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Describing species distributions patterns and understanding the mechanisms
responsible for producing those patterns is a fundamental aspect of ecology. The
positive relationship between local abundance and regional occupancy of an
assemblage of species is among the most ubiquitous patterns in nature, however the
mechanisms that produce such a pattern are varied. We conducted two meta-analyses
of the correlation-coefficients and slopes of abundance-occupancy relationships
(AORs) to explain the mechanisms that govern species distributions in aquatic
systems. We found AORs are stronger among habitats and organisms with elevated
dispersal potential and wider niche breadths. We found consistent slopes of AORs
among all aquatic systems, suggesting abundance and occupancy are similarly
coupled. Exploring the differences between species can help us understand the reasons
species fall along specific regions of AORs. To understand the drivers of the disparity
in occurrence between two species, | studied the difference in environmental
condition, diet, and population genetic structure, of two diaptomid copepod species,
one common and one rare. Differences in occurrence between these two species is not

due to a difference in diet, but may be due to different levels of dispersal, and local

11



adaptation to a wide range of environmental conditions. Variation in diet based on
lake conditions suggests diaptomid copepods play a complex role in lake food webs.
To understand how diaptomid copepods diets vary according to lake environmental
conditions, we measured trophic position in five species of diaptomid copepod from
43 lakes. Copepods had a variable and predominantly predatory diet, that changed
given the trophic state or size of the lake. For diaptomid copepods, responding to
various environmental conditions through dispersal and diet provide insight into the
mechanisms underlying distribution patterns, and the fundamental drivers of patterns

of abundance and occupancy.
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CHAPTER 1: THE REMARKABLE CONSISTENCY OF THE ECOLOGICAL
ABUNDANCE-OCCUPANCY RELATIONSHIP ACROSS AQUATIC SYSTEMS:
A META-ANALYSIS

Rachel L. Wilkins!? & Nelson G. Hairston, Jr.!
1. Department of Ecology & Evolutionary Biology, Cornell University

2. eCornell, Office of External Education, Cornell University

Abstract

The positive relationship between local abundance and regional occurrence of an
assemblage of species is among the most ubiquitous patterns in nature. Species with
high local population abundance are generally common across a landscape, while
species with low local abundance tend to occur in fewer locations. Because of the
broad consistency of this abundance-occupancy relationship (AOR) a large number of
hypotheses have been put forward as explanations. Our objective here is to take
advantage of the wide variety of aquatic systems, representing a diversity of
environmental conditions, dominant taxa, and connectedness among locations, to
assess first the consistency of AORs and second to evaluate the viability of key
explanatory hypotheses. We performed two meta-analyses of AORs in published
studies of aquatic systems including marine open ocean, reef and benthos, intertidal
and estuary, and freshwater rivers, streams, lakes and ponds. We collected 247 AOR
correlation-coefficients from 108 published studies, and the linear slope terms ([3-
coefficients) for 71 AORs from 58 published studies. There was a high level of

heterogeneity in correlation coefficients among AORs, most of it unexplained in our



statistical models, however, the patterns that we did find are most consistent the
hypotheses that AORs are made stronger by elevated dispersal potential and wider
niche breadths, and do not support the suggestion that they are statistical or sampling
artifacts. At the same time, we found exceptionally high consistency and very little
unexplained heterogeneity in the slopes of AORs among all aquatic systems,
suggesting that abundance and occupancy are similarly coupled and underpinned by

one or more common ecological processes.

Introduction

One of the most common definitions of ecology is that it is the study of the
distribution and abundance of organisms in nature (Krebs 2009, Bowman et al. 2017).
Universal patterns in distribution and abundance would imply that there are one or
more fundamental underlying mechanisms that determine general patterns governing
population sizes and patterns of distribution across a landscape. Examples include the
species-area relationship (de Candolle 1855, Arrhenius 1921, Gleason 1922),
Rapoport’s rule (Rapoport 1982, Stevens 1989), and rank-abundance relationships
(Fisher et al. 1943, Hairston 1959, Whittaker 1965). Among these broad patterns in
nature is the nearly ubiquitous relationship between the average population size and
level of spatial occurrence among assemblages of species, termed the abundance-
occupancy relationship (Hanski 1982, Gaston et al. 2000, Blackburn et al. 2006).
A positive interspecific relationship between local abundance and geographic
occurrence was first pointed out by Charles Darwin (1859) and first formally

described by John C. Willis (1922) who found that in an assemblage of species, those



with large populations tend also to occur in more locations across a specified area
while species with small population sizes are typically found in fewer locations. This
pattern is commonly referred to as an abundance-occupancy relationship (Box 1). A
Positive abundance-occupancy relationship (hereafter, AOR) has been documented
globally in taxonomic groups from bacteria to birds across a variety of habitats
(Blackburn et al. 2006). The ubiquitous positive relationship between local abundance
and regional occupancy has even been suggested as a general “rule in nature” (Hanski
1982), and a diversity of hypotheses have been proposed as explanations from
mechanistic ecological processes to statistical artifact or publication bias.

Although positive AORs are the general rule, the correlation between abundance and
occupancy can be highly heterogeneous, varying by habitat, biogeographic region, and
taxonomic group (Blackburn et al. 2006). It has been difficult to explain the residual
variation in the relationship between abundance and occupancy, and Holt & Gaston
(2003) suggested that AORs may very well be system specific. However, whereas
significant AOR heterogeneity has been found among assemblages in terrestrial
environments, and in assemblages of parasites, Blackburn et al. (2006) suggested that
assemblages in aquatic systems not to be significantly heterogeneous, suggesting
aquatic habitats may have a single common abundance-occupancy relationship. It may
be that aquatic environments differ from terrestrial ones in their degree of isolation or
connectivity, diversity of sizes, and, for streams and coral reefs, linearity. Birds and
insects from terrestrial environments have in the past represented the majority of
abundance-occupancy literature (Blackburn et al. 2006). Aquatic habitats such as

lakes, streams and ocean gyres are fundamentally different from terrestrial



environments. They often operate as “islands” with wide uninhabitable expanses
between them, preventing species dispersal among sites, although aquatic organisms
from microbes to fish can vary greatly in potential to disperse.

Studies of AORs in aquatic systems have become common during the past two
decades, providing a foundation for a meta-analysis to synthesize this literature and
use emergent patterns to assess how ubiquitous AORs truly are, and to evaluate
existing hypotheses for what produces them. The characteristics of aquatic systems
such as variation in the presence or absence of discrete boundaries and accompanying
diversity of degrees isolation, and variation in the dispersal potential of resident
species, provide an opportunity to address some of the dominant hypotheses for why
we so often observe AORs.

Least interesting is the possibility that AORs may simply be an artefact
resulting from the way the data were collected or reported. If locally rare species are
less likely to be detected than locally abundant species, artificially low occupancy
levels may be reported for these species (McArdle ef al. 1990). Alternatively,
artefactual AORs may result when sampling occurs at the edge of a species’
geographic range and if there is a gradient of abundance from the center to the edge
where abundance and occupancy are both lower that at the center (Wright 1991;
Hartley 1998). Artificially strong AORs could also result when regression analyses do
not correct for phylogenetic non-independence so that the degrees of freedom are
inflated when closely related species share abundance and distribution patterns
(Harvey & Pagel 1991). Lastly, in a meta-analysis context, a reporting bias could lead

to an incorrect conclusion that strong AORs are common if studies finding only a



weak relationship, or none at all, are not reported in publication.

Ecologically interesting hypotheses include attribution of AORs to variation in
niche breadth, niche position, meta-population dynamics. While there are in fact a
total of seven mechanistic ecological explanations for AORs (Borregaard & Rahbek
2010), though several are related, so the number depends on how mechanisms are
counted. Here we explore three that are particularly germane to aquatic systems.
According to the niche breadth hypothesis (Brown 1984), generalist species that have
wide niches should have both higher population densities and more extensive
distributions than specialist species with narrower niches which support fewer
individuals and occur in fewer places. Alternatively, because the niche position of a
species is determined by the prevalence across the landscape of the resources or
habitat conditions it requires, when those widespread and abundant across the
landscape, the species will itself be widespread and abundant regardless of niche
breadth (Hanski ef al. 1993; Venier & Fahrig 1996).

Third, spatial scale might affect the strength of the AOR: that is, different
mechanisms can operate across different scales (Gaston & Lawton 1990; Borregaard
& Rahbek 2010). Meta-population dynamics or density dependent habitat selection
may be responsible for smaller scale abundance-occupancy relationships that
encompass interacting populations. Brown (1984) folded his niche breadth explanation
in with a meta-population perspective noting that if a species does well in some
environmental conditions where there are enough resources to support a high density
of individuals, then it should also be able to occur in other places as well. In a meta-

population context, the dispersal ability of individual species could play an important



role in defining AORs since organisms that disperse more readily and further could
have higher occupancy all else being equal (Hanski et al. 1993). Other mechanisms
such density-independent factors related to the niche or population growth rate
measures may operate at larger scales (Shepherd & Litvak 2004). For example, in a
study of stream diatoms across the United States, species traits and population
densities were most closely related to level of occupancy, while geographic range size
was better predicted by niche breadth (Passy 2012). Weak or no AORs have been
observed at larger scales for stream diatoms but become stronger as the scale of study
goes from global distribution, to provincial, to regional occupancy (Riis & Sand-
Jensen 2002). This has also been shown for stream bryophytes as well as aquatic
angiosperms (Heino & Virtanen 2006, Soininen & Heino 2005).

We synthesize here the extensive and growing abundance-occupancy literature
on aquatic systems and use this to evaluate proposed mechanisms underlying the
abundance-occupancy relationship, including critiques of AORs as statistical,
sampling or publication-bias artefacts, and mechanistic ecological hypotheses positing
the nature of its slope and variation. We used a meta-analytical approach to study
AORs from a systematic literature search spanning 120 years of publications,
representing 247 abundance-occupancy relationships obtained from 108 studies. Our
study explores the source of variation, or heterogeneity, observed in aquatic AORs,
and the extent to which those relationships vary — or do not vary — among different
biogeographic regions (Afrotropics, Nearctic, Neotropics and Palearctic), aquatic
realms (marine, intertidal, freshwater), habitats within realm (e.g., freshwater streams,

lakes; intertidal — rocky and estuary; marine benthos, coral reef, open ocean),



taxonomic groups (micro-organism, invertebrate, vertebrate) and sampling design. We
take advantage of differences in habitat connectivity and organism dispersal potential,
presumed differences in niche breadth among different kinds of taxa, and differences
in niche similarity among habitats for different aquatic systems and their resident taxa
to evaluate whether they support the key hypotheses, raised above, for the existence of
AORs. We found positive abundance-occupancy relationships across all aquatic
systems, with strikingly little difference in the magnitude of the slope among studies.
At the same time, we noted marked heterogeneity in the strength of AORs, as
measured by correlation coefficient, provides scope to evaluate different hypotheses.
We find, for example the strongest AORs for taxa in intertidal systems and vertebrates

(primarily fish) across all aquatic systems for which dispersal potential is high.

Methods
Literature search and data extraction

We searched five databases to retrieve as many titles in the aquatic sciences as
possible with AOR data. On February 12-13, 2020 we performed searches in BIOSIS
previews, Fish, Fisheries & Aquatic Biodiversity Worldwide (years 1933-2019),
SCOPUS (years 1911-2020), Web of Science (years 1900-2020), and Wildlife &
Ecology Studies Worldwide (years 1911-2020). Search terms were designed to capture
studies that reported the relationship or correlation between abundance and occupancy
of organisms in aquatic systems: (Relationship) AND (Abundance) AND (Occupancy)
and (Aquatic characteristics) AND (Aquatic organisms) (see Table S1 for a complete

list of search terms).



The search retrieved 31,141 total studies. We added seven additional studies
that we knew of but that were not detected by our search terms. After removal of
duplicates and studies that did not encompass aquatic systems, we screened the full
text of 699 publications for eligibility, and excluded 591 that did not fit our criteria,
leaving a total of 108 studies included in the meta-analysis (Figure 1). A study was
included in the analysis if it met our inclusion criteria: 1) a natural biological
community 2) free-living (non-parasitic) organisms that spend all or part of their life
cycle partially or fully submerged in aquatic systems. To include as many aquatic
studies as possible for this meta-analysis and to assess publication bias, we included
studies that did not explicitly report an AOR but included raw data or summarized
data on both abundance and occupancy from an assemblage of species from which we
calculated an AOR. We excluded studies that measured occupancy as the extent of a
species total geographic range size, as we felt this question tangential, albeit related, to
AOR for this meta-analysis (Borregaard & Rahbek 2010). Studies that used fossil
remains to quantify abundance or occupancy were not included due to the incomplete
nature of fossil record. Similarly, studies that quantified abundance or occupancy
using eDNA were excluded since methods are still being developed to measure
abundance of individuals with precision (Ruppert et al. 2021).

In total, 247 abundance-occupancy relationships were extracted from 108
studies. Of these 108 studies, 45 (encompassing 165 separate abundance-occupancy
relationships) explicitly examine abundance-occupancy relationships and presented a
relationship between the two variables. We calculated the correlation coefficient

ourselves for the 63 studies (82 abundance-occupancy relationships) that presented



both abundance and occupancy data but did not report an AOR. Where data were
available, we extracted [-coefficients of linear AOR regression models, obtaining a
total of 74 B-coefficients for our meta-analysis. Of these, 66 regressions were
calculated by us using raw data, while five abundance-occupancy 3-coefficients were
reported by the author(s) of the studies. We are interested in both the correlation
coefficients and slopes of AORs because correlation coefficients provide a measure of
the reliability or scatter of data points around the regression, the slope indicates rate at
which abundance changes as a function of occupancy. Interestingly correlation
coefficients were more frequently reported in the literature than were slopes, which
were mostly collected from papers that reported both abundance and occupancy, but
did not calculate the relationship between the two.

For studies where a regression was not performed and original data were not
provided, we extracted the raw data from figures or tables with Digitizelt V 2.4.1
(Bormann 2020) and calculated correlation and (3-coefficients. Transformation of
abundance and occupancy varied across studies, however when we performed
regressions on data extracted from figures or tables, we logit transformed proportion

of sites occupied to normalize the data and meet statistical assumptions for linear

regression analysis using (log(ﬁ), where p is proportion of sites occupied) and

log,o transformed mean abundance (Hanski and Gyllenberg 1997, Williamson and
Gaston 1999). We transformed data from studies that plotted abundance-occupancy
data but did not report regression statistics in the way the data were presented by the
authors. For example, if the data were plotted on a log-log scale in a figure, but no

correlation coefficient was calculated, we did a log-log transformation when



performing a linear regression to calculate the slope and correlation coefficient. When
necessary. We replaced logit proportion of sites occupied of 1.0 with 0.9999.

For each study we coded the realm as marine, intertidal or freshwater and habitat
within realms — the same categories used by Blackburn et al. (2006), taxonomic group
(micro-organisms, invertebrates and vertebrates, biogeographic region (Olson et al.
2001) (Table S2A), midpoint absolute latitude of the study area, the size of the study
area, number of sites surveyed, number of species or taxonomic units, the timespan
over which the study was conducted, and whether abundance or occupancy was
presented as the response (dependent) variable (Table S2B). Where authors did not
report the scale over which sites were surveyed, the area of study was measured by
drawing a polygon around the most outer study sites using ImageJ V. 1.52q (Schneider

et al. 2012) when a map, or GPS locations of survey sites were available.

Abundance-occupancy correlation- and beta-coefficients

For each AOR, we calculated the Pearson’s product-moment correlation

coefficient (r) from the coefficient of determination: r = VR? when it was not directly
reported by the authors. We then transformed Pearson’s correlation coefficients to

Fisher’s Z to normalize their distribution:

Z=In (i) (1)

1-r
To analyze the slope of AORs, we calculated [B-coefficients and standard errors from
linear regression models, when raw data were available, using the Im function in R

version 4.0.4 (R Core Team 2019).

Thirty percent of studies reported more than one AOR, which are more similar
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to one another than abundance-occupancy relationships from different studies because
they were collected from similar sets of organisms, the same habitats, by the same
research group, same sampling procedures, etc. This introduces dependency within the
dataset which violates the assumptions of independence of effect-sizes required for
traditional meta-analysis (Ferndndez-Castilla et al. 2020). Multi-level meta-analytical
techniques better account for this non-independence among effect-sizes, and prevent
artificial reduction of heterogeneity and thereby decreasing chances of type I errors
(i.e., false-positives) by accounting for the variation among abundance-occupancy
relationships within studies (Cheung 2014, Hedges 2009). To calculate the effect size
for the correlation coefficients of AORs we used a three-level meta-analysis modeling
structure with random-effects both at the individual-correlation and at the study level
(Cheung 2014, Konstantopoulos et al. 2011). The first level estimates sampling
variance of the effect sizes, in second level variance is calculated from the effect sizes
within each study, and the third level variance is that among studies (Cheung 2014,
Assink & Webbelink 2016). We assumed AORs in the same study share the same
covariance and AORs of different studies were independent from one another (Cheung
2014). The effect sizes of the random-effects model (y;; ) were calculated according to
Chenug (2014), where yi is the ith effect size (i.e., AOR Fisher’s Z) in study j:

Vi = Bo+tt) i+ Uy« €. 2
[Bois the average AOR effect size, u,,); is the within study heterogeneity, us), is the
between study heterogeneity, and e;; is the known sampling error in the ith AOR of the
Jjth study. Effect sizes and associated confidence intervals were fitted using the rma.mv

function in the R package metafor with restricted maximum-likelihood estimation
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(Viechtbauer 2010).

A multilevel model structure was not necessary for a meta-analysis of the slope
of AORs. There was no difference between mutlilevel and traditional two-level
analysis in model fit according to likelihood-ratio tests when variance within and
among studies was fixed at zero (Table S3). Therefore, we used a random-effects
model to estimate the pooled (3-coefficient (effect size) of each AOR and the Sidik-
Jonkman estimator for the amount of heterogeneity using the rma function in the R
package metafor (Viechtbauer 2010). The Knapp & Hartung (2003) method was used
to adjust the standard errors of the estimated model coefficients and confidence
intervals, therefore tests of individual coefficients and confidence intervals were based
on the t-distribution with k-p degrees of freedom where k is the number of studies and

p is the total number of model coefficients.

Heterogeneity and variance calculations

For variance quantification of AOR correlation coefficients, we calculated the
proportion of total variation due to between-study and within-study heterogeneity
using the P statistic (Higgins & Thompson 2002, Koricheva et al 2013). Within study

(level 2), ? is calculated as

a2
_ {0
=g+ 3)

T+ +D
where f(zz)and fé) are the variances of the true effect sizes among Level 2 and Level

3, and ¥ is the within-study sampling variance of the ith study (Borenstein et al. 2009,
Cheung 2014).

Between studies, the percent of variance due to level 3 between-study
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heterogeneity (1(23)) is

12 _ %(23) (4)
3~ :

28+l +D

Variance distribution calculations were computed with the R package dematr
(Harrer et al 2019a & 2019b). We determined whether the heterogeneity we calculated
was statistically significant within and among studies through with log-likelihood ratio
tests when variance either within or among studies is manually fixed at zero, and then
compared to the same model which included each variance component
(Konstantopoulos et al 2011). Variance estimates displayed a peak in restricted log-
likelihood values, ensuring variance components at both levels were identifiable.
Heterogeneity in the slope of AORs was assessed with Cochran’s Q-test (Cochran
1954), T2, and I statistics computed with the rma function in the R package metafor

(Viechtbauer 2010).

Outlier and Influence Diagnostics
Outliers of AOR correlation coefficients were detected by examining Cook’s
distance and DFBETAS of the effect sizes of random-effects multi-level model when

the ith correlation is excluded from the model fitting. A correlation was influential if

the Cook’s distance was greater than a threshold of% (Cook & Weisberg 1982), and

the DFBETAS value was greater than a size-adjusted value of i% (Belsley et al.

