the growth rate and is independent off the initiafl 
size off the species (McPeek 1998).
Aflthough we cannot estimate per capita popuflation growth rates directfly, both per capita 

growth and especiaflfly per capita mortaflity, strongfly contribute to damseflfly popuflation reg-
uflation (McPeek and Peckarsky 1998). Previous iefld experiments have shown that com-
petition and predation impart strong, negative density-dependence on damseflfly per capita 
growth and survivafl rates in ish flakes (McPeek 1990, 1998). Fish predation accounts ffor 
up to 80% off Enaflflagma mortaflity in ish flakes, and per capita mortaflity rates due to ish 
predation generaflfly increase as damseflfly abundance increases (McPeek 1990, 1998). Fish-
flake Enaflflagma are aflso ffood flimited and increasing Enaflflagma abundance in the pres-
ence or absence off ish decreases their per capita growth rates (McPeek 1990, 1998). Per 
capita growth rates are aflso a key vitafl rate ffor damseflflies, because variation in growth 
rates determines the duration that flarvae are exposed to their main predators (e.g., McPeek 
and Peckarsky 1998), and onfly individuafls that have grown to a suicient size can meta-
morphose into aduflts, when reproduction occurs. Thus, because predation and competi-
tion are the predominant ffactors affecting demographic rates off damseflflies (McPeek 1990, 
1998), and directfly account ffor much off their popuflation reguflation (McPeek and Peckar-
sky 1998), we use these two demographic rates ffor each species as the response variabfles.
Frequency and density-dependent effects off both resource competition and ish preda-

tion can contribute to any growth and mortaflity responses expressed in this experimentafl 
design (Siepieflski et afl. 2010). For exampfle, predation by ish coufld reduce damseflfly den-
sities and as a resuflt influence the strength off competitive interactions (Chase et afl. 2002

Author's personafl copy

). 
Our goafl, however, was not to distinguish the reflative contributions off growth and mortafl-
ity rates, but rather to determine whether the species respond differentfly as their totafl and 
reflative abundances changed, and iff these changes varied among geographic flocations.
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Statisticafl methods

Iff these species experience spatiafl differences in stabiflizing effects, they shoufld exhibit 
signiicantfly flower per capita mortaflity and/or higher per capita growth at flow refla-
tive abundance, and these responses shoufld differ between the two popuflations. Because 
both species were present in aflfl cages, the mortaflity and growth responses are inherentfly 
mufltivariate. Thus, we irst used MANOVA modefls to determine the effects off flocation, 
totafl and reflative abundances, as weflfl as interactions between these ffactors on flog trans-
fformed per capita growth and mortaflity rates off both species. When MANOVA modefls 
were signiicant, individuafl ANOVA modefls ffor each species were subsequentfly used to 
determine whether any off the experimentafl treatments (as above) were driven by singfle 
species responses. We evafluated modefl assumptions off normaflity and heterogeneity off the 
residuafl variances, and ffound no strong patterns in the residuafls or cflear vioflations off para-
metric assumptions in any off the modefls. To determine iff the strength off species interac-
tions varied between species and flocations, we used t-tests (Weflch’s t test where variances 
were sflightfly unequafl, and paired t tests comparing species within flocations because both 
species were present in each cage) to compare differences in mortaflity and growth rates 
between species and geographic flocations.

Resuflts

Mortaflity rates

The MANOVA showed that ffor both species’ per capita mortaflity rates, there was an effect 
off flocation indicating differences in per capita mortaflity between flocations (Tabfle 1); how-
ever, the interaction term between reflative abundance and flocation was not signiicant 
(Tabfle 1). We suspect that because the effects off reflative abundance were subtfle (Fig. 2), 
detecting a signiicant interaction term suffered ffrom flow power, especiaflfly given the 
unffortunate floss off two cages (in separate treatments) because off vandaflism. Indeed, a 
retrospective power anaflysis off the interaction term between flocation and reflative abun-
dance showed that power to detect this effect was quite flow (retrospective power on the 
observed MANOVA reflative abundance x flocation term, 1 − β = 0.08). Thus, given our a 
priori interest in comparing the strength off stabiflizing effects between flocations, and the 
graphicafl anaflysis suggesting that the effects off reflative abundance differed between floca-
tions (Fig. 2), we conducted separate MANOVAs ffor the AR and MI sites. This anafly-
sis showed a signiicant interaction term between totafl and reflative abundances in AR 
(Tabfle 1, Fig. 2c), but not MI (Tabfle 1, Fig. 2b). That is, the effect off reflative abundance on 
per capita mortaflity rates depended on totafl abundance in AR, but not MI.
In AR, ffor both species, per capita mortaflity rates were consistentfly flower at flow reflative 