1980), where 7 is the number of AORs. Of 247 abundance-occupancy correlation
coefficients initially included in our meta-analysis, we identified the 11 AORs as

outliers (Figure S1, Table S4).
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Statistical outliers of AOR slopes (f3-coefficients) were identified using two
methods. First, AORs were identified as outliers if their 95% confidence intervals lay
outside of the 95% confidence interval of the pooled effect size. We used the
find.outliers and gosh.diagnostics functions in the R package dmetar to identify these
outliers (Harrer ef al. 2019a, Olkin et al. 2012). Second, 10* data points from a
graphical display of study heterogeneity plots were randomly sampled to identify
studies that contribute to cluster imbalance using k-means, density reachability and
connectivity clustering (DBSCAN) and Gaussian Mixture Model clustering algorithms
(Harrer et al. 2019a). Three AORs were identified with this method, two of which
were identified previously according to their 95% confidence intervals. Of the 74
abundance-occupancy B-coefficients included in our study, we excluded all three

AORs identified (Table S5).

Publication bias

Publication bias can occur when researchers only publish results that are
statistically significant or conform to a particular hypothesis, while omitting those that
do not (the “file drawer problem”). This can be a concern in meta-analyses if the data
sets identified are not an accurate representation of the phenomenon being studied.
Because of the non-independence of each effect-size, it may not be possible to detect
publication bias in three-level meta-analyses through examination of funnel plots
(Light & Pillemer 1984) or statistical tests such an Egger’s regression test (Egger et al.
1997). To overcome this issue, we collected data from both studies that explicitly

measured AORs and studies that simply reported abundance and occurrence data but
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were focused other topics and so did not explore AORs. By comparing correlations
between the two groups, we can determine if studies that set out to measure AORs
tended to have higher effect-sizes. We maintained the three-level random-effects
model described above, and analyzed if a study’s authors reported an AOR as a
bivariate subgroup moderator with post-hoc comparisons using Holm p-value
adjustments. Publication bias of B-coefficients were analyzed with Egger’s regression
test (Egger et al. 1997) to identify funnel plot asymmetry with the regtest function in

the R package metafor (Viechtbauer 2010).

Subgroup Analyses and Meta-Regression

We explored differences among predictors by adding them as moderators to
each meta-analysis. The moderators included were both categorical and continuous.
Continuous variables (number of sites, area of study, duration of study) were scaled
and centered around the mean before analysis. We excluded AORs with missing
values or categories that represented a combination of disparate taxonomic categories
(e.g., invertebrates combined with micro-organisms). At the same time, we combined
some taxonomic categories in order to satisfy sample size requirements: invertebrates
(insects with other invertebrates), micro-organisms (microalgae, protozoans, and
bacteria), plants (vascular plants, non-vascular plants, and macroalgae), and
vertebrates (fish, amphibians, reptiles, and reptiles & amphibians, mammals).
Categories with less than k = 10 AORs were excluded from subgroup analyses to
satisfy sample size requirements for robust parameter estimation (Higgins &

Thompson 2004)
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We did not include an intercept in the models when analyzing individual
moderators, since there was not one true “reference” category from which to make
comparisons, so the omnibus test for significance included all moderator coefficients.
Test statistics were calculated using a t-distribution with k-p degrees of freedom,
where k is the number of studies and p is the total number of model coefficients for
individual coefficients and confidence intervals. We used an F-distribution with m and
k-p degrees of freedom for the omnibus test statistic, where m is the number of
moderators included in the model (Viechtbauer 2010). We compared model-
coefficients among categorical predictors using post-hoc comparisons with contrast
matrices and a Holm p-value adjustment for multiple comparisons using the R
package multcomp (Wright 1992, Hothorn et al 2008).

In subgroup analyses, we performed tests for heterogeneity using the O test
for residual heterogeneity to determine if variability in the observed AORs, not
accounted for by the moderators, is larger than expected based on sampling variability.
We used the profile function from the R base stats package to verify parameter
estimates (R Core Team 2020). All parameter estimates were verified with profile
likelihood plots of the variance components to be sure there was a clear peak in the
REML parameter estimates across levels. For multi-level models of AOR correlation
coefficients, significance of within- and among-study variance was examined for all

models with significant moderators using likelihood-ratio-tests described above.
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Results
Abundance-occupancy relationships are overwhelmingly positive

In total, we analyzed 237 AOR correlation coefficients from 97 studies, and 71
AOR p-coefficients from 58 studies. All but one of the AORs were positive, with the
result that the mean correlation coefficient (Fisher’s Z) of all the AORs included in
our study was positive (Table 1, Figure 2A). There was significant heterogeneity
among AOR correlation coefficients, with the large amount of unexplained
heterogeneity mostly distributed among studies (Table 1). Even though variance at the
level of AORSs nested within each study was lower than at the study level, there was
still statistically significant variability at both levels according to a likelihood-ratio test
when variance components were removed from the model, justifying the use of a
mutli-level meta-analysis for these data (Table S6).

The mean slope (B-coefficient) of AORs was positive (Figure 2B), however
unlike the correlation coefficients (r) of the AORs, there was very little unexplained
heterogeneity (I’=7.24%, Table 1). This suggests strongly that aquatic systems,

broadly, have a single universal slope in AORs.

Vertebrates have stronger abundance-occupancy correlations, but similar slopes to
other taxonomic groups

The large amount of unexplained heterogeneity in the pooled estimate of AOR
correlation coefficients (in essence the “strength” of the relationships) suggests the
presence of subgroups in the dataset. Among taxonomic groups, vertebrates had

significantly higher correlation coefficients than invertebrates, while micro-organisms
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were not statistically significantly different from either vertebrates or invertebrates
(Figure 3A, Table S7). Unexplained heterogeneity remained high even after the
addition of taxonomic group to multi-level random effects model (total ’=83.4%, Q¢
26= 1038.4, p <0.0001) and variance among studies remained much larger than
variance within studies (0>= 0.01 within studies, and 0>= 0.08 among studies). There
was no difference in AOR slopes (B-coefficients) between invertebrates and
vertebrates (Figure 3B, Table S7), and residual heterogeneity remained low after
taxonomic group was added to the model (12 = 5.0%, 2 = 0.009, Qr¢s = 18.9). There

were insufficient data to compare AOR slopes for micro-organisms.

Intertidal systems have stronger abundance-occupancy correlations

The slope and correlation coefficients of AORs were stronger for intertidal
systems than marine or freshwater systems, which were not significantly different
from one another (Figure 3C,D, Table S8). In our meta-analysis of slopes,
heterogeneity remained low after realm was added to the model (2= 6.7%, t% = 0.013,
QOr,6s=20.3). In contrast, even though intertidal realms had a significantly higher
pooled correlation coefficient, this did not reduce the large amount of heterogeneity
(total P=83.8%, Qrx:;=1375.3, p <0.0001), and variance among and within studies

remained significant (o6&, among studies = 0.081, 6%;5 within studies = 0.009).
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Similar abundance-occupancy relationships among habitats within intertidal, marine,
and freshwater systems

The habitats (within aquatic realms) included in the meta-analyses of
correlation coefficients and slopes were not statistically significantly different from
one another (Figure S2, Table S9). For slopes, heterogeneity remained low when
habitat type was included (I = 6.7%,1> =0.014, Qg 4 = 12.1, p = 1.0). For correlation
coefficients, adding habitat as a moderator did not reduce the high amount of
heterogeneity (total I> = 83.9%, Qr210 = 1239.6, p <0.0001), and within-study and
between-study variance remained statistically significant (o645 among=0.078,
043, within studies = 0.008). This result suggests that habitat type is not responsible
for producing the large amount of heterogeneity of correlation coefficients in the

model.

Similar abundance-occupancy relationships globally

We found no consistent patterns of AORs geographically. The four
biogeographic regions best represented in our meta-analysis (Afrotropics, Nearctic,
Neotropics and Palearctic) all had positive average effect-sizes that were not
statistically significantly different from one another (Table S10, Figure S2C).
Biogeographic region did not account for the high variance and heterogeneity
observed in the model estimates of correlation coefficients (total = 83.3%, Qr 716=
1013.8, p <0.0001), nor the significant variance observed within and among studies
(62, among studies = 0.08, 0,4 within studies = 0.01). The Palearctic and Nearctic

were the only two biogeographic regions included in the analysis of slopes since other
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regions had low representation in the dataset, and there was no difference in mean
slopes between them (Figure S2D, Table S10). Heterogeneity remained low when
biogeographic region was added to the model of slopes (I?=6.7%, Qz4 = 12.06,p =
1.0). Similarly, we found no relationship between AOR correlation coefficients and
midpoint absolute latitude (distance from equator) of the study (F, s =0.748,p =
0.39), or between AOR slope and absolute mid-latitude (distance from the equator:

F 5= 0.08,p =0.78).

No effect of study design

The design of the study had very little impact on the strength or the slope of
abundance-occupancy relationships. The spatial scale over which AORs were
measured ranged from very small (0.00016 km?) to studies encompassing sites across
the globe. However, there was no significant relationship between the size of the study
area and the correlation coefficient (F, jos= 1.25, p = 0.265) or P-coefficient F, 5,=
0.43, p =0.512). Similarly, there was no significant relationship between the number
of sites sampled and the correlation-coefficient (F, ;5,=0.512, p = 0.48) or {3-
coefficient (F, 6=2.99, p = 0.09). The number of years over which data were collected
ranged between one and 45 years, however there was no relationship between the
duration of the study and the correlation coefficient (F, ;00= 0.406, p = 0.524) or {3-
coefficient (F, 4= 0.25,p =0.61).

The direction of causality defined by the authors varied among studies for
which the authors calculated AORs; 39 studies placed measures of abundance as the

response variable, while 121 studies placed occupancy as the response variable. There
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was no statistically significant difference in correlation coefficients between either
type of study (F,,61=0.71, p = 0.170). Statistical transformations of AORs varied, and
we found a total of 10 possible combinations in the literature. The four most common
were log-none (k = 75), followed by log-logit (k = 34), log-log (k = 22), and none-
none (k = 16). When examined as moderators, none of the statistical transformations
of AORs calculated by the study authors different significantly from one another

(Table S11).

No evidence of publication bias

We did not detect publication bias among the 108 studies in the AOR
correlation-coefficient meta-analysis. AORs that were explicitly measured did not
have significantly different Fisher’s-Z from studies that did not report an AOR but that
provided abundance and occupancy data from which we could calculate the
relationship (Figure S3, F, 2;,=2.58, p = 0.109). There was also no publication bias
detected in the meta-analysis of slopes in a regression test for funnel plot asymmetry (t
=0.55, p =0.58, Figure S4), and we would not have expected to find one since only k
=5 out of the k = 66 3-coefficients included in the meta-analysis were reported from

studies explicitly measuring AORs.

Discussion
In two meta-analyses of 247 abundance-occupancy relationships from 108
published studies, we found the strength and slope of the relationship between

abundance and occupancy to be overwhelmingly positive across all aquatic realms,
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habitats, taxonomic groups, biogeographical locations (Figure 2A). This must mean
that either the pattern is an artifact and so uninteresting, or a real ecological
relationships that begs for an explanatory mechanism. Our result is consistent with a
previous, though earlier and so less extensive meta-analyses (Blackburn ez al. 2009)
that also found that AORs are largely positive across aquatic environments.
Furthermore, in our analysis freshwater and marine systems had stronger mean pooled
correlation coefficients than previously documented (Blackburn et al. 2009). Because
our data do not support any kind of statistical or sampling artifact, we conclude that
the pattern is of fundamental ecological importance: species that occur widely across a
region of any dimension, from local to global, are nearly always abundant where they
occur, while species that are only found in relatively few locations tend to be of

relatively low abundance.

Aquatic abundance-occupancy correlations are positive, but highly heterogeneous —
There is not one “universal” AOR for aquatic systems, even though it is
overwhelmingly positive; correlation coefficients are highly heterogeneous (Table 1).
Furthermore, heterogeneity remained high when moderators taxonomic group, realm,
habitat, or biogeographic region were added to the model, suggesting there are other
sources of heterogeneity that we were unable to identify in our analysis. While in
contrast to our results, Blackburn ez al. (2009) did not find significant heterogeneity
among aquatic AORs, we were able to include a much larger number of AORs in our
analysis (247 AORs from 108 studies) than they did (57 AORs from 16 studies). This

heterogeneity in correlation coefficients found our meta-analysis provides an
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opportunity to consider some of the main hypotheses for the existence of AORs.

Not sampling bias — In addition to ecological explanations for positive AORs, the
broad generality of the relationship has been suggested simply to be the result of
statistical artefact. One suggestion has been that a positive AOR would be produced
where locally rare species are less likely to be detected than locally abundant species,
therefore producing artificially low occupancy levels for these taxa (Bock & Ricklefs
1983). Although this is a concern in studies with low sampling intensity, positive
AORs have been observed in studies with near complete sampling (Borregaard &
Rahbek 2010). If sampling artefacts were a concern in our analysis, we would have
expected to find weaker AORs in studies with more exhaustive sampling (more sites
or more species), and this was not the case. We did not find that the number of sites
sampled (F 157=0.41, p = 0.48), nor the area of the study (¥, 9s=1.25,p=0.27) had a
moderating effect on the strength of abundance-occupancy relationships in aquatic
systems.

Another suggestion has been that if population sizes near the center of a
species geographic range are higher and decline towards the range edges, then any
survey done on the edge of the range might produce artificially low levels of local
abundance or occurrence for that species (Bock & Ricklefs 1983). We note for our
meta-analysis that large-scale studies ought to include a greater proportion of a
species’ geographic range than smaller-scale studies, and if this sampling bias were
important, studies with larger ranges should have weaker AORs than those covering

smaller ranges. In contrast, we found that range position does not affect the strength or

23



slope of the AOR in aquatic systems: those covering less than 1 km? had similar
strengths of AORs as studies at the global scale (F j9s=1.25, p =0.27).

Finally, we found no evidence of publication bias since studies reporting
AORs did not have relationships at all different from those that only reported the
relevant data from which we calculated correlation coefficients and slopes (Figure S3).
Taken together these analyses strongly suggest that AORs generally are genuine

ecological relationships which must have one or more mechanistic explanations.

Ecological mechanisms considered
Meta-population dynamics — The correlation between abundance and occupancy may
be a result of the role that dispersal plays in extinction and colonization dynamics in a
spatially structured population. Because likelihood of dispersal varies markedly
among taxonomic groups independent of whether populations are structured as a meta-
population, it is possible to evaluate this hypothesis using our meta-analysis. First,
many species do not occur as meta-populations, so that hypothesis that this structure
plays a role in AORs may not be appropriate for studies at larger scales (Hanski 1994).
In our meta-analysis, we found no differences among taxonomic groups where we
would expect to find species that can easily disperse. For instance, there were no
differences in AORs in vertebrates from lakes and ponds where we would expect to
find greater barriers for dispersal compared with vertebrates in ocean environments
(Table S12).

At the same time we found, as did Blackburn et al. (2006), that species in the

intertidal realm had significantly stronger AOR correlations than those in freshwater
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or marine systems (Figure 3C). Furthermore, we found that the mean pooled [3-
coefficient (slope) was higher in intertidal than either freshwater or marine systems
(Figure 3D). This stronger AOR for intertidal systems may be due to the comparative
lack of dispersal barriers as well as the life histories of resident organisms. In our
meta-analysis of the strength of AORs, studies of intertidal habitats where dominated
by invertebrates (Figure 4) and there were no statistically significant interactions of
AOR correlation coefficients between taxonomic group and realm, therefore the
stronger mean correlation coefficient is a characteristic of the system as a whole,
rather than the type of organism that lives in each realm. Nevertheless, because
invertebrates that make up the majority of AORs for studies of intertidal habitats, it
might be that their pelagic larvae have higher dispersal than other organisms. Studies
that have explicitly examined larval dispersal in these systems have found species with
planktonic larval dispersal have higher AOR intercepts, but no differences in the
slopes (Foggo et al. 2007). Other studies that explicitly examined intertidal
invertebrates found no differences among the slopes of AORs among taxonomic
groups within the invertebrate category (Foggo et al. 2003; Frost et al. 2004).
Differences in organism size provides another way to assess the potential role
of dispersal in AORs, since size covaries with taxonomic group (micro-organisms <
invertebrates < vertebrates), and is very likely related to dispersal ability, with smaller
organisms potentially dispersing more readily (Tales et al. 2004; O'Sullivan et al.
2014). Conceptually, species with smaller sizes should have higher occupancy because
they may face fewer dispersal barriers, and may have a relatively higher population

growth rates than larger species (Blackburn & Gaston 2001). We found that
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abundance and occupancy were more tightly correlated for vertebrates than for
invertebrates or micro-organisms (Figure 3A), but no difference in AOR slope for
vertebrates and invertebrates (there were too few studies in our analysis that included
micro-organisms to be useful for this comparison) (Figure 3B). We note that the
vertebrates in our meta-analysis consisted primarily of fish (k = 95; mammals k = 1;
reptiles and amphibians k = 2) and the great majority of studies of fish in our dataset
were from marine and freshwater environments with very few in intertidal settings
(Figure 4) so that taxon and realm were not entirely independent. In any case, since the
vertebrates in the studies we analyzed were quite generally larger than the
invertebrates, and both were larger than the micro-organisms, the finding that
vertebrates had the highest AOR correlation coefficients is opposite to what we would
expect if small organisms have higher dispersal potential.

Interestingly, the relationships between body size and abundance, and body
size and occupancy are not the same. Several studies have found, within taxonomic
groups, a negative relationship between body size and abundance. We note, however,
that the relationship is often relatively weak in fishes (Macpherson 1989; Pyron 1999;
Tales et al. 2004), and, indeed, a monotonic relationship between body size and
abundance may not be appropriate for fish at all, since intermediate body sizes tend to
have higher abundances for freshwater fish across the United States and Europe
(Gaston & Lawton 1990; Passy 2012). In contrast, for micro-organisms, body size
may play a role in determining abundance. In a large study of stream diatoms across
the United States, smaller species tended to have larger population sizes, at least at

local scales (Passy 2012; Rocha et al. 2018). Comparisons of AORs for stream
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diatoms with those for larger multicellular organisms found no differences, suggesting
similar underlying mechanisms (Soininen & Heino 2005) and no effect of organism
size. Similarly, we did not detect any differences in the correlation coefficient of
AORs between micro-organisms and either invertebrates or vertebrates in our analysis
(Figure 3A), nor was there any difference in AOR slope between invertebrates and
vertebrates. Of the studies for which we have examined the role of body size in AORs,
results are scale specific. The relationship between body size and occupancy is often
only significant in studies that include many sites, or large areas (Pyron 1999; Tales et
al. 2004).

Unlike fish, micro-organisms do conform to our expectations of the
relationship between body size and occupancy. For example, studies of stream diatoms
have demonstrated a negative relationship between cell size and range size in the
context of AORs, with smaller species exhibiting larger geographic range sizes and
higher levels of occupancy (Passy 2012; Rocha et al. 2018). The stronger AORs for
vertebrates may be because fish do not conform to our expected relationships of body
size vs abundance and occupancy. Within taxonomic groups, larger species may have
higher abundance and occupancy, whereas among taxonomic groups this expected
relationship breaks down. Given that fish tend not to follow a consistent pattern
between body size and abundance and body size and occupancy, the difference in
strength of AORs for fish may be attributable to this.

These considerations taken together, lead us to conclude that the meta-
population and related dispersal hypotheses as explanations of AORs is only weakly

supported in the results of our meta-analysis.
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Niche dimensions — The niche breadth hypothesis first proposed by Brown (1984)
suggests that abundant and wide-spread species should be generalists, found in a broad
range of conditions or using a wide variety of resources, while rare species should be
specialists using a narrower set of resources or occurring in a narrower range of
conditions, or both. This explanation assumes that population density reflects the
probability density distribution of environmental variables, that the environment is
autocorrelated, and that ecologically similar species differ in only a small number of
niche dimensions (Brown 1984).