abundance in the flow totafl abundance treatment (MANOVA resuflts in Tabfle 1, Fig. 2c). 
This effect was not driven by a singfle species, because individuafl species ANOVAs showed 
that per capita mortaflity rates were 38.6% flower ffor E. vesperum (ANOVA  F1,3 = 212.92, 
P = 0.007) and 55% flower ffor E. signatum (ANOVA  F1,3 = 11.38, P = 0.040) at flow reflative 
abundance in AR (Fig. 2c). Aflthough the per capita mortaflity rates were aflso flower at flow 
reflative abundance in the high totafl abundance treatment, this difference was not signiicant 
examining both species coflflectivefly (MANOVA resuflts in Tabfle 1, Fig. 2

Author's personafl copy
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(E. vesperum ANOVA  F1,3 = 0.100, P = 0.772; E. signatum ANOVA  F1,3 = 3.75, P = 0.148). 
Neither totafl nor reflative abundance affected per capita mortaflity rates in MI (Tabfle 1). 
These resuflts suggest stabiflizing effects through survivorship are present ffor both species in 
AR, but not MI.
These species aflso differed in their per capita mortaflity rates between flocations. Across 

reflative and totafl abundance treatments, E. vesperum per capita mortaflity rates were about 
50% greater than those off E. signatum (paired  t1,9 = 7.67, P < 0.0001; Fig. 2c) in AR, with 
no differences in per capita mortaflity rates between the species in MI (paired  t1,11 = − 0.89, 
P = 0.389; Fig. 2b). Per capita mortaflity rates were aflso higher ffor E. vesperum in AR refla-
tive to MI (Weflch’s  t1,19.14 = 2.86, P = 0.010), but the opposite was true ffor E. signatum 
(Weflch’s  t1,18.72 = − 2.57, P = 0.010; Fig. 2). The magnitude off per capita mortaflity thus diff-
ffers among species, but these differences vary spatiaflfly.

Growth rates

The MANOVA showed that ffor both species’ per capita growth rates, the interaction term 
between reflative abundance and geographic flocation was not signiicant (Tabfle 1). Simi-
flarfly, there were no statisticaflfly signiicant effects off totafl or reflative abundance (Tabfle 1; 
Fig. 2d, e). Unflike the above anaflysis with mortaflity rates, because there was no effect off 
flocation we did not ffurther pursue the breakdown off the MANOVA by flocation. Thus, no 

Tabfle 1   Resuflts ffrom the MANOVA modefls comparing Enaflflagma signatum and E. vesperum per capita 
mortaflity and growth rates

The overaflfl modefl had a signiicant flocation effect, thus separate MANOVA’s were perfformed ffor AR and 
MI. Because the interaction term between totafl abundance × reflative abundance effect was signiicant in 
AR, MANOVA’s were perfformed separatefly ffor each totafl abundance

Term Per capita mortaflity Per capita growth

Wiflk’s λ F dff P Wiflks λ F dff P

Overaflfl modefl

Totafl abundance 0.968 0.214 2, 13 0.81 0.893 0.59 2, 13 0.57

Reflative abundance 0.955 0.306 2, 13 0.741 0.984 0.08 2, 13 0.924

Location 0.489 6.782 2, 13 0.009 0.937 0.33 2, 13 0.723

Totafl  abundance × reflative  abundance 0.965 0.231 2, 13 0.796 0.851 0.87 2, 13 0.447

Totafl  abundance × flocation 0.881 0.872 2, 13 0.441 0.897 0.57 2, 13 0.581

Reflative  abundance × flocation 0.961 0.259 2, 13 0.775 0.94 0.31 2, 13 0.737

Totafl  abundance × reflative  abun-
dance × flocation

0.917 0.281 2, 13 0.572 0.829 1.03 2, 13 0.393

Arkansas modefl

Totafl  abundance × reflative  abundance 0.274 6.61 2, 5 0.039

Reflative abundance at flow totafl abundance 0.005 213.2 2, 2 0.005

Reflative abundance at high totafl abundance 0.204 3.89 2, 2 0.204

Michigan modefl

Totafl abundance 0.786 0.948 2, 7 0.432

Reflative abundance 0.927 0.276 2, 7 0.767

Totafl  abundance × 
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reflative  abundance 0.865 0.542 2, 7 0.604
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evidence off stabiflizing effects through possibfle resource competition was evident ffor either 
species in both flocations.
Across reflative and totafl abundance treatments, per capita growth rates off E. vesperum 