Examination of AORs among biogeographic regions using our meta-analysis
provides some insight into the validity of the niche breadth hypothesis. The tropics
tend to have more specialists than generalists (Huey 1978; Laurance et al. 2011; Perez
et al.2016), which may manifest several ways, for example, tropical species tend to
have narrow ranges in temperature tolerance (Janzen 1967; Ghalambor et al. 2006).
Thus, if this were a dominant mechanism producing AORs, we would expect to find
stronger relationships in the tropics than in the temperate zones, and we do not
(correlation coefficients and B-coefficients were not statistically significantly different
among biogeographic regions; Figure S2C, Table S10). It was also not the case that
there were more species sampled in the tropics. There was no relationship between
absolute latitude (distance from equator) and number of species in each relationship
(Fy285=0.75, p = 0.39). Thus, at least at this broad biogeographic scale, we find no

support for the niche breadth explanation for AORs.
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Conclusion

Where does this leave us? First we return to the main finding of our meta-
analysis, that there is a clear, exceptionally consistent relationship between the
abundance of species and their spatial occurrence among aquatic organisms. This
pattern, particularly consistent in AOR slopes, but more variable in correlation
coefficients, has been noted by many before us (Balckburn et al. 2006, Gaston et al.
2000), but our study gathered data from a substantially larger number of studies, and
still found that AORs hold across taxa, habitats, realms and biogeography. Further, the
breadth of our study made it possible to reject hypotheses that AORs result from
ecologically uninteresting sampling or reporting biases of one kind or another can be
rejected using our results.

Given that a major goal of Ecology is understanding the distribution and
abundance of species in nature (Krebs 2009, Bowman et al. 2017), the broad
consistency of the AOR relationship among aquatic systems suggests — as many have
speculated — a very general underlying ecological mechanism. We used the results of
our meta-analysis to explore whether the heterogeneity of correlation coefficients
among the taxa, habitats, realms and biogeography provides a foundation for
determining whether one or more of the key ecological mechanistic hypotheses raised
in the Introduction explained statistically any of this variation.

In contrast to our ability to reject sampling and statistical artefacts and biases
as explanation for AORs, we found it considerably more difficult to discern patterns in
our results strongly consistent with any of the three ecological mechanisms, reviewed

in the Introduction, that have been hypothesized to produce AORs. While the single
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comparison we evaluated that might have supported the niche breadth hypothesis
failed, the meta-community and related dispersal hypotheses were consistent with
some, but not all of the patterns in our data. It may be that while the meta-analysis we
carried out was well suited to illuminating the broad consistency of the relationship
between species abundance and spatial occurrence, it did not contain enough species-
and environment-specific information to provide strong tests of ecological

mechanisms.
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Box 1. Abundance-occupancy relationships in nature

Abundance-occupancy relationships essentially describe the connection between local
population size and the level of occurrence across a landscape. Among the patterns to describe
how species are distributed in nature, the positive relationship between the average abundance
where a species occurs and the number of places it occupies (occupancy) is almost always

positive (Gaston et al. 2000).

For example, in a survey of zooplankton from 28 lakes in the Adirondack Mountains, NY,
USA (Leach ef al. 2018), the abundance and occurrence of each species varies systematically.

Average abundance Proportion of . r=0.53 .
- . 310.00
where species occurs lakes occupied 3 .
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c ° [ edax
ol .
Mesocyclops edax 2.6 0.93 g) 1.00 g Daphnia o Daphnia
= I bi
Daphnia ambigua 0.55 0.64 3 par ° ambua
C
5]
Daphnia parvula 0.55 0.07 2 oo i
K K _8 Skistodiaptom“s °
Skzstodzapt-omus 0.033 0.04 g;) oregonensis
oregonensis S
S oo
elc. etc. etc. F .

-2 0 2

logit (proportion of lakes occupied)
When abundance and occupancy of the whole assemblage of zooplankton found across this
landscape are plotted on a log-logit scale, there is a positive linear relationship as a result of
this difference among abundance and level of occurrence. In the graph above of 20 species of
zooplankton, the red points highlight a few species of interest. The copepod Mesocyclops edax
occurs in many more lakes and at higher levels of abundance than Skistodiaptomus
oregonensis which is found in few lakes and at low levels of abundance. In essence, this
positive relationship describes the continuum of two axes of commonness and rarity in a
natural community (Rabinowitz 1981).

Hypotheses

There are as many as 13 hypotheses to explain the mechanisms producing a positive
abundance-occupancy relationship (Borregaard & Rahbek 2010). In this meta-analysis, in
addition to considering possible statistical or sampling artefacts, we focus on three ecological
mechanisms that are hypothesized to produced positive abundance-occupancy relationships.
1. Differences in niche breadth among species: Positive abundance-occupancy relationships
are a result from niche differences among generalist and specialist species. If we assume the
environment is variable, and that variation increases with increasing scale, generalists that are
abundant and widespread have niches that encompass a wide range of conditions, while
specialists with a narrow niche are less abundant and occur infrequently (Brown 1984).

2. Differences in niche position or resource abundance: If the niche a species occupies is
widespread across a region, then we would expect that species to be both abundant and occur
in more locations than a species whose specific niche conditions occurs infrequently across the
landscape, producing differences in abundance and occupancy among species (Hanski 1993,
Venier 1996).

3. Metapopulation dynamics: Variation in dispersal (immigration) and extinction rates in a
metacommunity may produce positive abundance-occupancy relationships if widespread
species have a lower extinction rates and/or higher dispersal rates than less abundant and
therefore less common species (Gyllenber and Hanski 1992).
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TABLES

Table 1. Random-effects model results of meta-analysis of the correlation
coefficient, expressed as Fisher’s-Z, and the slope, expressed as the -coefficient,
of abundance-occupancy relationships in aquatic systems. Heterogeneity is
expressed as Higgin’s & Tompson’s I° and Cochran’s Q. " indicates significance
level of p<0.0001 for model results and level of heterogeneity.

Model s
Among Within Among Within
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FIGURES

Figure 1. Study selection workflow after retrieval of articles
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Figure 2. Random-effects model meta-analyses for of abundance-occupancy
relationships in aquatic systems. A. The correlation coefficient (Fisher’s Z): each point
represents one AOR, the size of each point is proportional to the weight of the AOR in
each model ordered by their effect-size. B. The slope ([3-coefficient): each point
represents one AOR, the size of each point is proportional to the weight of the AOR in
each model ordered by their effect-size. Error bars are the 95% confidence intervals.
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Figure 3. Subgroup model results for abundance-occupancy relationship (AOR)
correlation coefficients and slopes among taxonomic groups (A,B) and aquatic realms
(C,D). Each points is one abundance-occupancy relationship and black diamond points
are the average pooled effect size from each subgroup from the random-effects
multilevel model, in the case of correlation coefficients, and random-effects model in
the case of AOR slopes. Error bars are 95% confidence intervals of model estimates.
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SUPPLEMENT

Table S1. Search terms included in systematic literature search for studies
measuring abundance-occupancy relationships. Terms within each category
were concatenated with OR, categories were concatenated with AND terms.

Relationship Abundance Occupancy
corre* abundance occup*
relationship* density occur*
regress® “population size”
count
gl(gzgtceristics Aquatic organisms
aquatic *bacteria macroinvertebrate*
marine bacteria* insect™
freshwater microb* infauna*
“fresh water” cell* beetle*
lake* protist* fly
stream™ alga*™ flies
river*® phytopl* *fish
ocean* plankton fish*
intertidal plant vertebrate™
subtidal macrophyte mammal
estuar* kelp animal*
benth* weed organism*
pelagic bryophyte* meiofauna
littoral moss macrofauna
angiosperm* infauna
zooplankton* coral
invertebrate™ reef

Table S2. A. Groupings of habitats within Realms, and subcategories
within Taxonomic groups.

Realms Habitats

Freshwater streams, rivers, wetlands, ponds, lakes
Intertidal rocky intertidal, estuaries

Marine coral reef, benthic, open ocean
Taxonomic Subcategories of organisms

groups

Micro-organisms

Invertebrates
Vertebrates

attached algae, phytoplankton, protozoans,
bacteria

corals, sponges, crustaceans, insects

fish, amphibians, reptiles, mammals
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Table S2. B. Categories of studies included in the meta-analysis of abundance-

occupancy relationships after outliers were removed; k is the number of abundance-

occupancy relationships from each category.

Taxonomic group &

Taxonomic group

Region Habitat k Region Habitat k
Afrotropic Invertebrates Neotropic  Invertebrates
marine benthos 3 river & stream 5
river & stream 2 marine benthos 2
Vertebrates intertidal 2
offshore ocean 6 lake & pond 2
Microbe
Antarctic Invertebrates offshore ocean 1
marine benthos 2 Microbe & Invertebrates
intertidal 1
Australasia Invertebrates Vertebrates
lake & pond 1 intertidal 1
Vertebrates lake & pond 1
coral reef 2 offshore ocean 10
estuary 2 river & stream 1
Global Microbe Nearctic Invertebrates
offshore ocean 4 lake & pond 6
offshore ocean 6
Indomalaya Invertebrates river & stream 2
marine benthos 1 freshwater wetland 1
coral reef 1 Microbes
estuary 1 river & stream 3
river & stream 1 freshwater wetland 2
Vertebrates lake & pond 1
offshore ocean 1 Vertebrates
estuary 1
Nearctic Invertebrates lake & pond 1
lake & pond 6 offshore ocean 49
offshore ocean 6 river & stream 8
river & stream 2 freshwater wetland 2
freshwater wetland 1
Microbes
river & stream 3
freshwater wetland 2
lake & pond 1
Vertebrates
estuary 1
lake & pond 1
offshore ocean 49
river & stream 8
freshwater wetland 2
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Table S3. Results of likelihood ratio tests of three-level random-effects models of
abundance-occupancy relationships. Meta-analysis of correlation coefficients (Fisher’s
Z) and slope () were run separately. Comparisons are the result of variance among
and within studies removed compared to the full three-level random effects model
including variance partitioned among all three levels. AICc is the corrected Akike
Index Criterion, AAICc is the difference between AICc of the reduced model vs the
full model. LRT is result of a likelihood-ratio-test between the two models. ***
indicated p<0.001

Model with variance component removed AAICc AlCc LRT

Fisher’s Z model excluding within-study variance 122.7  256.1 1247
Fisher’s Z model excluding between-study 183 1622 30 8"

variance
B model excluding within-study variance 1.9 106.1 0.29
B model excluding between-study variance 22 1058 O
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Table S4. Studies excluded from the meta-analysis of abundance-occupancy
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Table S5. Studies excluded from the meta-analysis of abundance-occupancy slopes.
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Table S6. Results of likelihood ratio tests of three-level random-effects models of
abundance-occupancy relationships. Meta-analysis of correlation coefficients (Fisher’s
Z) and slope () were run separately. Comparisons are the result of variance among
and within studies removed compared to the full three-level random effects model
including variance partitioned among all three levels. AICc is the corrected Akaike
Index Criterion, AAICc is the difference between AICc of the reduced model vs the
full model. LRT is result of a likelihood-ratio-test between the two models. ***
indicated p<0.001

Model with variance component removed AAICc AlCc LRT

Fisher’s Z model excluding within-study variance 122.7  256.1 1247
Fisher’s Z model excluding between-study 18.3 1622 30 8"

variance
B model excluding within-study variance 1.9 106.1 0.29
B model excluding between-study variance 2.2 1058 O

Table S7. Model Results with 95% confidence intervals and post-hoc comparisons of
taxonomic groups in a three-level random effects model of correlation coefficients and
random-effects model of abundance-occupancy beta-coefficients. Significance value *
indicates p<0.05, **** p<0.0001

Taxonomic Group Fisher’s-Z B

Invertebrate 0.86[0.77 = 0.94] = 0.33[0.26 - 0.40]
Microbe 0.89[0.73 —1.04] =

Vertebrate 1.05[092-1.17] =™ 0.40[0.29 - 0.50]
Comparison Fisher’s-Z Difference (3 Difference
Microbe vs Invertebrate 0.03

Vertebrate vs Invertebrate  0.19" 0.06

Vertebrate vs Microbe 0.16
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Table S8. Model Results with 95% confidence intervals and post-hoc comparisons of
realms in a three-level random effects model of correlation coefficients and random-
effects model of abundance-occupancy beta-coefficients. Significance value *
indicates p<0.05, ** p<0.01, **** p<0.0001

Realm k  Fisher’s-Z kK B

Freshwater 111 0.88 [0.79 —0.96]"* 36 0.30[0.23-0.37]"
Intertidal 26 1.09[0.94 —1.23]" 12 0.48[0.35-0.60]""
Marine 99 0.85[0.73-0.97]"" 23 0.25[0.14-0.35]""
Comparison Fisher’s-Z Difference (3 Difference
Intertidal vs 0.21" 0.18"

Freshwater

Marine vs -0.03 -0.05

Freshwater

Marine vs Intertidal -0.24* -0.23"

Table S9. Meta-analysis results and post-hoc comparisons of habitats in a three-level
random effects model of correlation coefficients and random-effects model of
abundance-occupancy P-coefficients. Significance values ***p<0.001 and ****
p<0.0001

Habitat k Fisher’s-Z [95%CI] k B [95% CI]

Lake & Pond 34 098[0.84-1.11]" 12 023[0.10-0.36] "
Open Ocean 78 0.90[0.75-1.06] " 15 0.29[0.12-0.46]
River & Stream 70 0.88[0.77 -0.98] " 20 0.33[0.25-042]

Marine Benthos 23 0.87[0.66 -1.07] ™
Intertidal 10 0.7910.77 - 0.98] ™

Table S10. Model Results with [95% confidence intervals] and post-hoc comparisons
of biogeographic regions in a three-level random effects model of correlation
coefficients and random-effects model of abundance-occupancy beta-coefficients.
Significance values **** p<0.0001

Biogeographic k Fisher’s-Z [95%CI] k B [95%CT]

Region

Afrotropics 11 077[043-1.12] "

Nearctic 82 1.00[0.86—1.14] " 18 0.36[0.26 —0.47] ****
Neotropics 26 099[0.82-1.17] =

Palearctic 101 0.82[0.72-0.92] ™ 31 0.28[0.21 —0.35] ****
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Table S11. Model results with [95% confidence intervals] and post-hoc
comparisons abundance-occupancy relationship statistical transformation

conducted by the study author(s) as a moderator of Fisher’s-Z.

Significance values ****p<0.0001

Transformation k Fisher’s-Z [95%CI]
log-log 22 0.95 [0.76-1.13]"*
log-logit 34 0.88 [0.71-1.05]"*
log-none 75 0.76 [0.59-0.94]
none-none 16 0.89 [0.70-1.08]*
Comparison Fisher’s-Z Difference
log-logit vs log-log -0.07

log-none vs log-log -0.18

none-none vs log-log -0.06

log-none vs log-logit -0.12

none-none vs log-logit 0.01

none-none vs log-none 0.13

Table S12. Model results with [95% confidence intervals] and post-hoc
comparisons abundance-occupancy relationship of vertebrates from
marine, freshwater, or intertidal environments as a moderator of Fisher’s-
Z. Significance values ****p<0.0001

Realm k Fisher’s-Z [95%CI]
freshwater 31 094 [0.72 -1.15]™
intertidal 4 1.33[0.86 -1.80]"*
marine 64 1.11[0.87 -1.36]"
Comparison Fisher’s-Z Difference
intertidal vs freshwater 0.39

marine vs freshwater 0.17

marine vs intertidal -0.22
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Figure S1. Identification of outliers and highly influential abundance-occupancy
correlation coefficients (Fisher’s Z). Each bar represents one abundance-occupancy
correlation coefficient. A) abundance-occupancy relationships above or below dashed

2 . .
line identified at - where n = number of abundance-occupancy relationships were

identified as outliers. B) abundance-occupancy relationships above red dashed line at %
were identified as highly influential studies.
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Figure S2. Subgroup model results for abundance-occupancy correlation coefficients
and slopes among taxonomic groups and aquatic realms. Each point is one abundance-
occupancy relationship. Diamond points are the average pooled effect size and error
bars are 95% confidence intervals of model estimates. Points jittered on y-axes for
clarity.
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Figure S3. Fisher’s Z-scores of abundance-occupancy relationships from n=163 effect
sizes calculated by the study author(s) and n=73 effect sizes not calculated by the
study author(s). Diamond is the pooled effect size from three-level random effects
model for each group, error bars are 95% confidence intervals. Points jittered on y-

axis for clarity.
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CHAPTER 2: ABUNDANT EVERYWHERE OR ABUNDANT SOMEWHERE:
THE TROPHIC, GENETIC, AND HABITAT DIFFERENCES OF A COMMON
AND A RARE COPEPOD
Rachel L. Wilkins!-?
1. Department of Ecology and Evolutionary Biology, Cornell University, Ithaca, New
York

2. eCornell, Office of External Education, Cornell University, Ithaca NY

Abstract

Commonness is rare in nature. Very few species have large geographic ranges, occur in
a variety of environmental conditions, and have large population sizes. To examine the
underlying mechanisms that make a common species so distinct from a rare one, I
measured the habitat specificity, trophic position, and population genetic structure of
two closely related species of freshwater copepods with different levels of occurrence,
Leptodiaptomus minutus (Lilljeborg 1889) and Aglaodiaptomus leptopus (Forbes
1882). Although both species occur over a wide geographic range in lakes across the
Northern United State and Southern Canada, 4. leptopus occurs much less frequently
than L. minutus. To understand the drivers of the disparity in occurrence between these
two species, [ sampled nine lakes in the Adirondack Region, NY, USA, that fall within
their geographic ranges. L. minutus occurred in a range of lake conditions, from shallow
stained lakes with high productivity, to deep clear lakes with low productivity, whereas
A. leptopus was only found in small lakes with low levels of hypolimnetic oxygen. There

was no difference in trophic position between the two species, however I found evidence
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that their trophic position varied according to lake productivity, having a more
omnivorous or predatory diet in lakes with low concentrations of algal biomass.
Populations of L. minutus had more genetic admixture, and less genetic differentiation
than 4. leptopus populations. I detected candidate loci under selection related to lake
productivity using genotype-environment analyses, suggesting there is a genetic basis
for adaptation to a variety of lake environments contributing to the success of L. minutus
across a wide geographic area and diverse lake environments. Differences in level of
occurrence between these two species is therefore not due to a difference in diet, but
may be due to different levels of dispersal, and local adaptation to a wide range of

conditions.

Introduction

In any given habitat, typically only a few species account for the majority of
individuals and a high proportion of the total biomass in a community (Gaston and
Fuller 2008). Ecosystem processes are often determined by the traits of those common
taxa that contribute the most to biomass (Grime 1998, Geider et al. 2001, Winfree et
al. 2015). Species often considered “common” have a combination of large local
population size, wide habitat generality, or occurrence in a range of different habitat
conditions, and have large geographic ranges (Rabinowitz 1981). According to
Rabinowitz’s framework, there are seven different types of rareness defined by eight
possible combinations of population distribution characteristics: These are large and
dominant somewhere vs. small and non-dominant, wide vs. narrow habitat specificity,

and large vs. small geographic range size. Each combination of these categories is
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considered rare, except for truly common species which have large geographic range,
wide habitat specificity and large population size where they occur. While many
species fit into one of the seven types of rareness Rabinowitz describes, very few fit
the common criteria. Commonness is in fact a rare phenomenon in nature (Orme et al.
2006, Gaston 2011, Godet et al. 2015).

There may be several traits that distinguish rare species from common species,
and understanding the difference between rare and common species requires an
understanding of drivers of both abundance and occurrence (also termed site
occupancy). In this study, I focus on understanding the causes of difference in in one
kind of commonness — the level of occurrence (the fraction of sites where they are
found) between a rare and common species that have similar levels of local abundance
where they do occur.

Dispersal ability is often a trait exhibited by common species. For example, in
aquatic insects, wing length is correlated with occupancy, suggesting one key
characteristic of common species is longer wing length, thus increased dispersal
ability (Malmqvist 2000). In studies from microorganisms to fish, species that are a
smaller size (another proxy measure for dispersal ability) tend to occur in more
locations (Wilkinson 2001, Tales et al. 2004). Dispersal becomes particularly
important when favorable environmental conditions are not continuous on the
landscape. Isolated habitat patches can be surrounded by inhospitable environments
where species are not able to colonize, such as islands surrounded by ocean for
terrestrial organisms and lakes surrounded by land for aquatic organisms. Distribution

across these inhospitable environments can be achieved though active dispersal so that

57



the difference between rare and commonly occurring species may be due to dispersal
ability.

Many zooplankton living in lakes and ponds readily disperse passively
between habitats (Bilton et al. 2001). For organisms like zooplankton that depend
upon transport by birds or wind, the production of resistant diapause eggs may
facilitate dispersal (Cohen and Shurin 2003, Simonis and Ellis 2014, Hessen et al.
2019), although dispersal events over-land via wind are typically infrequent and of
short distance (Cohen and Shurin 2003, Moreno et al. 2016, Sirianni 2017). If a
species has the ability to disperse across inhospitable areas, successful establishment
may nevertheless be prevented due to poor habitat match, Alee effects, hybrid
incompatibility, and reproductive interference among congeneric species (Thum 2007)
so that the new locations it reaches may not be suitable enough for a population to
maintain a positive population growth rate. As a result, dispersal ability is one trait of
closely related taxa that could distinguish common species from rare ones. Populations
can even be maintained in locations outside of optimal conditions via high dispersal
from source populations (Hanski 1994, Pulliam 2000).

While dispersal ability may play a role in an organism’s chance at arriving at a
new potentially habitable location, large populations enhance the chance of a dispersal
event, and as the number of locations where a species occurs across a landscape
increases, the chances of a dispersal event also increases (Hanski 1994, Gaston et al.
1997). This may be related to the size of the organisms, for example within micro-
organisms, smaller taxa tend to have larger population sizes and therefore may be less

vulnerable to local extinction (Wilkinson 2001, Finlay and Fenchel 2004). The
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ubiquitous relationship between abundance and occupancy in nature (Chapter 1,
Blackburn et al. 1997) suggests that population abundance plays a role in the level of
occurrence across the landscape. Locally abundant species are more likely to have
high occupancy if they have a lower extinction rate, a higher colonization rate than a
rare species, or both (Gotelli 1991). In the absence of other factors, abundance is often
the most reliable to explain occurrence (Faulks et al. 2015).

Common and rare species may also be different in their diet, or occur across
different ranges of abiotic conditions, broadly defined as having different niches.
Common and rare species may differ in their niche breadth, or the range of diet or
abiotic conditions in which they occur. Common species are expected to differ along
just a few of their niche axis, such that common species have a wider niche breadth
than rare ones: they may eat a wider range of diet items, or occur in a wider range of
environmental conditions (Brown 1984). A wider diet range may be explored by
examining trophic position. Populations of common species may exhibit a more
diverse, omnivorous, diet than populations that specialize in either grazing (or filter
feeding) on primary producers, or by being exclusively predators. Since omnivores
consume resources from several different trophic levels, I would expect common
species to have trophic positions indicating that they are consuming both primary
producers and primary or secondary consumers. Differences in niche breadth may
explain differences in the abundance of species (Hurlbert and White 2007, Faulks et
al. 2015), but it only more rarely explains differences in occurrence (e.g., Gregory and
Gaston 2000, Frost et al. 2004). Occurrence is more often found to be correlated with

niche position than niche breadth: that is, how often the species’ set environmental
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requirements are met across a landscape, regardless of the actual range of conditions
where it is found. This has been shown to be true across a variety of organisms such as
trees (Diaz et al. 2020), fishes (Rocha et al. 2018), invertebrates (Heino and Gronroos
2014), and algae (Soininen and Heino 2005, Vilmi et al. 2019).

Abiotic constraints, dispersal, niche requirements, and biotic interactions all
influence species distributions (Wiens 2011). However, no single factor operates
independently, and ultimately a species’ distribution and its local abundance are
determined by a combination of intrinsic species-specific, environmental, and
historical factors that all interact to influence its distribution and abundance (Brown et
al. 1996, Gregory and Gaston 2000). It was my goal in this study to discover which
traits distinguish a representative common species from a closely related
representative rare one by comparing habitat specificity, trophic position, and
population genetic structure for two planktonic freshwater copepods in the family
Diaptomidae. Leptodiaptomus minutus (Lilljeborg 1889) and Aglaodiaptomus
leptopus (Forbes 1882) both occur across the Adirondack Mountains, New York State,
USA. This region has a complex geology comprised of a diverse mosaic of bedrock
due to glacial influence, and contains over 3,000 lakes, of a wide range of sizes and
environmental conditions (Driscoll et al. 1991). Species within the genera
Leptodiaptomus and Aglaodiaptomus are both within the North American clade of
Diaptomidae, with Aglaodiaptomus closer to the ancestral node in the diaptomid
phylogeny (Thum 2004). Among the thousands of Adirondack lakes, L. minutus is one
of the most frequently occurring species of crustacean zooplankton, with the largest

population sizes, while in contrast, 4. leptopus only occurs in a few lakes, but has
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large population sizes where it does occur (Figure S1) (Siegfried et al. 1989, Leach et
al. 2018). According to Rabinowitz’s topology of rarity, L. minutus is defined as
common, while A. leptopus meets the criteria for a “predictable” rare species (large
geographic range, narrow habitat specificity, large local population size). This
difference in distribution is representative of the geographic occurrence of the two
species more broadly. Based on a literature survey of 459 publications from years
1882-2001, the geographic ranges of A. leptopus and L. minutus are both relatively
large occurring throughout the northeastern United States and Canada (Andrew
Robertson, pers. comm.), with the range of A. leptopus even extending down into the
southeastern United States, and in a comprehensive survey of 499 Wisconsin lakes
where L. minutus was found in 112 and A. leptopus in only six (Torke 2001).
According to Rabinowtiz’s definition of rarity, I sought to examine what drives this
difference in occurrence, for two species that have similar geographic range sizes and
large populations sizes.

As the name suggests, L. minutus is one of the smallest members of the North
American Diaptomidae (ca. 0.78-1.04 mm total length, 28.9 ug wet weight) (Leach et
al. 2018), a characteristic that may contribute to its ability to persist in a variety of lake
environments, whereas A. leptopus is larger (ca 1.5-2.4 mm total length, 70.5 pg wet
weight) and therefore more vulnerable to visual predators such as zooplanktivorous
fish. Shallow, fishless lakes tend to have higher abundances of A. leptopus than those
with fish (Torke 2001), although the presence of fish does not always result in the
exclusion of 4. leptopus: salmonids in particular do not exclude this species (Donald

et al. 2001). Nor is A. leptopus present in all fishless lakes in regions where it is

61



known to occur, due at least in part to presence of other visually hunding predators
such as salamander larvae (Keller and Conlon 1994, Malkin et al. 2006). After fish
had been removed from lakes where they were previously introduced, recolonization
of A. leptopus populations is very slow (Donald et al. 2001), especially if its
diapausing egg bank had been depleted during the period that zooplanktivorous fish
were present (Parker et al. 1996). Non-visually feeding predatory fly larvae,
Chaoborus spp. are known to prey on both L. minutus and A. leptopus, but A. leptopus
is preyed upon at a lower rate (Blais and Maly 1993), presumably due to gape
limitation in the larvae.

In other systems, predation has been implicated in limiting the geographic
range and habitat preference of diaptomid copepods (Elmore 1983, Torke 2001).
Previous work has also suggested that species with narrow habitat preferences are
better at avoiding predation than those found in a broad range of habitats, although this
may also come at the cost - in this case lower resource use efficiency (McPeek 1996).
Copepods have specific predator avoidance adaptations such as diel vertical migration
(Gliwicz 1986), which at the same time comes at a cost since individuals experience
lower temperatures and lower food concentrations near the lake bottom, resulting in
slower growth rate and lower reproductive output (Loose and Dawidowicz 1994).
These general features could contribute to the observed distribution differences
between A. leptopus and L. minutus since the former is more vulnerable to fish
predation (Arnott and Vanni 1993, Keller and Conlon 1994, Donald et al. 2001, Torke
2001). While exclusion by fish is a possibility, there is no evidence that interspecific

competition from other crustacean zooplankton excludes A. /eptopus (Olenick 1983).
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To gain a fuller understanding of the difference in occurrence patterns between L.
minutus and A. leptopus, it is important to assess the environmental and genetic
underpinnings of the two distinct patterns of occurrence. Exclusion by zooplanktivors
doesn’t fully explain the patchy occurrence of A. leptopus, and the additional causes of
rareness in this species, namely limited dispersal ability, and narrow niche (biotic and
abiotic in terms of food sources) could contribute to, or be the cause of, their patchy
distribution. Additionally, difference in susceptibility in fish predation doesn’t fully
explain how L. minutus is able to exist in so many lakes, and at such high population
densities.

My study consists of nine Adirondacks lakes (Figure 1) all of which contain
populations of L. minutus, but only three of which contain populations of 4. leptopus,
a pattern representative of Adirondack lakes more generally (Sutherland 1989, Leach
et al. 2018). I estimated the range of environmental conditions where each species
occurred by measuring lake characteristics. Using stable isotopes, I measured each
population’s trophic position to examine the differences in diet between the common
and rare species. To determine the degree to which each population is isolated from
others, and how that pattern differs between the two species, I assessed genetic
differences among populating using next generation reduced representation
sequencing to generate single nucleotide polymorphisms (SNPs).

I show that L. minutus occurs in a wider range of lake conditions than A.
leptopus, but that there is no difference in trophic position between the two species,
both being omnivorous and adjusting their trophic position based on the quality of the

seston in each lake. Populations of L. minutus exhibited more genetic admixture than
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A. leptopus while also exhibiting a signature of genetic isolation-by-distance.
Additionally, genomic analyses reveal SNPs in L. minutus populations associated with
environmental gradients of algal biomass, seston quality, and pH among the lakes. I
evaluate the extent to which these differences help explain the difference in
occurrence between these two species, one common and the other rare across the

Adirondack region.

Methods

Lake Sampling

I chose nine lakes for study across the Adirondack State Park, New York, USA
(Figure 1) based on known populations of L. minutus and A. leptopus (Leach et al.
2018), to represent a range of lake conditions found throughout the Adirondacks. The
mean * | standard deviation in lake depth and surface area in our study was 9.7 m +
7.2 m and 55.6 ha + 74.3 ha., respectively. This range is similar to the larger
Adirondack Lake Survey where mean lake depth was 11.3 m = 6.8 m, and surface area
was 60.6 ha + 104.3 ha. Helldiver, Hoel, Limekiln, and Round Lakes were sampled
three times (in late May, early July, and late August 2014). Falls, Indian, Squaw,
West, and Wolf Lakes were sampled two times (in early July and late August 2014).
At the deepest point in each lake, I measured the thermal profile and pH with an in situ
Y SI multiprobe sonde at 0.5 m intervals between the surface and 20 m or to 0.5 m
above the sediment in lakes less than 20 m deep. Water samples were collected from
the epilimnion and hypolimnion using a high-volume peristaltic pump to capture the

entire depth range of each layer. Water samples were stored on ice in 3 L low density
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polyethylene containers until being processed in the laboratory. Prior to laboratory
processing and analysis, all water samples were filtered with a 75 um mesh sieve to
remove large zooplankton. Three replicates from each layer of each lake were
transferred to acid washed high density polyethylene (HDPE) bottles and frozen until
total nitrogen (TN) and particulate phosphorus (PP) was measured in the laboratory (I
also analyzed soluble reactive phosphorus, but all values were below the limit of
detection (0.025 uM). I did not measure total phosphorus, however since soluble
reactive phosphorus was below the limit of detection, PP likely accounts for a large
portion of total phosphorus in the lakes. Water samples for dissolved organic carbon
(DOC) were stored in amber glass bottles at 4 °C until analysis. Both TN and DOC

samples were collected only during July and August sampling events.

Seston and Water Chemistry Analysis

Seston from the epilimnion and hypolimnion were filtered onto a pre-
combusted (500 °C for 4 hours) 25 mm Whatman GF/F glass fiber filters with
effective pore size 0.7 um, and stored at -20 °C until analysis. I measured seston
phosphorus (PP) using a colorimetric assay with modifications to the color reagent
using smaller volumes according to (Stainton et al. 1977). Absorbance was measured
using a spectrophotometer at 880 nm. Chlorophyll-a was extracted with 90% ethanol
and measured fluorometrically according to (Wetzel and Likens 1991). Filters
containing seston for measuring seston carbon and seston nitrogen were dried at 60 °C
for 48 hours and rolled into aluminum tins. The carbon and nitrogen content were

measured using a Thermo Finnigan Flash 1112 elemental analyzer.
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Dissolved organic carbon (DOC) was analyzed from the filtrate of lake water
passed through a pre-combusted (500 °C for 4 hours) Whatman GF/F filter using a
Shimadzu TOC auto-analyzer according to the manufacturer’s instructions. Total
nitrogen was measured on unfiltered water samples using an Astoria Pacific auto-
analyzer using a modification of the Astoria Pacific standard methodology for
cadmium reduction in freshwater samples (A173), adjusted to increase accuracy at
concentrations below 1 uM (Hayn et al. 2014).

I calculated the average seston phosphorus, seston nitrogen, total nitrogen,
dissolved organic carbon, and seston carbon for the whole water column in each lake
by calculating the weighted mean based on the depth of the epilimnion and
hypolimnion in each lake, since water samples for each layer were taken separately. I
then calculated the average for each water chemistry parameter across the two or three

summer sampling events.

Copepod Field Sampling

The nine populations of L. minutus, and three populations of 4. leptopus in
were sampled during July 2014 (Figure 1). Vertical plankton tows were taken at the
deepest point of each lake with a 0.3 m diameter 75 um mesh plankton net. Live
zooplankton samples were stored on ice, and then rinsed and incubated in 1.2 pm
filtered (Whatman GF/C glass fiber filter) lake water at room temperature for at least
30 min to permit gut clearance prior to preservation (Dam and Peterson 1988).

Copepods were identified to species according to Reid and Williamson (2010).
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Trophic position

To estimate trophic position of each copepod population, I measured their 5'°N
isotope signatures, which become enriched with each trophic transfer within in a food
chain (Deniro and Epstein 1981, Post 2002). Live zooplankton were individually
picked, rinsed with distilled water, and frozen in scintillation vials until stable isotope
analysis. Each vial contained between 30-100 individuals, depending on the body size
of the species, to obtain enough biomass for analysis. Samples were lyophilized,
ground, weighed, packed in tin, and stored in a desiccator at room temperature until
analysis. 8'°N stable isotopes were measured on a Thermo Scientific Flash 2000 EA-
IRMS at Eawag (Swiss Federal Institute for Aquatic Science and Technology).

Trophic position for each copepod population was calculated with a single
trophic base according to Post (2002) using 8'°N isotope signatures. For each lake, I
designated one of two indiscriminate filter feeding zooplankton Daphnia spp. or
Bosmina spp. (depending upon which was present) as an integrated herbivore
signature at trophic position 2. Trophic enrichment (An) of §'°N in each lake was
calculated as the difference between the filter feeding grazer and a co-occurring
known obligate predator, either phantom midge larvae Chaoborus spp., or the
predatory copepod Epischura spp. For lakes without an obligate predator, I used the
mean trophic enrichment factor An = 1.727 %o calculated from 6 nearby Adirondack
lakes (Kjeldgaard et al. 2021, Supplement Table S1). Although 3.4%o is often used as
a trophic enrichment factor, trophic enrichment can be highly variable among lakes
(Post 2002), and even variable depending on the food items consumed (Blanke et al.

2017). The calculation of trophic enrichment is made more precise by using a lake-
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specific trophic enrichment factor calculated from co-occurring non-selective filter
feeding herbivore and an obligate zooplankton predator. I making the assumption with
this method that zooplankton grazers and predators are feeding along the same food-
chain, and the adult zooplankton predators are consuming the zooplankton grazers,
which has been observed for both Epischura (Wong 1981, Chow-Fraser and Wong
1986) and Chaoborus (Riessen et al. 1988). I did not mathematically correct the §'°N
signatures for lipids because 8'°N values are not systematically affected by lipids
accumulated in tissues (Logan et al. 2008).

I analyzed which environmental variates significantly correlate with trophic
position using multiple linear regression and AIC model selection. Seston N, Seston
C, Seston P, C:P, C:N, chlorophyll-a, DOC, and pH were all scaled in the linear
model. I used stepAIC with forward and backward model selection in the MASS
library (Venables and Ripley 2002) in R version 4.1.0 (Team 2021) to evaluate model

fit.

DNA Extraction and Sequencing

Entire zooplankton samples were concentrated with a 75 um sieve, preserved
in 99% ethanol and stored at room temperature in 250 mL HDPE collection bottles
until DNA extraction. Individual adults were picked from zooplankton samples using
a sterile stainless-steel filiform needle and rinsed with 99% ethanol to remove any
algae or debris. Eggs were separated from females when present and discarded. In
total, 12 males and 13 females were isolated from each population for genetic analysis.

Copepods were stored individually in 1.5 mL microcentrifuge tubes at 0 °C for up to
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24 hours until DNA extraction.

DNA was extracted from each individual with a Qiagen QIAamp DNA Micro
Kit according to the manufacture’s protocol for isolation of genomic DNA from less
than 10 mg of tissue with carrier RNA to increase yield. Briefly, samples were lysed
overnight in at water bath at 56 °C, purified with QIAamp MiniElute columns,
washed, and eluted with 40 uL of Buffer AE after a five-minute incubation period at
room temperature. DNA was stored at -20 °C until digestion (1-23 days).

For each copepod, a double-digest restriction site associated (ddRadSeq)
library was prepared according to (Peterson et al. 2012). Undiluted DNA extracts were
digested with two restriction enzymes, Sbfl-HF (New England Biolabs R3642), and
Mspl (New England Biolabs R0106). I used a two-tiered indexing scheme that allows
for demultiplexing individuals after [llumina sequencing. Each population of both
copepod species was split into two libraries, with 12-13 individuals per population in
each library. Libraries were pooled and sequenced at the Cornell University Institute
of Biotechnology on an Illumina single-end 75 bp NextSeq 500 using Illumina TruSeq

indices.

Genotyping

I genotyped all copepods using the Stacks?2 pipeline V.2.53 (Catchen et al.
2013). Samples from each sequencing run were first demultiplexed with
process_radtags with -r to “rescue” RAD-tags and barcodes. Poor quality reads were
removed with -c option to remove any reads with an uncalled base and -q to discard

low quality reads. After demultiplexing I removed eight L. minutus individuals and
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two A. leptopus individuals with a high number of reads with no rad-tags, a low
number of retained reads, or both.

Before running the de novo pipeline on all samples, I optimized the number of
raw reads required to form an allele (m), the maximum number of mismatches allowed
between putative alleles (M), and the number of mismatches allowed between sample
loci when building the catalog (n) using a subset of six individuals per population for
A. leptopus and two individuals per population for L. minutus with the highest read
coverage using the procedure outlined in Paris et al. (2017). For L. minutus, final
stacks parameters were set to m =4, M = 6, n =7, and for 4. leptopus final stacks
parameters were settom =3, M=6,n=6.

Each of the programs under the core Stacks de novo pipeline (ustacks, cstacks,
sstacks, tsv2bam, gstacks, populations) were run manually. After examining the per-
locus coverage of all samples, individual samples that had high coverage and were
representative of the genetic diversity in the dataset were selected to be included in the
reference catalog. I included 15 individuals per population for 4. leptopus and 10
individuals per population for L. minutus. Before running the sstacks program to
match putative loci against the constructed catalog, samples with coverage less than
10x were removed. In total, the Stacks de novo pipeline genotyped 192,442 loci with
mean effective per-sample coverage of 45.4x (st. dev. 25.1x) for L. minutus, and
271,227 loci with mean effective per-sample coverage of 71.3x (st. dev. 22.9x) for 4.

leptopus.
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SNP Filtering

SNPs were called with the Stacks population program. For both species, I
restricted loci to those occurring in at least seven of the nine L. minutus populations
and two of the three 4. leptopus populations. Loci were processed when they occurred
in a minimum of 75% and 80% of individuals in each population for L. minutus and A.
leptopus, respectively. To process a nucleotide site at a locus, minor allele frequencies
were set to 0.05, and maximum observed heterozygosity of 0.70. I restricted data
analysis to only the first SNP per locus. There was a higher frequency of SNPs at the
beginning of the read sequences of L. minutus individuals, potentially due to
sequencing errors. To resolve this, I filtered SNPs within the first 10 positions that
were outside 1.5 times the interquartile range of SNP frequencies across the radtags
(Polato et al. 2017). Additionally, individuals with more than 50% missing data were

excluded from the dataset.