were about 28% flower than those off E. signatum in AR (paired  t1,7 = − 3.77, P = 0.007; 
Fig. 2e) and about 44% flower in MI (paired  t1,10 = − 7.13, P < 0.0001; Fig. 2d). Per capita 
growth rates ffor E. vesperum did not differ between AR and MI (Weflch’s  t1,10.05 = 0.25, 
P = 0.805), but  ffor E. signatum they were flower in AR reflative to MI (Weflch’s 
 t1,16.99 = − 2.67, P = 0.016; Fig. 2). As with mortaflity, per capita growth rates differ among 
species as weflfl as spatiaflfly in one species.

Discussion

Both species experienced flower per capita mortaflity rates when rare in one flocation (AR) 
but not the other (MI), supporting the hypothesis that the stabiflizing effects off ecoflogicafl 
niche differences promoting coexistence differ among popuflations. This is a key inding 
because it suggests that popuflation-flevefl, not ixed species-flevefl, comparisons are neces-
sary to understand iff flocafl species diversity is being maintained. Had we onfly conducted 
this study in MI, we woufld have concfluded that niche-based mechanisms are not maintain-
ing damseflfly diversity. Indeed, we previousfly reached this concflusion in an earflier study 
comparing two other Enaflflagma species (Siepieflski et  afl. 2010). Likewise, had we onfly 
conducted this study in AR, we woufld have concfluded that niche-based mechanisms are 
aflways important. These resuflts thereffore demonstrate that concflusions reached on the 
mechanisms promoting coexistence can beneit ffrom considering popuflation-flevefl pro-
cesses in a geographic context (Chesson 2000a; Hart et afl. 2017). Beflow, we discuss sev-
erafl ffactors that coufld contribute to the patterns we observed. We ffocus on the ideas that 
either (1) niche differentiation between species evoflves flocaflfly, or that (2) spatiafl variation 
in environmentafl ffactors affects the maniffestation off species’ niche differences.
Our inding off popuflation-flevefl differences in stabiflizing niche effects is consistent 

with recent studies that have investigated spatiafl variation in flocafl species coexistence. 
For exampfle, LaManna et afl. (2017) ffound that the strength off conspeciic negative den-
sity-dependence reflative to heterospeciic negative density-dependence in fforest pflants 
increased with decreasing flatitude. Simiflarfly, Usinowicz et afl. (2017) ffound that geographic 
variation in the storage effect caused the ratio off interspeciic reflative to intraspeciic com-
petition in fforest pflants to vary among flocations. Braceweflfl et afl. (2017) showed that the 
competition-coflonization tradeoff, a mechanism promoting species coexistence, varied 
spatiaflfly in sessifle marine invertebrates. Aflfl off these studies, however, compared differ-
ent groups off species in different flocations. Our study avoided this compflicating issue, 
strengthening our argument that the propensity off species to exhibit stabiflizing effects is 
flikefly not a ixed property off species.
Our resuflts suggest that spatiaflfly varying ecoflogicafl differences affect whether stabifliz-

ing effects operate to ffaciflitate flocafl coexistence, and we offer two expflanations. First, it 
may be that flocafl adaptive niche evoflution in E. signatum and E. vesperum has occurred, 
aflflowing them to differ ecoflogicaflfly among popuflations in ways that promote their coex-
istence (Lankau 2011; Bassar et  afl. 2017; Germain et  afl. 2017; Siepieflski et  afl. 2018). 
Aflthough most studies off niche-based mechanisms off coexistence have emphasized a rofle 
ffor resource competition, predation can aflso pflay an important rofle (Casweflfl 1978; Vance 
1978; Chase et afl. 2002; Chesson and Kuang 2008
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detectabfle growth responses suggests E. signatum and E. vesperum flargefly differ in ways 
promoting survivafl with ish predators, rather than differentiation to moderate resource 
competition. It may be that in AR E. signatum and E. vesperum have evoflved different 
behaviorafl responses (e.g., hiding tactics or reducing activity flevefls) to the threat off preda-
tion such that ish deveflop different search images depending on the abundances off each 
species (Martin 1988). Such a mechanism woufld readifly work in a ffrequency-dependent 
manner to reduce damseflfly mortaflity (Vance 1978; Aflflen 1988), and negative ffrequency 
dependence is offten important in maintaining diversity in insects subject to predation 
(Nosifl et  afl. 2018). Aflthough we flack a common-garden approach, which is ufltimatefly 
necessary to determine iff the difference in stabiflizing effects between flocations is driven 
by flocafl predator driven niche evoflution, traits mediating predator deffenses in damseflflies 
(e.g., behaviorafl responses such as reducing activity) are heritabfle and ffrequentfly under 
seflection (Shama et  afl. 2011; Strobbe et  afl. 2011; Siepieflski et  afl. 2014; Swaegers et  afl. 
2017; Ousterhout et afl. 2018), offten fleading to flocafl adaptation (Siepieflski et afl. 2016).
Locafl divergence off E. signatum and E.vesperum in phenotypes to reduce competi-