Population structure

To compare genetic distance among lakes, pairwise SNP-level measures of Fsr
were calculated with the populations module of STACKS for every combination of
sampling locations for both species (Catchen et al. 2013). I examined population
genetic structure with discriminant analysis of principal components (DAPC) with the
R library adegenet (Jombart and Ahmed 2011). I chose the number of clusters based
on the lowest BIC. To avoid over fitting the model, I optimized the number of
principal components included in the analysis through DAPC-cross validation

procedures (Jombart and Ahmed 2011). Final DAPC analyses were conducted with 20
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principal components for L. minutus and one principal component for 4. leptopus.
Additional population structure was assessed using ADMIXTURE. I evaluated cluster
support to find the optimal number of clusters (K) with the greatest support through
ADMIXTURE s cross validation procedure (Alexander et al. 2009). I tested K = 1

through K = n + 2, where n is the number of populations for each species.

Genetic isolation and trophic level isolation by distance

I examined the correlation of both the genetic distance and trophic level
distance among populations with geographic distance among lakes using a Mantel test
(Mantel 1967). I used mantel.rtest with 9999 permutations in the R package ade4

(Dray and Dufour 2007) to measure genetic isolation by geographic distance.

Genotype-environment association

Redundancy analysis was used to determine how loci covary with
environmental conditions in each lake and identify potential loci under selection using
the R package psych (Revelle 2021) and vegan (Oksanen et al. 2020) according to
recommended procedures by (Forester et al. 2018). The matrix of alleles from L.
minutus contained 21% missing data, therefore missing genetic data were imputed
using the most common genotype at each SNP across all individuals. Environmental
variables that were correlated r > |0.7| were excluded from the analysis. Food
abundance (chlorophyll-a) and quality (seston C:N, and seston C:P) as well as water
quality indicators (hypolimnetic dissolved oxygen and pH) were included in the final

RDA analysis. I verified that variance inflation factors for each environmental
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predictor were below five to ensure there was no multi-collinearity among variables.
Significance of the full model and individual constrained axes were evaluated with a
permutation test with n = 999 permutations in the R package vegan (Oksanen et al.
2020). Candidate loci under potential selection were identified as those with loadings
greater than + three standard deviations of the distribution of SNP loadings along the
first five RDA axes (Forester et al. 2018). SNPs were evaluated based on the predictor
with which they were most strongly correlated, and their position in ordination space.
Due to the strong genetic structure in 4. leptopus populations, and the small number of
populations I surveyed (it is after all a rare species), I had to exclude it from genetic
and trophic isolation by distance analyses and genotype-environment association

analyses.

Results

I chose nine study lakes that all contained populations of the common copepod
L. minutus. The rare species, A. leptopus, in contrast, occurred in only three. Where 4.
leptopus was found, L. minutus also always occurred. This distribution is
representative of the region: for example, in a survey of 28 Adirondack lakes, L.
minutus occurred in 25 lakes and 4. leptopus occurred in seven (Leach et al. 2018).
Despite the difference in occurrence between the two species, there was little
difference in the environmental characteristics of the lakes in which they were found.
There was no statistically significant difference in the mean levels of chlorophyll-a,
DOC, seston P, seston N, seston C:P and C:N, total nitrogen, pH, surface area, or

depth between lakes where 4. leptopus was present and where it was absent. The only
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environmental characteristics that was distinctly different was hypolimnetic dissolved
oxygen which was significantly lower for the three lakes where A. leptopus occurred
compared with the six where it was absent (Student’s t-Test, p = 0.024, Figure 2).

Among the nine lakes sampled, I detected a suite of correlated environmental
variables indicative of a potential gradient in productivity. Positive correlations
between chlorophyll-a, dissolved organic carbon, and seston phosphorus indicate
some lakes are highly stained and have more standing algal biomass than other lakes
that are more oligotrophic (Figure 3, Table 1). These Adirondack lakes also varied in
watercolor, from very stained lakes with high dissolved organic carbon (DOC), to
lakes with low levels of DOC and high water transparency (Table 1). Seston quality,
as assessed by the ratio of nutrients, was negatively correlated with total N: lakes with
higher Total N tended to have seston of lower quality (higher C:N, » = 0.68), but Total
N was unrelated to seston P (PP) (Figure 3). The N:P of the lakes ranged from 4.3 to
15.6, suggesting that they are phosphorus limited (Downing and McCauley 1992).

In addition to the gradient in standing phytoplankton biomass (chlorophyll-a)
and DOC among lakes, seston quality, expressed as C:N and C:P were closely
associated, and opposite to pH in ordination space, despite the lack of statistically
significant correlation (Figure 3, Figure 4). Acidic lakes tended to have lower quality
seston, while lakes with higher pH had higher quality seston (lower seston C:N and
C:P). The quality of the seston was more closely associated with the pH of the lake,
and less closely associated with productivity. Compared with the range of nutrient
ratios of different algal resources, the C:N and C:P ratios | measured in these lakes

was still high compared with the range of nutrient ratios found in freshwater
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environments generally (Sterner and Elser 2002). Vectors for chlorophyll-a and
hypolimnetic dissolved oxygen are opposite to one another along at least one RDA
axis, illustrating the pattern among lakes that lakes with low levels of standing algal
biomass typically have more oxygenated hypolimnetic zones, and lakes with higher

standing algal biomass had hypolimnetic zones with lower levels of oxygen.

Trophic position

Both L. minutus and A. leptopus had 8'°N signatures indicating an omnivorous
or predatory diet, rather than being purely herbivorous (Figure 5). The mean trophic
position of L. minutus populations was 2.61 + 0.64 (s.d), while the mean trophic
position of A. leptopus populations was 3.20 + 0.82 (s.d.). Although the mean trophic
position value for the larger copepod species A. leptopus was higher than for L.
minutus, the difference was not statistically significant (t =-0.77, d.f. = 1, p = 0.47). L.
minutus trophic position ranged from a value very similar to co-occurring obligate
grazers (i.e., trophic position two) to trophic position three, indicating a predatory diet.
While I do not have an explanation for the unexpectedly low tropic position near one
for L. minutus in Helldiver Lake, I chose not to exclude it from our data. Trophic
positions below 2 indicate Daphnia had higher 8'°N signatures than the co-occurring
L. minutus. It is possible that L. minutus is feeding within a different food chain than
Daphnia, causing the calculation of the base of the food chain to be invalid if L.
minutus and Daphnia are feeding on different diets such as components of the
microbial chain starting with methanogens versus phytoplankton since Helldiver

Lakes has a markedly anoxic hypolimnion. The final multiple regression linear model
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of trophic positions of both L. minutus and A. leptopus and the eight environmental
variables in our data set, supported by the lowest AIC, included seston N, seston P,
C:N, DOC, and chlorophyll-a (adjusted R’ = 0.683, p = 0.045, Table 2). Average pH,
seston C, and C:P were excluded from the final model (Table 3). Hypo DO was not
included in model selection due to multi-collinearity.

Despite the range of trophic positions exhibited by L. minutus populations,
there was no spatial pattern in trophic position among lakes. Geographic distance was
not statistically significantly correlated with difference in trophic position among
populations (Mantel test, » = -0.26, p = 0.94). Copepods from lakes that were located
closer together geographically did not have more similar trophic positions to one

another.

Population structure

Observed heterozygosity was lower than Hardy-Weinberg expectation for
populations of both species, indicating that they exhibit some degree of population
genetic structure (Figure S2). As expected, L. minutus had less structure and more
admixture among populations than 4. leptopus. According to cross-validation error, K
=7 followed closely by K = 5 population clusters were best supported for the nine
populations of L. minutus (Figure 6A, Figure S3). At K = 5, the populations from
Limekiln and Round lakes had shared ancestry, as did populations from West, Falls,
Wolf, and Indian lakes. At K = 7, two populations in proximity, Falls and Wolf had
shared ancestry, while populations from West and Indian had shared ancestry although

they are not nearby geographically (Figure 1). Among the three populations 4.
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leptopus, there was the greatest support for K = 3 population clusters with virtually no
admixture among them (Figure 7A, Figure S4).

According to discriminate analysis of principal components (DAPC), many,
but not all lakes that are close together geographically also clustered close together
genetically, supporting the ADMIXTURE results. Populations from Indian, Falls, and
Wolf clustered close together, and had shared ancestry (Figure 6B). Similarly,
Limekiln, Round, and Hoel lakes were distinct, and were the lakes that were the
furthest from one another geographically. Squaw was genetically distinct according to
ADMIXTURE, and was the furthest from other lakes in multivariate space according
to DAPC (Figure 6B), although Hoel was the greatest distance geographically from
other lakes. Among L. minutus populations, genetic distance increased significantly
with geographic distance (mantel test, n=9999 replicates, r = 0.33, p = 0.017).

Based on DAPC cross-validation procedures, a single principal component
axis was sufficient to describe the genetic variation among A. leptopus populations
(Figure 7B). Individuals from Squaw and Falls were clustered closer together along
the first discriminate axis than individuals from West, likely due to the larger
geographic distance between West, and Squaw and Falls (Figure 1), although there
were only four admixed individuals among lakes (Figure 7A). Pair-wise Fsr values
were much lower among populations of L. minutus than A. leptopus, again indicating
greater genetic differentiation among A. leptopus populations than L. minutus

populations (Table 4).
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Genotype-environment associations in L. minutus populations

I was unable to conduct a genotype-environment association study for 4.
leptopus due to a lack of statistical power since there were only three populations
(again, it is rare). As a result, I confine my analysis to L. minutus. 1 found a significant
relationship between SNPs of L. minutus and five of the environmental predictors:
hypolimnetic dissolved oxygen, pH, seston C:N, seston C:P, and chlorophyll-a. When
included in the RDA analysis of genotype-environment associations, these five were
statistically significant (p < 0.001) and explained about 10% of the genetic variation
among L. minutus populations (adjusted R>= 0.100). Separately, each of the five
constrained RDA axes were statistically significant (p < 0.001, Table S2).

According to the redundancy analysis, L. minutus individuals from several
lakes were easily separated in ordination space along environmental vectors.
Individuals from Helldiver Lake, the lake with the highest standing algal biomass and
among the highest nutrient levels and hypolimnetic dissolved oxygen (Table 1), were
easily distinguishable from individuals from Hoel Lake, one of the more oligotrophic
lakes, along RDA?2 (Figure 4A). Individuals from lakes that were less acidic, namely
Round and Limekiln, were also distinct genetically and were located toward the higher
end of the vector representing the range of pH along RDA1, opposite of acidic lakes
such as Indian, Falls, and Wolf (Figure 4). Individuals from Squaw lake were also
easily distinguishable from other individuals along RDA2 and RDA3 (Figure 4A),
consistent with their distinct genetic clustering that I observed along linear
discriminant (LD) axis 2 in the DAPC analysis (Figure 6B). Individuals from Indian,

Falls, and Wolf lakes were clustered together and indistinguishable from one another
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along all three RD axes. Individuals from these three lakes tended to be located along
vectors of high C:N and high C:P, low pH, and low hypolimnetic dissolved oxygen
(Figure 4).

In total, I detected 51 SNPs potentially under selection that were associated
with lake standing biomass, seston quality, and acidity. Many SNPs were most
strongly correlated with environmental predictors associated with lake trophic state
such as chlorophyll-a (12 SNPs) and hypolimnetic dissolved oxygen (5 SNPs).
Sixteen SNPs were most strongly correlated with pH, while 18 SNPs were associated
with food quality (nutrient ratios) of the seston (12 SNPs correlated with C:N, and 6
SNPs correlated with C:P). Along RDAL, I detected multilocus sets of SNP genotypes
associated with seston quality (seston C:N, and seston C:P), while on RDA2, SNPs
were associated with chlorophyll-a (phytoplankton abundance). On RDA3 I detected
multilocus sets of SNP genotypes most strongly associated with lake acidity (Figure

8).

Discussion

Throughout the northern United Sates, including the Adirondack region of
New York State, L. minutus is a common copepod, found in high abundance in a large
proportion of lakes. In contrast, populations of the related copepod 4. leptopus are
rare, found in relatively lakes in the region, although average population abundance
tends to be high where they do occur (Leach et al. 2018). I contrasted the trophic
position, population genetic structure, and lake environmental conditions where each

species is found to understand the factors that contribute to the differences between
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these two species, one common and one rare. I tested whether a broad generalist diet,
tolerance to a wide range of lake conditions, and a high level of population

connectance contribute to the observed distribution differences.

Evidence of higher geneflow among populations of the common copepod L. minutus
than the rare copepod A. leptopus — 1 found signatures of higher gene flow among lake
populations of L. minutus than I did for A. leptopus, with higher levels of admixture
(Figure 6A) and lower relative pairwise Fst values (Table 4), suggesting L. minutus
faces fewer barriers to dispersal. Still, there was clear genetic structure among L.
minutus populations, with significant isolation by distance. Therefore, despite the
population connectedness | detected, this species is nevertheless dispersal limited. In
contrast, there was virtually no admixture among the three populations of 4. leptopus,
and higher pairwise Fst values among populations compared with L. minutus (Figure
7A, Table 4). This greater genetic isolation of 4. leptopus populations indicates that they
face greater barriers to dispersal, or are unable to inhabit many lakes across the region,
and so is presumably tied to being rare, in the sense of occurring in relatively few lakes.
The lower population structure observed in L. minutus populations is likely due to
dispersal events among populations that do not occur as frequently among populations
of A. leptopus. Therefore, the lower genetic structure observed in L. minutus is what [
would expect to find in an abundant species found in many lakes, and so likely is a
consequence of of being common.
One very likely method of dispersal for calanoid copepods is transport of

diapausing eggs among lakes most likely attached to feathers or feet water birds, or
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moved along with fish by anglers. Both species produce diapausing eggs (Watras
1980, Hairston and Brunt 1994, Torke 2001), but because L. minutus occurs in more
lakes, I would expect there to be more opportunities for its eggs to be dispersed across
the landscape. Based on the lack of admixture among populations of A. leptopus, it is
clear that even if diapausing eggs are dispersed to nearby lakes, populations rarely
become established. For example, A. leptopus occurs in both Falls and Squaw Lakes,
which are approximately five km from one another, however in my population
samples only a single individual from Falls Lake had a portion of shared genetic
ancestry with the genetic cluster assigned to Squaw Lake, and two individuals from
Squaw Lake had shared ancestry with those from Falls Lake (Figure 7A). Despite the
potential for dispersal through diapausing eggs, establishment of individuals into a
lake that already has an established population may be inhibited by a strong priority
effect of the founding genotypes. In essence, rapid population growth and local
adaptation when a water body is colonized may exclude new individuals from
invading a resident population because of monopolization of resources and a large
bank of diapausing eggs further strengthening the predominance of one genotype in a
population, and preventing other genotypes from other populations from establishing
(Boileau et al. 1992, Meester et al. 2002). Based on the very low admixture among
populations, and the ability of 4. leptopus’ to produce diapausing eggs that could
potentially be easily dispersed, the genetic isolation among populations may be due to
priority effects of founding populations.

Among L. minutus populations, individuals from Helldiver and Hoel Lakes

were assigned to separate genetic clusters and had relatively little admixture compared
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with other populations (Figure 6A). Helldiver and Hoel Lakes are approximately 80
km apart (Figure 1), and are separated in environmental ordination space, especially
along RDA2, which encapsulates a productivity gradient (Figure 4A). In this case, two
lakes are separated geographically, have different levels of productivity, and the
populations of L. minutus are also distinct genetically (Figure 6B). In contrast,
individuals from Falls, Indian, and Wolf Lakes are clustered closely together in
ordination space and are assigned the same ancestry (Figure 6A). These lakes are
located close together geographically, therefore individuals are either able to disperse
easily among the three lakes, or were colonized from a common source population.
The similarity in environmental conditions of these lakes may also make it possible
that genetic lineages that share adaptations to local environmental conditions are able
to persist and become dominant.

Geographic proximity, however, is not the sole force shaping the genetic
clustering of L. minutus populations. Squaw Lake and Indian Lake are only about 2
km apart, but individuals do not cluster together in ordination space and are assigned
different ancestry groups (Figure 6A). Differences in the environmental
characteristics, specifically productivity, between Squaw Lake and Indian Lake may
be responsible for the genetic isolation observed. Squaw Lake has higher standing
phytoplankton biomass and nutrient levels than Indian lake (Table 1). Lake
productivity level has been shown to exclude calanoid copepods from lake
environments, especially when food availability is low and competition is high
(Elmore 1983). Among the L. minutus populations in this study, one third of the 51

candidate SNPs under selection were correlated with measures of lake productivity,
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therefore productivity may also be shaping the structure of L. minutus populations if
the genetic differences observed prevent individuals in one lake type from colonizing

or establishing in another.

Trophic position flexibility in response to available food sources — The trophic
signatures of L. minutus and A. leptopus are statistically indistinguishable (Figure 5).
On average, A. leptopus and L. minutus both had 8'°N values above the co-occurring
obligate herbivores Daphnia spp. or Bosmina spp., indicating an omnivorous to
predatory diet for the copepods. Calanoid copepods are known for their ability to
select of food items preferentially, which is made possible by their sophisticated
chemo- and mechanosensory capabilities (Friedman and Strickler 1975, Buskey 1984,
Steinke et al. 2006, Kierbe 2008, Almeda et al. 2018). It seems likely that the trophic
positions of the copepods were elevated by the selective consumption of planktonic
heterotrophic ciliates and flagellates (Christoffersen et al. 1990, Faithfull and Goetze
2019). Such consumption can be substantial, ultimately influencing the composition of
the microbial community in lakes (Burns and Schallenberg 1996, 2001). Additionally,
diaptomid copepods can preferentially consume herbivorous rotifers (Williamson and
Butler 1986, 1987, Arnott and Vanni 1993), which would also elevate their trophic
position. Preferential consumption of heterotrophic ciliates and flagellates, as well as
rotifers, essentially inserts a trophic level between phytoplankton and copepods,
thereby making them more similar to primary predators such as the Chaoborus and
Epischura that T used to establish the 8'°N signature for the third trophic level in my

study lakes.
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The concentration and ratio of nutrients (C:N:P) in a lake (i.e., its trophic
state), influences the community composition and nutritional quality of phytoplankton
and microbes found there (Hutchinson 1967, Watson et al. 1997, Sterner and Elser
2002, Moody and Wilkinson 2019). Diet generalists can survive and reproduce while
consuming a wide variety of food resources, so a common species such as L. minutus,
that occurs in lakes across the spectrum of lake trophic states, may consume the wide
variety of resources that co-vary with lake productivity. In this study, model selection
for a description of trophic position of both L. minutus and A. leptopus included seston
N, seston P, C:N, DOC, and chlorophyll-a in the linear model with the most statistical
support (Table 2). Model coefficients for seston N, C:N, and chlorophyll-a were all
positive, indicating the copepods had a more predatory diet in lakes dominated by
lower-quality phytoplankton. Seston phosphorus had a negative coefficient, suggesting
copepods were more herbivorous in lakes with seston rich in phosphorus, and more
predatory in lakes with low-P seston where they likely consume rotifers and
heterotrophic ciliates and flagellates. Phosphorus is an essential element in the diet of
calanoid copepods and all zooplankton (Sterner and Elser 2002), deficiencies can
prevent successful development from the naupliar to the juvenile copepodid stage
(Villar-Argaiz and Sterner 2002). Therefore, adjusting diet to meet minimum nutrient
requirements could be the reason the final model describing copepod trophic position
included seston P, indicating that copepods adjust their feeding behavior to meet
minimum nutrient requirements. Given that 4. leptopus is included in the model of
trophic position, diet flexibility is a trait shared by both species and is likely not the

reason for the difference in rarity versus commonness (i.€., occurrence) between
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A. leptopus and L. minutus.

Adaptation of L. minutus to a variety of lake conditions — By affecting diet
composition and behavior, lake trophic state has apparently driven natural selection
acting on the copepods. In my analysis of genotype-environment associations in L.
minutus, multi-locus genotypes were statistically related to correlates of lake
productivity (Figure 8). One-third of candidate SNPs were most highly correlated with
chlorophyll-a and hypolimnetic dissolved oxygen. Lakes with a large amount of
standing phytoplankton biomass (high concentrations of chlorophyll-a) tended to have
low hypolimnetic dissolved oxygen, likely due to nutrient release from decomposition
of dead phytoplankton (Figure 4), and copepods from these lakes tended to feed at
lower trophic levels, since trophic position was negatively correlated with DOC. Due
to the nature of redundancy analysis, I could not examine all environmental correlates
simultaneously. However, the SNPs that are correlated with measures of lake
productivity (chlorophyll-a and dissolved oxygen) are likely also correlated with other
environmental variables associated with chlorophyll-a, especially seston phosphorus.
Therefore, candidate SNPs may be under selection based on the type of lake (low-
productivity-clear vs high-productivity-stained) in which a copepod population resides
as well as copepod trophic position via the type of diet they consume (rotifers,
heterotrophic ciliates and flagellates versus photosynthetic algae) with a resulting
genetic basis for copepod trophic position (Moosmann et al. 2021).

Along with a gradient in productivity and water clarity, I also observed a

gradient in seston quality and pH among the study lakes. Seston C:N and C:P were
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opposite to pH along the first RDA axis, which accounts for almost thirty percent of
the environmental variation (Figure 4). Lakes with high pH tended to have higher
quality seston (lower C:N and C:P), and acidic lakes tended to have lower quality
seston (higher C:N and C:P). Two-thirds of the L. minutus SNPs detected as
potentially under selection were most highly correlated with pH, seston C:N, and
seston C:P (Figure 8), suggesting that these variables may exert selection pressure on
the copepods. Further evidence for local adaptation by diaptomid copepods to
different environments is found in a study by Hausch et al. (2013) showing that
population origin (lake) better explained morphological variation in the shapes of the

prosome, urosome, and antennae than did species identity.

Relative vulnerability of A. leptopus and L. minutus to predation — In the end, it may
be that the reason for the commonness of L. minutus is a more interesting question
than the reason for the rarity of A. leptopus, simply because the latter, larger species is
more vulnerable to predation by visually foraging fish. While the three lakes in our
survey where 4. leptopus was found were not completely fishless, the community of
fishes in West, Squaw, and Falls Lakes consisted of Brook Trout, which are not
strictly zooplanktivores (Werner 2004) and bottom-feeding Brown Bullhead (Table
S3). The lakes where I found A. /eptopus had significantly lower levels of
hypolimnetic dissolved oxygen (Figure 2), suggesting greater oxygen demand leading
to hypoxia and likely fish-kills under the ice during the winter, a finding consistent
with the distribution of A. leptopus in lakes in Wisconsin (Torke 2001). In contrast to

A. leptopus, it is clear that L. minutus can persist in lakes with zooplanktivorous fish,
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including the smelt and sunfish present in our study lakes (Table S3). The small body
size and fast swimming acceleration (Drenner and McComas 1980) of L. minutus may
allow it either to evade detection and capture by fish and other visual predators, or
make them less valuable as food when larger slow swimming taxa such as Daphnia
spp. are present.

Lastly, more L. minutus individuals in the Adirondack region as a whole may
provide a greater chance for genetic variation to be present to facilitate local
adaptation, and for those adapted genotypes to make it into any given lake through
dispersal. Even if there is little to no difference in dispersal ability between L. minutus
and A. leptopus, there are simply many more populations from which dispersal can

occur.

Conclusion

The common occurrence of L. minutus across a range of lake types in the
Adirondack region of New York, USA, and across much of North America, may be a
result of both its dispersal capabilities, and its ability to adapt to local lake
environments. High genetic similarity of populations of L. minutus among lakes,
compared to with the rare copepod 4. leptopus, suggests that its success may partially
be due to its ability to disperse to new lake environments, and to succeed in
establishing a population by adjusting its diet based on the food resources available. I
detected candidate SNPs under selection related to lake productivity, and thus
potentially also diet, suggesting there is a genetic basis for adaptation to a variety of

lake environments contributing to the success of L. minutus across a wide geographic
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area and a diverse set of lake environments.
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TABLES

Table 1. Summary of environmental characteristics of study lakes. All lakes contain

Leptodiatpomus minutus; lake names with * denote locations where Aglaodiatpomus
leptopus also occurs. All values except surface area and maximum depth (Z-max) are

averages of two or three sampling periods (£1 standard deviation). C:N is molar

carbon to nitrogen ratio, C:P is molar carbon to phosphorus ratio, Seston C, N, and P
are nutrient contents of seston greater than 0.45um size, TN is total nitrogen, DOC is

dissolved organic carbon, Hypo DO is hypolimnetic dissolved oxygen.
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Table 2. Results of multiple linear regression after forward and backward AIC
model selection of Leptodiaptomus minutus and Aglaodiaptomus leptopus trophic
position and five environmental variables from nine Adirondack lakes. Full model
adjusted R2 = 0.683, p = 0.0454. Values in bold-face are statistically significant.

Predictor Estimate Standard Error p Value
Intercept 2.766 0.120 <0.0001
Seston N 0.876 0.517 0.151
Seston P -0.893 0.510 0.140
C:N 0.215 0.170 0.260
Dissolved Organic Carbon -1.603 0.489 0.022
Chlorophyll-a 1.305 0.518 0.053
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Table 3. Results of stepwise model selection by AIC of lake environmental predictors
for copepods trophic position among nine Adirondack lakes. Each line is one linear

model with the associated AIC value.
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Table 4. Pairwise Fsr estimates of two copepod species sampled from lakes across the
Adirondack region, New York, USA. Leptodiaptomus minutus Fst values are
calculated using 880 SNP loci from 193 copepods among nine populations;
Aglaodiaptomus leptopus Fst values in bold face type are calculated using 4,598 SNP
loci from 72 copepods among three population. Bold-face values are Aglaodiaptomus
leptopus.

Lake
Name

Helldiver Hoel Indian Limekiln Round Squaw  West Wolf

Falls 0.058 0.065 0.041 0.054 0.062 [(J.OSSj [0'047j 0.028

0.202 0.251

Helldiver 0.066 0.069 0.060 0.063 0.064 0.063 0.067
Hoel 0.079 0.050 0.059 0.063 0.069 0.069
Indian 0.060 0.073 0.060 0.056 0.056
Limekiln 0.053 0.053 0.059 0.061
Round 0.064 0.069 0.069
Squaw [%ggg] 0.064
West 0.059

101



FIGURES

0

Legend
e Both L. minutus and A. leptopus occur
O Only L. minutus occurs

a ;[% ) S

[ : 7 =
/// R o J ol
o~ Helidiver -
éﬂxv & P e
— TSN
]
S ]
quaw ™
(aFaIIs Wolf
/ o
T é B
- e
4km ‘/
= >

Figure 1. Lakes where the copepods Aglaodiaptomus leptopus and Leptodiaptomus
minutus were sampled across the Adirondack region in New York, USA.
Leptodiaptomus minutus occurred in all sampling locations, Aglaodiaptomus leptopus

occurred in West, Squaw and Falls Lakes.
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Figure 2. Comparison of the mean level of hypolimnetic
dissolved oxygen (Hypo. DO) among nine lakes sampled

across the Adirondack region, NY, USA where Aglaodiaptomus
leptopus is present and absent. Hypo. DO is significantly lower
in lakes where A. leptopus occurs versus lakes where it is absent
p =0.024.
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Figure 3. Pairwise comparisons of ten environmental variables from nine Adirondack
lakes where Aglaodiaptomus leptopus and Leptodiaptomus minutus occur. Filled
circles are lakes where both copepods occur, and red regression lines are included

where correlations are statistically significant. Upper panels are the Pearson

correlation coefficients among variables, with asterisks indicating p < 0.05 statistical
significance. Correlations without asterisks were not statistically significant. Chl-a is
chlorophyll-a, Hypo. DO is hypolimnetic dissolved oxygen, Seston C:N is seston
molar carbon to nitrogen ratio, DOC is dissolved organic carbon, Seston C:P is seston
molar carbon to phosphorus ratio.
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Figure 4. Redundancy analysis of five environmental
characteristics of Nine lakes where Leptodiaptomus minutus is
found in the Adirondack region New York, USA. A) RDA axes 1
and 2, B) RDA axes 3 and 4. Large colored points are individual
copepods with colors coded by lake, small white points are single
nucleotide polymorphisms (SNPs) from all individuals. Vectors
are environmental characteristics. Chl-a is chlorophyll-a, Hypo
DO is hypolimnetic dissolved oxygen, Seston C:N and Seston
C:P are molar ratios of carbon to nitrogen and carbon to
phosphorus, respectively.
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Figure 5. Trophic position of two copepod species based on §!°N
stable isotope signatures. Each data point is a population. Trophic
position 2 is an herbivorous grazer Daphnia spp. or Bosmina spp.
and Trophic Position 3 is a known co-occurring predator
Epischura spp. or Chaoborus spp.
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Figure 6. Results of individual ancestry estimation and genetic clustering of 193
Leptodiaptomus minutus individuals from populations in nine lakes across the
Adirondack region, New York, USA, ordered from North to South, based on 880 SNP
loci. A) Individual member assignment of 193 individuals where K=7 and K=5
genetic clusters identified with maximum likelihood estimation. B) Scatterplot of
genetic structure based on the first two axes of discriminate analysis of principal
component space. Individuals are points around an ellipse (populations) labeled with
an abbreviation for each lake: Fa is Falls, He is Helldiver, Ho is Hoel, In is Indian, Li
is Limekiln, Ro is Round, Sq is Squaw, We is West, Wo is Wolf.
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Figure 7. Results of individual ancestry estimation and
genetic clustering of 72 Algaodiaptomus leptopus
individuals populations in three lakes across the
Adirondack region, New York, USA based on 4,598 SNP
loci. A) Individual member assignments of 72 sampled
animals where K = 3 genetic clusters identified with
maximum likelihood estimation. B) Densities of
individuals in each genetic cluster (lake) on discriminate
function 1 from the discriminate analysis of principal
components.

108



o
N
2 o
—
ANl o |
o ©
<C
A v
c S

o

T T T T I T T I

L
15 -10 -05 00 05 10 15 =°%nd
'-‘1_7._ @ HypoDOn=5
: ® pHnN=16

o @ C.Nn=12
i o o CPn=6
oS o
—
F o
2

o

N | ' | ' '

RDA1 29.1%

Figure 8. Results of redundancy analysis (RDA) of 880 SNP loci from 193
Leptodiaptomus minutus individuals among nine lakes, magnified to show
SNP points along RDA axes 1 and 2 (A), and RDA axes 2 and 3 (B) with
percent variation explained. Grey points are neutral SNPs, while colored
points are coded according to their mostly highly correlated environmental
variable. Vectors represent environmental characteristics among nine lakes
sampled; Chl-a is chlorophyll-a, Hypo DO is hypolimnetic dissolved oxygen,
Seston C:N and Seston C:P are molar ratios of carbon to nitrogen and carbon
to phosphorus, respectively.
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SUPPLEMENT

TABLES

Table S1. Sources for mean trophic enrichment factor (An) for Adirondack lakes used
to calculate the trophic position of Leptodiaptomus minutus and Aglaodiaptomus
leptopus. 87N stable isotope values and An calculations are from one sampling period
in early July 2014. Cholorphyll-a, pH, and Secchi depth are average values that were
measured over two to three sampling events. Hoel, G, Moss, and North Lakes were
sampled late May, early July, and late August. Squaw and West were sampled early
July and late August. Values in parenthesis are +1 standard deviation.

An
2.29
0.585
2.63
0.67
1.73
2.46

85N (%o)
3.13
4.14
5.11
4.26
3.56
4.65

predator

predator
Epischura spp.
Chaoborus spp.
Epischura spp.
Chaoborus spp.
Epischura spp
Chaoborus spp.

grazer

85N (%o)
0.843
3.555
2.48
3.62
1.83
2.19

grazer
Daphnia spp.
Daphnia spp.
Daphnia spp.
Daphnia spp.
Daphnia spp.
Daphnia spp

Secchi
depth (m)
4.85(0.52)
3.33(0.96)
3.62 (0.49)
1.8 (0.25)
3.46 (0.87)
1.38(0.32)

H
6.58 (0.02)
6.02 (0.28)
6.52 (0.39)
5.29 (0.20)
6.85 (NA)
5.83 (0.37)

Chlorophyll-a
(pg/L)
1.37(0.042)
1.19 (0.58)
0.928 (0.17)
1.35(0.02)
1.83(0.072)
1.40 (0.078)

181.7
39.9
45.7

176.8
36.4

0.4

surface
area (ha)

Maximum
depth (m)
28.03
9
13.5
1
05
4.2

Lake
Hoel
G
Moss
North
Squaw

West
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Table S2. Results of Redundancy Analysis (RDA) of environmental
predictors (hypolimnetic dissolved oxygen, pH, seston C:N, seston
C:P, and chlorophyll-a) in nine lakes where Leptodiaptomus minutus
occurs across the Adirondack Region, New York, USA. All
constrained axes are statistically significant p < 0.001.

. Proportion Cumulative
Constrained . . . .
axis Eigenvalue Varlapce Proportion .Varlance
Explained Explained
RDA1 63.33 0.291 0.291
RDA2 45.84 0.211 0.501
RDA3 42.87 0.197 0.698
RDA4 38.42 0.176 0.875
RDAS 2731 0.125 1.000

Table S3. Records of fish occurrence in each lake. * Indicates lakes where A. leptopus
occurs, L minutus occurs in all lakes.

Lake Year(s) sampled Fish

Hoel* 1984,2002, 2004 Atlantic Salmon, B.Bullhead, Cisco, Fallfish, Golden Shiner, Lake Trout, Lake
Whitefish, Largemouth Bass, Pumpkinseed, Rainbow Smelt, Round Whitefish,
Smallmouth Bass, White Sucker, Yellow Perch

*West?! 1996, 2006 Brook Trout, Brown Bullhead
Helldiver! 1998 Brown Bullhead, Brown Trout, Golden Shiner
Round®! 2005 Central mudminnow, Pumpkinseed
Limekiln! 1997, 2004 Brown Bullhead, Brown Trout, Golden Shiner, Pumpkinseed, Rock Bass,

Splake, White Sucker, Yellow Perch

*Squaw! 2000, 2001, 2003, Brook Trout, Creek Chub, Eastern Blacknose Dace, Rock Bass, Summer Sucker,
2006, 2008, 2010, Tessellated Darter, White Sucker
2012
Indian>?® 1984, 2011 Brook Trout
*Falls3 1984 Brook trout
Wolf? 1984 None

1. Carlson, D. M., Daniels, R. A., & Wright, J. J. (2016). Atlas of Inland Fishes of New York. The
New York State Education Department and Department of Environmental Conservation.

2. Baldigo, B. P.,Roy, K. M., & Driscoll, C. T. (2016). Response of fish assemblages to declining
acidic deposition in Adirondack Mountain lakes, 1984-2012. Atmospheric Environment, 146, 223—
235.

3. Adirondack Lake Survey Corporation http://www .adirondacklakessurvey .org/historic.php
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Figure S1. Relationship between zooplankton average local abundance and the
proportion of lakes occupied from a long-term dataset of 28 Adirondack lakes (Leach
et. al. 2018). There is a significant interspecific relationship between abundance and
occupancy B =0.29, R°=0.21, p = 0.017.

112



A

>, O | Leptodiaptomus minutus . .« o
2 <
2 q- N . :. o.”-'%
N © N |
o . . ..:;:. : ,}.’,\":.;\
-lq—') 0.7 .ﬁ:: o'&o"‘ ®e
) 20 o o‘o..' ® e : '.} oo 2%
I P lehay o ept 33, o%e

C\,!7 . *‘...%... 'o,.
Qo R3S >y R TR ORI
o e ALt 2. "y °° “Te o8,
- AN LR S
% g . Po.':r:-'* cat oy . *
Ko} o F ol e o * .
O o . S e v

o T T T T T

0.0 0.1 0.2 0.3 0.4 0.5
Expected Heterozygosity
B

> - Aglaodiaptomus leptopus .
S S Lot
= © . ¢S
N | *es
o
L <
O O
I
5 i
2 o
o ©
%)
8 i
© o

o

0.1 0.2 0.3 0.4 0.5
Expected Heterozygosity
Figure S2. Expected vs observed heterozygosity of single
nucleotide polymorphisms (SNPs) from two copepod
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Weinberg equilibrium. A) 880 SNP loci from 193
Leptodiaptomus minutus individuals sampled from nine
lakes. B) 4,598 SNP loci from 72 Aglaodiaptomus
leptopus individuals among three lakes.
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Figure S3. ADMIXTURE cross validation error from K=1
through K=11 populations for L. minutus. K=5 and K=7 had the
lowest error and is used to analyze shared genetic ancestry among
populations.
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Figure S4. ADMIXTURE cross validation error from K=1
through K=5 populations for 4. leptopus. K=3 had the lowest
error and is used to analyze shared genetic ancestry among
populations.
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CHAPTER 3: EXPLAINING CONTEXT-DEPENDENT TROPHIC POSITION
VARIATION IN DIAPTOMID COPEPODS
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1. Department of Ecology & Evolutionary Biology, Cornell University, Ithaca, New
York, USA
2. eCornell, Office of External Education, Cornell University, Ithaca, New York, USA
3. Department of Fish Ecology and Evolution, EAWAG, Kastanienbaum, Switzerland
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Abstract

Food chain length in lakes varies non-systematically with lake area, lake depth, and
productivity. Researchers have found a positive relationship between lake size and
food chain length, but not in all contexts, and others have found a positive relationship
between productivity and food chain length, although, again, not in all lakes.
Additionally, food chains are lengthened both via the addition of a top predator, and
the elevation in trophic position of an existing top predator in a lake. Diaptomid
copepods are an abundant, intermediate link in food chains, that themselves exhibit
wide variation in trophic position, with the potential to affect the trophic position of
predators higher in a food chain. We calculated the trophic position of five species of
diaptomid copepods from 43 lakes of varying size and productivity across British
Columbia, Canada. We used §'°N stable isotope data to determine how trophic

position of an intermediate consumer varies with body size, lake size, and lake
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productivity, and found context-dependent relationships, modulated by body size, lake
size, and lake water chemistry. There were no strong broadly consistent patterns in the
data, although detailed analysis revealed some more subtle relationships. Trophic
position was negatively correlated with body size only in mesotrophic lakes. Trophic
position was positively correlated with lake surface area in lakes larger than 100 ha,
but not in smaller lakes. Our results demonstrate that mechanisms of food chain
lengthening and contraction along gradients of lake size and productivity may be
caused as much by changes in the trophic position of intermediate consumers as by

addition or subtraction of top predator species.

Introduction

In lakes, lengthening of food chains can occur when there are adequate
resources for the addition of a top predator, such as a piscivorous fish species, or when
a niche develops at an intermediate trophic link ultimately elevating the trophic
position of a top predator (Post et al. 2000). Lake size and productivity are
determinants of total food chain length and thus the trophic position of top predators
(Jenkins et al. 1992, Vander Zanden et al. 1999, Post et al. 2000, Doi et al. 2009,
Takimoto and Post 2013, Eloranta et al. 2015, Ward and McCann 2017), although
whether food chain length is correlated with lake size, productivity, or both differs
among studies. Some recent studies of food chain length have found that the
significance of lake size and productivity are context-dependent, becoming more or
less important as a function of size and trophic state, with different mechanisms

lengthening or shortening the food chain (Tunney et al. 2012, Ward and McCann
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2017). While the addition of a top predator to a food web lengthens a food chain,
factors affecting the trophic position of intermediate consumers and how we measure
it are important to consider when examining lake food webs as a whole. Lake
characteristics and organisms’ body size determine the diet of intermediate consumers,
thus affecting their trophic position in a food chain, and their trophic connections with
other organisms.

Food chain length may be a function of lake productivity as organisms are
limited by energy availability; for example, (Persson et al. 1992) found that top
predators tend to be absent from low productivity lakes. Longer food chains are often
found in more productive lakes (Jenkins et al. 1992, Vander Zanden et al. 1999, Doi et
al. 2009), although this is not always the case, since Vander Zanden et al. (1999), Post
et al. (2000), and Post (2002) showed that lake size indirectly affects trophic position
presumably through altered habitat availability, greater richness of resources, or gape
limitation of intermediate consumers (Hairston and Hairston 1993). The effect of lake
size and productivity on trophic position may, indeed, be context, or mechanism
dependent. Lake size and productivity similarly impact food-chain length through
different mechanisms (Takimoto and Post 2013). However, these relationships are not
always monotonic, and some studies have found a positive relationship between food
chain length and lake size, but not productivity, and others the opposite (Ward and
McCann 2017).