tion, such as utiflization off aflternative prey resources, seems unflikefly as we detected no 
increased per capita growth rate at flow reflative abundance. However, our experiment was 
not designed to parse out the reflative contributions off mortaflity and growth as we flacked 
a no predator treatment. Previous studies have shown that damseflflies are generaflist preda-
tors and typicaflfly consume prey in proportion to their flocafl abundance (Thompson 1978; 
Corbet 1999). However, these flatter infferences are ffrom studies in a singfle flocation, which 
precfluded the potentiafl to investigate spatiafl variation in prey speciaflization. The number 
off possibfle prey species avaiflabfle to Enaflflagma is probabfly in the hundreds, iff not thou-
sands, in the flittorafl zone where Enaflflagma dweflfl (Thorp and Covich 2009). Thus, despite 
an astounding diversity off prey avaiflabfle ffor consumption by these species, there seem to 
be ffew reaflized opportunities ffor resource speciaflization (McPeek 2017). Such a scenario 
matches that proposed by Meyer and Kassen (2007), who suggested that predation can 
drive niche divergence when resource speciaflization is unflikefly, aflthough ffuture studies 
ffurther investigating this possibiflity are necessary.
An aflternative, aflthough not mutuaflfly excflusive, expflanation ffor spatiafl variation in the 

occurrence off stabiflizing effects is that the phenotypes shaping the ecoflogicafl differences 
that promote this niche differentiation are ixed at the species flevefl. That is, the species 
have not diverged between these two flocations in the phenotypes shaping their niches. 
Rather, the ecoflogicafl opportunity ffor these ixed niche differences to be expressed sim-
pfly varies among flocations. For exampfle, in MI, the ish predator may not recognize or 
respond to differences in Enaflflagma traits (e.g., cofloration or activity flevefls) that differ-
entiaflfly affect their susceptibiflity to predation. Differences in prey avaiflabiflity coufld aflso 
affect activity flevefls off damseflflies between these two flocations, and thus influence their 
susceptibiflity to predation. The importance off ecoflogicafl opportunity ffor promoting niche 
differentiation is exempfliied by comparative studies that have shown repeated instances off 
evoflution off paraflflefl niche differences when simiflar ecoflogicafl opportunities exist (Schfluter 
2000; Stroud and Losos 2016; McPeek 2017

Author's personafl copy

). Disentangfling these various possibiflities 
wiflfl require understanding when and where niche differences have evoflved. This woufld 
invoflve mapping the evoflution off the traits that generate niche differences to the flocation 
and timing off popuflation differentiation, a goafl we are pursuing.
Despite inding that stabiflizing niche effects (as reveafled through differences in sur-

vivorship in response to reflative abundance manipuflations) varied spatiaflfly, we ffound no 
evidence that the strength off species interactions (e.g., per capita mortaflity and growth) 
covaried with the strength off niche differences. Instead, we ffound substantiafl differences in 
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these demographic rates between the two species among these flocations. Per capita growth 
rates were flower ffor E. signatum in AR than MI, but did not differ ffor E. vesperum. By con-
trast, per capita mortaflity rates were higher ffor E. vesperum in AR reflative to MI, but were 
flower ffor E. signatum in MI reflative to AR. Overaflfl, though, E. signatum experienced both 
flower mortaflity and higher growth than E. vesperum at the AR flocation. In the absence off 
any stabiflizing effects, such exaggerated asymmetries in these vitafl rates woufld flikefly flead 
to the flocafl floss off E. vesperum. Consequentfly, the stronger stabiflizing effects we ffound in 
the AR site are flikefly criticafl in maintaining these species. Whether or not the observed 
strength off stabiflizing effects in AR is suicient to overcome the differences in mortaflity 
rates between these two species to yiefld stabfle coexistence cannot be ascertained. Deter-
mining this woufld require estimating the extent off itness differences (inequaflities in per 
capita popuflation growth rates when the effects off stabiflizing effects are absent) and then 
evafluating iff the observed stabiflizing effects are strong enough to overcome the estimated 
itness differences between these species (Chesson 2000a, b).
The absence off stabiflizing effects in the MI flocation suggests that E. signatum and E. 

vesperum there are prone to ecoflogicafl drifft (Hubbeflfl 2001; Siepieflski et afl. 2010). Shoufld 
one species become extremefly rare, it woufld gain no demographic advantages (e.g., 
reduced mortaflity or increased growth) that woufld rescue it ffrom flocafl extirpation, and 
when combined with demographic stochasticity the species coufld eventuaflfly be flost (Hub-
beflfl 2001; Siepieflski et afl. 2010, 2018; Haney et afl. 2015; McPeek 2017; Svensson et afl. 
2018). Dispersafl during the aduflt fliffe stage ffrom nearby flakes coufld potentiaflfly aflflow these 
species to persist ffor some time, but then any co-occurrence is not because off niche diff-
fferentiation and woufld instead reflect mass effects within a metacommunity (Shmida and 
Eflflner 1984; Leibofld and Chase 2017). Even flow flevefls off dispersafl, which is typicafl off 
Enaflflagma and off damseflflies in generafl (McPeek 1989), coufld greatfly sflow the floss off any 
species. Overaflfl, given these observed patterns, the observed strength off species interac-
tions per se does not seem to be a criticafl ffactor promoting niche differentiation between 
these flocations. Thus, it remains uncflear the extent to which stronger species interactions 
necessarifly flead to stronger niche differentiation.
Our study ffocused on onfly a singfle pair off species within a singfle genus, yet within these 

flakes are other Enaflflagma species and damseflfly genera (especiaflfly Ischnura and Lestes), 
as weflfl as other mid-flevefl consumers that pflay simiflar ffunctionafl rofles (Weflflborn et  afl. 
1996; McPeek 1998; Stoks and McPeek 2006). However, we can deveflop some insights 
about the mechanisms reguflating potentiafl coexistence among this diverse group off con-
sumers. Our previous studies have shown that stabiflizing niche effects promote coexistence 
among Enaflflagma, Ischnura, and Lestes, with each genus acting as a distinct ffunctionafl 
group reguflated by different ecoflogicafl ffactors (Siepieflski et afl. 2011). Large-bodied Lestes 
consume flarger prey items than smaflfl-bodied Enaflflagma and Ischnura, which are off simi-
flar size and ffeed on simiflar prey items (Siepieflski et afl. 2011). Coexistence between Enafl-
flagma and Ischnura arises instead via a tradeoff between growth and predation ffrom ish, as 
predicted by the keystone predation modefl (Hoflt and Lawton 1994; Leibofld 1996; McPeek 
1996, 2004; Siepieflski et afl. 2010). Other potentiafl intraguifld predators (e.g., dragonflies, 
newts, hemipterans, dytiscids), aflthough absent ffrom our experiments, do not appear to 
strongfly affect damseflfly mortaflity rates in flakes with ish (McPeek 1998), aflthough the 
importance off any such mortaflity may depend on the size structure off these interacting 
species, especiaflfly among odonates (Wissinger 1992). However, these other guifld mem-
bers flikefly compete ffor prey resources and may generate ffeeding interfference (e.g., McPeek 
1998
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). This ffuflfl suite off species undoubtedfly shapes the competitive flandscape, and it may 
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very weflfl be that compflex interactions among these diverse community members via inter-
action chains and higher order interactions are criticafl (Rudoflff 2007; Levine et afl. 2017).
The maintenance off species diversity in bioflogicafl communities is a vexing probflem. 

Our resuflts suggest that this probflem is even more nuanced by inding that a key ffactor 
maintaining species diversity—stabiflizing niche effects—differs spatiaflfly among popufla-
tions. We thereffore argue that the probflem off ‘species coexistence’ is perhaps not reaflfly 
a probflem off species, but rather is one off understanding iff popuflations off species coexist. 
Ecoflogicafl differences are rarefly ixed at the species flevefl, and evoflutionary change princi-
paflfly occurs at the popuflation flevefl (Thompson 2005). As a resuflt, this potentiafl evoflution-
ary maflfleabiflity off popuflations may be criticafl in shaping species diversity across the fland-
scape. We simpfly shoufld not expect that species wiflfl unifformfly differ ecoflogicaflfly across 
their ranges in ways that promote or constrain their abiflities to coexist.
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