Omnivory among consumers is common within aquatic systems (Havens et al.
1996), and the trophic position of the particular species in a food web can vary

markedly due to the degree of omnivory. Among populations of consumers, the level
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of omnivory can be determined by the relative availability of plant and animal prey
(Hellmann et al. 2013, Chubaty et al. 2014, Tewfik et al. 2016), but is also often
context-dependent. Within existing food web structure, trophic position may vary
depending on feeding behaviors modified by the presence of predators and the
intensity of competition (Zandona et al. 2017). Understanding how omnivory changes
along environmental gradients such as ecosystem size and productivity, can help
understand how changes in the diets of intermediate consumers affects food chain
length.

Body size has a well-established positive relationship with trophic position,
spanning from zooplankton to cetaceans (Romanuk et al. 2011, Romero-Romero et al.
2016, Potapov et al. 2019). Fishes are largely gape limited consumers (e.g. Hambright
etal. 1991), and because mouth gape is generally related to overall body size, the
upper limit of the size of prey consumed is directly related to predator size. This is
indirectly responsible for the positive relationship between body size and trophic
position among fishes (Keppeler and Winemiller 2020). Additionally, there is often a
positive relationship between body size and trophic position among populations of
single fish species (Arim et al. 2010, Olson et al. 2020). This wide intraspecific
variation in size means that the consumer community as a whole can access a wider
variety of prey and have higher variation in diet than if size variation were minimal
(Snowberg et al. 2015, Gibert and DeLong 2017). As a result, the variation in body
size not only plays a role in determining trophic position, but also in the variation of
trophic position and the degree of omnivory within and among species.

For lake fish assemblages there are well known relationships between tropic
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position and fish body size, lake size and lake productivity. However, it is far less well
known if this pattern is at all general for another major group of intermediate
consumers in the pelagic zone of lakes: diaptomid copepods, which can be abundant
and an important part of the food chain from phytoplankton to fish (Lazzaro 1987,
Gliwicz 2003).

Despite the evidence of a positive relationship between trophic position and
body size, planktonic food webs may not fit well into this framework. Although fishes
are constrained in their prey size by gape limitation, zooplankton have different
feeding modes, and their resource acquisition may not be similarly constrained.
Specifically, planktonic members of the ubiquitous crustacean order Copepoda capture
particles with their feeding appendages rather than with their mouths (Kohl &
Strickler 1981, Kigrboe et al. 2009) and so are both capable of diet selectivity and may
even preferentially feed on other consumers. Members of the freshwater Family
Diaptomidae are known to consume both algae and rotifers (Williamson and Butler
1986, DeMott 1988, 1995) affecting their trophic position and energetic connections
within lake food webs (Ventura and Catalan 2008). Additionally, other freshwater
herbivorous zooplankton, such as Daphnia and Holopedium, are often larger than co-
occurring predatory plankton such as many cyclopoid copepods, such that within
plankton communities there may be no relationship between body size and trophic
position as there is in fish. Calanoid copepods rely on sophisticated chemo- and
mechanoreception to detect prey (Friedman and Strickler 1975, Buskey 1984, DeMott
1988, Steinke et al. 2006, Kigrbe 2008, Almeda et al. 2018), which allows them to

select the food items that increase survival and reproduction (Williamson and Butler
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1986, 1987). In addition to phytoplankton (Grosbois et al. 2017), diets of calanoid
copepods may include prey ranging from rotifers (Williamson and Butler 1986, Arnott
and Vanni 1993) to heteotrophic flagellates and ciliates (Burns and Schallenberg
1996), to nano-plankton (Hambright et al. 2007).

Our goal here was to understand how copepod body size and lake physical,
chemical, and biological characteristics affect the trophic position among five species
of diaptomid copepods distributed across 43 lakes of varying size and productivity in
British Columbia, Canada. If copepod omnivory, trophic position, or both vary as a
function of lake environment, this might then influence the trophic position of
consumers further up the food chain, and in this way relate to the observed
dependence of the trophic position of top predatory fish on lake size and productivity.
We used 6N stable isotope signatures to calculate the trophic positions of the five
most commonly occurring diaptomid species in these lakes to determine how trophic
position varies within and among species as a function of adult body size as well as
lake size, trophic state, and chemical environment. All five species had omnivorous to
predatory trophic positions, which is higher than the herbivory typically expected of
most diaptomid copepods. Despite the known positive relationship between body size
and trophic position among pelagic lake fishes, we found no such relationship either
within or among diaptomid copepod species. Rather, copepod trophic position was

only related to body size in specific lake conditions.
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Methods

Lake Sampling — Forty-three lakes were sampled for zooplankton throughout British
Columbia, Canada (Figure 1), over the period 2001-2006 during several different field
campaigns. Lakes in the interior of British Columbia (BC) were sampled as part of
regular water quality monitoring performed by the BC Ministry of Water Land and
Parks. These samples were shipped frozen to the University of Victoria (UVic),
whereas samples from Vancouver Island were sampled by several members of the
Environmental Management of Drinking Water Laboratory at UVic. Samples
collected in 2001-2003 were stored overnight in filtered (Whatman GF/F or deionized)
water and then sorted live and dried at 60 °C. Overnight storage of live zooplankton
did not affect the 3'°N signature compared with samples that were immediately frozen
(Matthews and Mazumder 2003). Samples collected after 2005 were stored frozen,
and both picked and analyzed within several months. Freezing has no known effects
on isotope values (Matthews and Mazumder 2006), so we pooled all the data for the
current analysis. In total, 237 samples each consisting of a single date from a specific
lake were analyzed, of which 123 have been published in previous papers (Matthews
and Mazumder 2003, 2005, 2007). Sixty-seven samples from 34 lakes have not been
included in previous work.

Environmental data were compiled from routine monitoring of lake water
quality by the Government of British Columbia, Ministry of Water, Land, and Air
Protection (WLAP), and from the University of Victoria Environmental Management
of Drinking Water Laboratory (EMDWL), both of which follow standard nutrient

analysis methods (APHA 1998). For example, the WLAP samples for total
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phosphorus were determined by ascorbic acid digestion and total nitrogen by a
persulfate digestion, and for the EMDWL samples, total nitrogen (TN) and total
phosphorus (TP) were analyzed on a Lachat automated ion analyzer (Zellweger
Analytics, QuickChem 8000) (see also Davies et al. 2004). Lake water total organic
carbon (TOC) was measured via a wet oxidation TOC Analyzer (e.g. Shimadzu TOC).
Lake water pH was measured using environmental probes (e.g. VWR PhD probe,
model 2000). Median values of all the available data were used to characterize among-
lake variation in environmental conditions.

Lakes were assigned a trophic state by TP concentration according to (Carlson
1977). Lakes with greater than 25 ugL"! TP were categorized as eutrophic, lakes with
<10 pgL! TP categorized as oligotrophic, and lakes with 10.1-24.9 ugL"! TP as
mesotrophic. In total, 23 of the sampled lakes were as oligotrophic, 17 were
mesotrophic, and three were eutrophic. For the 42 lakes for which we have surface
area data, those < 100 hectares surface area were categorized as small (n=20), and
those > 100 hectares were categorized as large (n=22) (Cael and Seekell 2016). There
was no relationship between TP and lake size (Figure 2).

Zooplankton were collected with a Wisconsin net (30 - 50 cm diameter, 64 um
mesh) from the entire water column, or to a maximum depth of 30 m. The dominant
diaptomid copepod, non-discriminate filter feeding herbivores (Daphnia, Holopedium,
Ceriodaphnia, or Bosmina), and obligate predators (Chaoborus, Epischura) were
picked from the sample. For this study a total of five diaptomid species were abundant
enough to obtain a stable isotope sample, consisting of one species per lake:

Aglaodiaptomus denticornis, Hesperodiaptomus franciscanus, Leptodiaptomus
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ashlandi, Leptodiaptomus tyrelli, and Skistodiaptomus oregonensis. Zooplankton were
either sorted live within 24 hours of collection (samples were stored at 4°C overnight,
e.g. see Matthews and Mazumder (2003), or frozen after collection and individuals
were hand-picked from thawed samples. The number of individuals per sample
depended on the species and size (as reported in Matthews and Mazumder 2007)
sufficient to obtain ca. 0.5 mg - 1 mg of dried zooplankton tissue (dried at 60°C for 24
h), which was stored in a desiccator until analysis. The majority of the stable isotope
samples were run on a Finnegan Delta Plus Advantage stable isotope ratio mass
spectrometer (IRMS) at the University of Victoria, with some samples from previous
work being run on an Isochrom IRMS at the University of Waterloo (Matthews and
Mazumder 2003, 2005). In all cases, the precision for §'°N was <0.2 %o across all

individual runs.

Trophic Position — Trophic position for each copepod population was calculated using
a single trophic base as in Post (2002) using 8'°N isotope signatures. The
indiscriminate filter feeding herbivorous zooplankton in the genera Daphnia,
Holopedium, Ceriodaphnia, or Bosmina were used as integrated representations of
trophic position 2. To calculate the most accurate trophic enrichment factor, where
possible, we used the average 8'°N of more than one species of herbivore in each lake
to represent the mean signature for trophic position 2 in that lake (Kjeldgaard et al.
2021). We calculated trophic position using the 8'°N signatures of both the grazer
herbivore base and the diaptomid copepod or other zooplankton secondary consumer

as:
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815N secondary consumer—81°N grazer
Ap ’

trophic position = A +

where A is the trophic position of the grazer, in this case 2, and A,, is the average
enrichment in 8'°N for each trophic level, 3.4 %o (Minagawa and Wada 1984, Post
2002). Trophic position was calculated for the diaptomid copepod species and any co-

occurring zooplankton predators at each sampling location and date.

Body Size — Average copepod body size was measured as the length of the prosome on
30-100 individuals per sample. Those same individuals were used in 8'°N samples.
Body size was not measured from one lake containing H. franciscanus, and one lake
containing L. tyrelli. Additionally, body size was not measured for all sampling
events, such that body size was measured for n = 15 samples for A. denticornis, n =35
samples for H. franciscanus, n = 5 samples for L. ashlandi, n = 21 samples for L.
tyrelli, and n = 10 samples for S. oregonensis. Lengths were converted to mass (pg dry
weight per individual) using an established length-weight regression for diaptomid
copepods:

dry weight = e™(@)+ FIn (L)
where the a=1.953, 3 = 2.40, and L is length of the copepod in mm (Watkins et al.

2011).
Data analysis — Before further analysis, for each species we removed copepods with

outlier trophic positions greater than four times the mean Cook’s distance. In total,

nine outlier samples were removed from a total of 237 observations (Table S1). We
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used Bayesian multiple regression and mixed-effects models created in the Stan
computational framework (http://mc-stan.org/) accessed with the R package brms
(Biirkner 2017, 2021) to evaluate differences in body size, trophic position, and the
relationships between trophic position and body size and lake environmental variables.
For all models, fit was first assessed visually with posterior predictive checks of the
distribution of the response variable with n = 50 draws with the R bayesplot package
(Gabry and Mahr 2022), second, by examining convergence of all four chains after
doubling the number of post-warmup draws for each model (Depaoli and Schoot
2017), and third, ensuring R values for all model parameters were less than 1.000. All
models were sampled in four chains with 5,000 warm-up draws and 20,000 total post-
warmup draws. To avoid bias in posterior estimates, unless specified otherwise, we
adjusted the NUTS sampler adaptation parameter adapt_delta to 0.99 and a maximum
tree depth to 15. All data analysis was conducted with R Version 4.1.0 (R Core Team

2021).

Interspecific Difference in Trophic Position — Interspecific differences in trophic
position were estimated using Bayesian mixed-effects models. The model was
structured without an intercept, with copepod species as a fixed effect, and lake
identity as a random effect. Many diaptomid copepods are omnivores (Hairston 1979,
Williamson and Butler 1986, Arnott and Vanni 1993), however because this varies
among studies, we used weakly informed priors for the model to detect differences in
trophic position among species. Model priors of trophic position for all species were

normally distribution with p=2.5, o = 1. The remaining model parameters (standard
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deviation and intercept of the lake random effect, and residual standard deviation)
were a student-t distribution with v =3, u=0, and o = 2.5 (Table S2). We used a skew
normal with a log link error distribution for the model. Differences in trophic position
among species were assessed with pair-wise contrasts of posterior medians and

distributions with the R package emmeans (Lenth 2022).

Trophic position and Body Size — Interspecific differences in adult body size among
species were estimated using Bayesian linear models with skew normal error
distribution. Body size priors were obtained for each species from those reported by
(Reid and Williamson 2010). Dry weights for all five species from published size
estimates ranged between 5.18 pg and 32.90 pg per individual. We used species-
specific informed priors with p set to the published median estimated body size range
for each species, and 6 = 12 (Table S2). Differences in body size among species were
assessed with pair-wise contrasts of posterior medians and distributions with the R
package emmeans (Lenth 2022). We estimated the difference in body size among
populations in oligotrophic and mesotrophic lakes with a Bayesian linear mixed
effects model with lake trophic state as a fixed effect and copepod species as a random
effect. Model priors for the average copepod mass from each lake trophic state were
the average and standard deviation of the range of size estimates from published size
estimates for each species (Reid and Williamson 2010) (Table S2).

To determine the interspecific relationship between body size and trophic
position, we used a Bayesian linear mixed effects model with copepod species as a

fixed effect and lake as a random effect. The prior for the model intercept was the
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dummy variable equivalent to the trophic position of A. denticornis, therefore prior for
model intercept was normally distributed with p= 2.5 and o = 1. Weakly informed
priors for all 3 coefficients (body size and copepod species identity) were normally
distributed with p=0 and o = 1 (Table S2).

We also examined the intraspecific relationship between body size and trophic
position by splitting the data by species identity. The intraspecific model had body size
as a fixed effect and lake as a random effect. Lake was not included as a random effect
for S. oregonensis and L. ashlandi models since there was only a single sample per lake.
Generic weakly informed priors were used; 3 copepod body size estimated as normally
distributed with p=0, o = 1 (Table S2).

In addition to investigating the relationship between body size and trophic
position within species, we also examined the relationship for lakes of different
trophic states and size (surface area) by running the model for oligotrophic lakes,
mesotrophic lakes, small lakes, and large lakes separately. All models had body size
and species identity as a fixed effect and lake as a random effect. We did not include
eutrophic lakes in this analysis because there were only three in the data set. Small and
large lake models were fit with a Gaussian error distribution, while lake trophic state
models were fit with a skew normal and Gaussians error distribution for oligotrophic
and mesotrophic lakes, respectively. To avoid bias in posterior estimates we adjusted
the NUTS sampler adaptation parameter adapt_delta to 0.999. The prior for the model
intercept was the dummy variable equivalent to the trophic position of 4. denticornis,
therefore a weakly informed prior for model intercept was normally distributed with

p=2.5 and o=1. Priors for all 3 coefficients (body size and copepod species identity)
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were generic weakly informed and normally distributed with p=0 and o=1 (Table S2).

Lake size and lake water chemistry — To analyze the relationship between copepod
trophic position and the lake physical-chemical environment, we first calculated the
average diaptomid trophic position in each lake over all » sampling events, which was
between one and 32 samples (Table 1). Then, we logio+1 transformed total
phosphorus, total organic carbon, and area to correct for skewed distributions in the
raw data. To maximize the number of lakes included in the dataset, each incomplete
variable was imputed using the mice package in R, which uses multivariate imputation
by chained equations using Gibbs sampling (Buuren and Groothuis-Oudshoorn 2011).
One missing value each was imputed for total organic carbon and lake area. One
hundred imputed data sets were created and were passed onto models using the
brm_multiple command in the brms package, which runs the same model on all 100
data sets (Biirkner 2017). The relationship between trophic position and lake
environment was fitted with Bayesian multiple regression with logio+1 total
phosphorus, logio+1 total organic carbon, pH, logio+1 lake area, and copepods species
as predictors in the model. As with previous models, the prior for the model intercept
was the dummy variable equivalent to the trophic position of 4. denticornis (chosen
based on alphabetical order of the five species in the model) therefore prior for model
intercept was normally distributed with p= 2.5 and o = 1. Priors for all 3 coefficients
(copepod species, total phosphorus, total organic carbon, pH, area) were normally
distributed with p= 0 and o = 1 (Table S2).

To examine the relationship between copepod trophic position and lake physical-
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chemical characteristics within lake classes, we also ran the separate Bayesian multiple
regression models for oligotrophic and mesotrophic lakes, as well as large and small
lakes. We ran the same Bayesian multiple regression model for each copepod species
separately to determine the intraspecific relationship between trophic position and lake
physical-chemical characteristics, with lake area, total phosphorus, pH and total organic
carbon as fixed effects, and lake as a random effect. L. tyrelli (n = 6 samples) and L.
ashlandi (n =7 samples) were excluded because their low sample sizes prevented model

convergence.

Results

Intraspecific differences in trophic position and body size — The mean trophic position
among all five copepod species across 43 lakes in British Columbia, Canada was 3.04
+ 0.37 (sd). These were comparable to trophic positions of the co-occurring obligate
predatory zooplankton in the genera Chaoborus, Epischura, and Leptodora (Figure 3).
There were three levels of mean trophic position among the five copepod species. H.
franciscanus and L. ashlandi had a higher posterior mean trophic positions than both
L. tyrelli and S. oregonensis, while A. denticornis had an intermediate trophic position
and was not significantly different from any other species. S. oregonensis and L. tyrelli
had the lowest posterior trophic position estimates (Figure 4A). L. ashlandi was
almost a half of a trophic position higher than S. oregonensis (Table S3). Copepod dry
weight ranged between 4.51 and 32.07 pg individual™. H. franciscanus was similar in
size to L. tyrelli, and S. oregonensis was similar in size to both L. ashlandi and L.

tyrelli (Figure 4B, Table S3).
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Trophic position vs body size — Body size was not a strong predictor of trophic
position in this study (Figure 4). There is no statistically significant relationship
between body size and trophic position within the entire five-species data set (f3 -
0.008, 95% credible interval (CI) -0.029—0.012), nor among oligotrophic lakes, large
lakes, or small lakes (Table 2). Additionally, there is no statistically significant
difference in diaptomid body size between mesotrophic and oligotrophic lakes
(posterior size difference estimate -0.10 pg, 95% CI -1.74—1.55). There, is however a
statistically significant negative relationship between trophic position and body size
(i.e., smaller copepods had a higher trophic position) among mesotrophic lakes in the
model that included all copepod species (§ -0.037, 95% CI -0.07—-0.001, Table 2).
Not all five copepod species occur in mesotrophic lakes; 4. denticornis occurs only in
mesotrophic lakes, L. ashlandi and L. tyrelli occur only in oligotrophic lakes, and H.

franciscanus and S. oregonensis occur in both mesotrophic and oligotrophic lakes.

Lake Size and Water Chemistry — The environmental variables from the study 43 lakes
varied in systematic ways. There was a weak positive relationship between lake area
and pH (Figure 5A, p = 0.035, R? = 0.12), while there is no statistically significant
relationship between lake area and total phosphorus (p = 0.28, R?=0.03). Additionally,
there is no statistically significant difference in lake size between oligotrophic and
mesotrophic lakes (T-test, p = 0.67, F123 = 0.18, Figure S1). Smaller lakes have a
significantly slightly lower mean pH of 7.37 compared with 7.62 in large lakes (T-test,
p =0.028, F140 = 5.22, Figure 5C). Additionally, larger lakes had a slightly wider

range of pH values than smaller lakes, 7.0-8.35 versus 6.9-7.8 respectively.
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Taking all lakes as a group, lake area, total phosphorus, total organic carbon,
and pH are not statistically significant predictors of copepod trophic position (Figure
6, Table S4). When the data are split according to lake size and lake trophic state,
however, both pH and lake area become significant predictors of trophic position.
Within oligotrophic lakes, pH is significantly positively associated with trophic
position (f pH = 0.51, 95% CI 0.11 — 0.89 , Figure 7A), but not for mesotrophic lakes
(BpH=0.1595% CI -0.39 — 0.68, Figure 7B). Among small lakes, pH is
significantly positively associated with trophic position (f pH = 0.82, 95% CI1 0.21 —
1.40, Figure 7C). In large lakes, only lake area is positively associated with trophic
position (f area = 0.20, 95% CI 0.07 — 0.33, Figure 7D). Within species, neither water

chemistry nor lake size is a significant predictor of trophic position (Table S5).

Discussion

The diaptomid copepods in our study had both surprisingly high mean trophic
positions and surprisingly variable trophic positions both within and among species.
These observations motivate questions of which ecological drivers affect trophic
position in these intermediate consumers, which link primary producers to top
predators, and what role they play in affecting food chain length. We expected the
trophic positions of the copepods in this study to be between the reference herbivore
and a comparable obligate predator based on evidence that they can be omnivorous
and feed on phytoplankton and small zooplankton. However, trophic positions were
markedly higher than previously suspected, approximately trophic position 3 and in

many cases even higher (Figure 3). This is an unusual finding, even if we would
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expect copepods to have a higher trophic position than Daphnia because of their diet
selectivity, trophic positions of copepods from BC lakes were closer to what we would
expect of a piscivorous fish, rather than omnivorous zooplankton.

Lake trophic state (a categorization of lake productivity), may modulate
consumer trophic position based on the amount of recycled production and shifts in
the ratio of autotrophic to heterotrophic production, causing §'°N to become enriched
as it cycles. In marine systems, zooplankton had elevated §'°N levels during periods of
low production when the microbial community is dominated by heterotrophic
organisms, compared with periods of high production when the microbial community
consisted mainly of autotrophic organisms (i.e., phytoplankton). As a result, the §'°N
signature of the zooplankton becomes elevated as their diets shift from phytoplankton
to heterotrophic microorganisms (Romero-Romero et al. 2016). If there was greater
recycled production and a shift from autotrophic to heterotrophic production enriching
85N in oligotrophic lakes, we might expect to see a difference in mean trophic
position between oligotrophic and mesotrophic lakes, which we do not (posterior
trophic position difference estimate 0.10, 95% CI -0.15 — 0.36).

While 8!°N may not be enriched in lakes with different trophic states,
heterotrophic production nevertheless likely plays a role in affecting the trophic
position of diaptomid copepods in these lakes. Copepod trophic position was related to
ecosystem size in large lakes, but not in small lakes where it was related to pH (Figure
7). As lake size increases, the ratio of the areas of the pelagic to littoral zones
increases exponentially. This may contribute to the relationship between copepod

trophic position and lake area; in lakes with a larger relative pelagic zone, copepods

133



may appear to feed at higher trophic levels because autochthonous production is
constantly recycled through the microbial loop (Figure 8). Repeated cycles of
microbial degradation followed by consumption by copepods (and other grazers) can
enrich 815N, potentially elevating the actual trophic position of next-level consumers
as result of this cycling (Romero-Romero et al. 2019). With each connection in the
microbial loop, with bacteria using dissolved and detrital particulate organic, ciliates
and heterotrophic flagellates consuming bacteria, and ciliates also consuming
heterotrophic flagellates, the §'>N becomes enriched. The connections within the
microbial loop effectively elevate the trophic position of consumers, independent of
the food chain from primary producers (algae and cyanobacteria) to copepods and fish.
If copepods consume more heterotrophic flagellates and ciliates from the microbial
loop than co-occurring non-selective grazers, such as Daphnia, then we would expect
85N to be markedly elevated. The resulting effect would be to elevate the §'N-
determined trophic position of piscivorous fish, and this would be particularly
noticeable in large lakes where copepods are relatively more abundant than cladoceran
grazers (e.g., Daphnia). This could then explain the observed positive pattern between
piscivore trophic position and lake size (Vander Zanden et al. 1999, Post et al. 2000).
Our method of calculating trophic position, by comparing the §'°N stable-
isotope signature of a co-occurring herbivorous grazer, assumes that the grazer and the
copepod in each lake are feeding within the same food-chain. However, if copepods
are not well connected to higher trophic levels in a lake’s foodweb, then using
Daphnia as a reference herbivore may not give us a clear understanding of where

copepods are between the microbial loop and the food chain that connects primary
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producers to piscivorous fish (Figure 8). Additionally, because of their short
generation time, the 8'°N signature of Daphnia is less stable over time than the §'°N
signatures of co-occurring obligate predatory zooplankton such as Chaoborus and
Epischura, as well as co-occurring copepods (Matthews and Mazumder 2007). If
Daphnia, which can consume particles up to 70 pm in diameter (Hambright et al.
2007) are also to some extent consuming heterotrophic flagellates and ciliates, they
would not be the pure herbivores that our feeding models assume, which leaves open
the question of the actual trophic position of Daphnia in these lakes. To get are more
accurate sense of trophic position based on 8§'°N, a more reliable baseline would be
needed, one that separates phytoplankton from other heterotrophic microorganisms
and is time-integrated. For example, Post (2002) used filter-feeding freshwater
mussels for time-integration of the §'°N signal.

In lakes where the predatory copepod Epischura coexisted with a diaptomid
copepod, the 8'°N signatures of the diaptomids were nearly always higher than the
predator, although the trophic position was similar (Figure S2). It is possible either
that the diaptomids had a 8§'°N signature because are feeding on different food chains
with an enriched §'°N signatures, such as the microbial loop or Epischura may be less
predatory than previously thought (Figure S2). While some herbivorous calanoid
copepods are a link to higher trophic levels, in marine systems several co-occurring
calanoid copepod species are a part of secondary or tertiary food webs that do not link
to higher trophic positions (Schukat et al. 2014).

Among the 43 British Columbia lakes we studied, trophic positions of five

diaptomid copepods were not universally related to body size, lake area, or

135



productivity, but were instead context-dependent. Despite the relatively wide
intraspecific variation in trophic positions exhibited by each of the five copepod
species (Figure 3), it was not explained by the variation in body size within species,

nor by the lake environment.

Trophic position and body size — In lakes, the relationship between 8'°N trophic
position and body size among fishes is largely positive, but for the diaptomid
copepods studied here, size only significantly explained the variation in trophic
position in mesotrophic lakes where the relationship was actually negative (Table 2).
In addition, variation in the physical-chemical environments of the lakes did not
provide insight into copepod trophic position since it was unrelated to nutrient
concentration, or pH at the time of collection, or the lake size (Figure 7B). Even
among fishes, the positive relationship between body size and trophic position tends
only to apply for piscivores and breaks down when non-piscivorous species are
included (Ou et al. 2017, Keppeler et al. 2020).

For fishes globally, trophic position scales more closely with jaw length than
overall body size (Kopf et al. 2021). The physical limitations that govern the
relationship between trophic position and body size among fishes does not apply to
organisms whose feeding habits are not associated with gape-size. Diaptomid
copepods are simply not gape limited, therefore the mechanisms that govern the body-
size-trophic-position relationships do not apply. They capture prey with a combination
of behaviors including using their feeding appendages to set up a feeding current from

which they selectively choose prey (Koehl and Strickler 1981), or quickly move to
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ambush prey detected with sensory structures on their first antennae (Koehl and
Strickler 1981, Kiarbe 2008). There is a half a trophic position difference between the
largest and smallest copepods in mesotrophic lakes, which would indicate a transition
of a carnivore biased toward secondary carnivory and as body size increases
transitioning to carnivore biased toward herbivory (Figure 9). Although we did not
consider the sex of the copepods in this study, and simply measured average size of 30
— 100 adults in each sample, diaptomid copepods have substantial sexual body size
dimorphism. Males are between 64% and 97% of the mass of females (based on
published sizes for the two sexes: Table S6), with accompanying differences in
clearance rate (feeding imposed per capita prey mortality) and prey ingestion rate
related to size-specific differences in gut-capacity (Gréve et al. 2017). Additionally,
behavioral differences between male and female copepods can affect foraging if males
spend less time feeding because they are searching for mates (Gréve et al. 2017).
Among the five species in our data set, A. denticornis has the greatest sexual size
dimorphism, and only occurs in the mesotrophic lakes. Compensatory feeding (i.e.,
ingesting a greater amount of when food is of lower-quality) has been shown for
copepods, including diaptomids (Chen and Folt 1993, Calliari and Tiselius 2005,
Burian et al. 2018). An omnivory can supplement diet when other sources of nutrition
are deficient, such as consuming primary producers when prey quality is low in the
case of predators (Ugine et al. 2019). Therefore, if males have lower clearance and
ingestion rates because of their smaller size, and display compensatory feeding
behaviors to meet nutritional requirements, we might expect that they would feed at a

higher trophic level by selecting food sources with greater nutritional density, such as
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rotifers, compared with phytoplankton. It might be that a difference in sex ratios
among lakes could account for the differences in both body size and trophic position
within mesotrophic lakes, although we did not determine sex ratios in this study.
Furthermore, Hairston et al. (1983) found for Onychodiaptomus sanguineus that adult
sex ratio became progressively more male biased as seasonal fish predation pressure
increased (because females are more visible than males), making it possible that a
copepod population’s trophic position could change through the season, and so

indirectly alter the §'°N trophic position of top predators.

Trophic position and pH — There was a positive association between trophic position
and pH in both oligotrophic lakes and small lakes (Figure 7 A,C). Additionally, pH
was slightly higher in large lakes than small lakes (Figure 5). As pH changes among
lakes, we might expect to see changes in phytoplankton and zooplankton communities.
In lakes with a wider range of pH, phytoplankton community structure can vary with
pH, potentially impacting the quality of the food resources available since food quality
in terms of nutrient composition and edibility varies among phytoplankton species
(Havens and De Costa 1986, Findlay and Kasian 1996). We did not measure the
phytoplankton community in this study, however we did observe that the co-occurring
herbivorous zooplankton community changes as pH changes among lakes.
Ceriodaphnia spp. and Diaphanosoma spp. occurred at higher pH values, Holopedium
spp. was found at lower pH, while Daphnia spp. occurred throughout the entire pH
range (Figure 9). Daphnia always occurred where Holopedium was present.

Holopedium occurred in lakes with lower pH, where copepod trophic position tended
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to be slightly lower. This suggests that across the range of pH levels, there is a
difference in co-occurring herbivore community as well. A larger abundance of
cladoceran grazers (Daphnia and Holopedium) would increase resource competition
for copepods. In oligotrophic lakes, where production is likely already low, high
herbivore densities may graze down the phytoplankton below levels needed to support
large populations of the copepods’ animal prey such as rotifers, or reduce rotifer
populations through mechanical interference (Gilbert 1988), thus lowering copepod
trophic position in lakes with low pH.

Our results indicate that the trophic structure of zooplankton classically
considered phytoplankton grazers is complex, containing omnivores and predators as
well as herbivores. By placing all zooplankton into a single “grazer” trophic level,
trophic connections will be overlooked that lengthen the food chain (Boyce et al.
2015), thus elevating the trophic position of predators higher in the food web. Given
the context-dependent relationships between copepod trophic position and lake
conditions, it is clear that the mechanisms operating to lengthen or shorten food chain
length go beyond those operating at the level of the top predator such as access to
littoral resources, or at intermediate trophic levels, such as the addition of an extra
species at an intermediate trophic position. The variation in trophic position we
observed among intermediate consumers indicates that changes in food chain length,
measured at the level of a top predator, may not always be a result of additional levels
or additional trophic links, but may be due to the dynamic, changing trophic position
of individual intermediate consumer species. While we did not find exactly the same

relationships between trophic position and physical and chemical characteristics of a
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lake that others have found for fish, it is clear that the factors determining trophic
positions of copepods are complex and significant. Since the trophic position of the
intermediate consumer itself varies with body size, lake size, and lake water
chemistry, studies of food chain length would benefit from examining the variation in
trophic position of intermediate consumers that serve as food resources for high

trophic levels to explain the lengthening or contraction of food chains.
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depth, Total P is total phosphorus, Total N is total nitrogen, TOC is total organic

TABLES
Table 1. Physical and chemical characteristics of lakes sampled. Zmax is maximum

carbon, and # is the number of times a lake was sampled. * Lakes from which
zooplankton stable isotope data has been previously published in Matthews &

Mazumder 2003 and/or Matthews & Mazumder 2007.

Total Total
Lake Name Zumsx  Area P N . pH ToC 1
(m)  (ha) (ngL™) gngL (mgL™)

Burns 40 11804 23 590 7.8 14.6 1
*Butchart 32 70.9 4 110.9 7.1 22 2
Buttle 120.7 3530 4 70 73 1.3 1
*Council Lake 17 16.37 3.6 115.5 75 25 14
Cowichan 152 62043 3 83 74 1 1
*Cusheon 9.5 31 18.6 416.3 76 53 1
*Deception Reservoir 8 75.8 10.3 237 72 38 1
Decker 16 1122.5 20 550 7.7 148 1
Durrance 16.6 8.37 5 200 7.8 2.6 6
*Elk 16.8  246.8 29.7 457.6 82 5.8 8
Florence 5.5 119 15 395 7.6 32 3
Fork 10 4.03 11.5 310 7.1 45 4
Glen 14 16.9 18 535 74 53 3
*Goldstream 27 74.9 4.6 132.4 7.1 2.7 2
Kathlyn 9.4 170 17 310 74 6 1
Langford 17 61.2 21 530 7.8 3.2 7
Long 14 33.6 7 420 77 2.7 2
*Lubbe Reservoir 23.8 54 4.6 125.2 7.1 2.5 1
Mabel 200.6 5990 3 140 7.6 1.65 1
Mara 45.7 1940 5.5 120 74 22 1
Mclvor 45.5 123 2 70 72 1.2 1
Middle Quinsam 14.6  70.8 3 125 74 2 2
Mitchell 7.9 2.95 13.3 262.2 74  3.88 1
NoName NA NA 2 155 7 1.1 2
Okanagan 242 344428 7 210 82 4 1
Old Wolf 13 23.62 5 220 69 3.1 1
Paul 73 390 8 380 84 NA 1
Prospect 14 59.8 12 320 75 4.8 6
Quamichan 8 313.64 25 460 7 4.6 1
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Table 1. Continued

Total Total
Lake Name Zusz  Area P N . pH TOC 4 N
(m)  (ha) (ngL™) f;ngL (mgL™)
Quennell 6.9 119.8 75.5 1110 74 10.8 1
Ross 8.2 33.2 16 480 7.1 8 3
Round 20.4 182.1 39 1110 8.1 11.7 2
Seeley 2.7 19.8 21 305 7.3 8095 3
*Seymour 8 80.1 17.5 500 7.6 115 2
*Shawnigan 50 537 4.4 195.2 7 3.1 31
Shuswap 161.5 30960 4 120 77 2 1
Skaha 57 1960 8 220 82 4 1
SMary's 16.7 182.3 13.6 320.9 74 4 1
*Sooke Lake Reservoir 67 428 33 91.2 7.5 22 32
Sugar 82.6 2080 3 135 75 2 1
Teanook 7.6 3.3 7 270 73 43 3
Tyhee 433 308.5 20 690 83 94 2
Upper Quinsam 48 505.8 5 70 71 2 1
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FIGURES
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Figure 1. Lake sampling locations of five species of diaptomid copepods across
British Columbia, Canada. Point shape and color is the most abundant copepod
found in each lake, and used in this study. Inset: Lake sampling locations on
Vancouver Island and around the city of Victoria, British Columbia.

150



W
Q
[

® large, eutrophic
small, mesotrophic
large, mesotrophic

—
o

small, oligotrophic
large, oligotrophic

Total Phosphorus (ugL’)

@

10 100 1000 10000
Area (ha)

Figure 2. Distribution of total phosphorus and lake surface area of 43 lakes
across British Colombia, Canada. Vertical line divides large lakes >100ha
from small lakes. Horizontal lines divide lakes into eutrophic >25 pgL!
total phosphorus, mesotrophic 10.1— 24.9 pgL-! total phosphorus, and
oligotrophic <10 pgL! total phosphorus.
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Figure 3. Trophic positions of five diaptomid copepod
species and co-occurring obligate predatory zooplankton
Chaoborus, Epischura, and Leptodora. Each point
represents one sampling date; lakes were sampled
unevenly, between one and 32 times over the course of
the study. Trophic position 2 represents the expected
trophic position of an herbivore, while trophic position 3
represents the expected trophic position of a predator.
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Figure 4. Mean posterior model estimates and 95%
credible intervals of (A) trophic position and (B) body
mass per individual of five diaptomid copepod species.
Note the obvious lack of a relationship overall between
trophic position and body mass (See Table 2). (A) H.
franciscanus has a significantly higher trophic position
than S. oregonensis or L. tyrelli, and L. ashlandi has a
significantly higher trophic position than S. oregonensis.
All contrasts were based on one sided non-linear
hypothesis testing of posterior probabilities (see text). (B)
All pairwise contrasts are based on non-linear hypothesis
testing of posterior probabilities (see text). S. oregonensis
is not significantly different in mass from L. tyrelli or L.
ashlandi. H. franciscanus was not significantly different
from L. tyrelli based on least squared means contrasts.
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Figure 5. pH variation among 43 lakes across British Columbia, Canada.
A) Positive linear relationship with 95% confidence intervals between
lake area and pH. Vertical line at 100 ha divides small lakes from large
lakes. B) Range of pH in eutrophic, mesotrophic, and oligotrophic lakes.
Both mesotrophic and oligotrophic lakes had the same median pH, 7.4.
C) Range of pH in large and small lakes
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Figure 6. Posterior distributions correlation of lake physio-chemical
variables on copepod mean trophic position from 43 lakes in British
Colombia Canada. Solid vertical lines line are mean posterior
estimates, shaded regions are the 50% uncertainty areas of each
distribution. Posterior distributions model estimates for five copepod
species, and model uncertainty not shown, see Table S4
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Figure 7. Posterior distributions of the effect of lake environment on trophic
position among five species of diaptomid copepod. Vertical line within each
distribution is the mean estimate, width of the distribution is the 95%
credible interval. A) Posterior distributions of oligotrophic lakes only (n =
23), with total phosphorus less than or equal to 10 pgL!. pH was positively
associated with trophic position B) Posterior distributions of mesotrophic
lakes only (n = 17) with total phosphorus between 10.1-24.9 pgL'.C)
Posterior distributions from 20 small lakes less than 100ha. pH was
positively associated with trophic position. D) Posterior distributions from
22 large lakes greater than 100ha. Lake area was positively associated with
trophic position.
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Figure 8. Diagram of a lake food chain, consisting of bacteria, heterotrophic
flagellates, ciliates, and copepods that make up the microbial loop, as well as
upper levels of a food chain consisting of fish. Blue arrows represent trophic
pathways, while brown arrows represent waste products. Copepods connect the
microbial loop to the linear food chain. As 8!°N becomes enriched with each
trophic transfer, §'°N signatures of copepods are elevated due to cycling of §'°N
in the microbial loop.
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Figure 9. Posterior relationship between diaptomid trophic
position and body mass in mesotrophic lakes. Shaded area is

the 95% credible interval.
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Figure 10. Five grazers used to set the 8§'°N base for
calculating copepod trophic position. Each point is the trophic
position of the co-occurring copepod from each sampling date.
Color of each point is the pH of the lake. Copepods co-
occurring with Daphnia occur across a range of trophic
positions and pH. Holopedium occurs in lakes with lower pH
than Daphnia.
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SUPPLEMENT

TABLES

Table S1. Outlier trophic position values removed from the data
analysis because they are four times greater or less than the
mean Cook’s distance.

Species Lake 85N Trophic Position
L. tyrelli Council 3.11 1.8
H. franciscanus Fork 7.44 1.9
H. franciscanus Langford 13.3 4.4
L. ashlandi Kalamalka 9.95 2.7
L. ashlandi Osoyoos 10.82 2.7
A. denticornis Round 12.43 3.7
A. denticornis Round 14.13 3.7
A. denticornis Round 5.79 1.9
S. oregonensis Long 11.65 3.9
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Table S2 Prior distribution parameters for Bayesian models.

Model

Model parameter

Prior

Difference in trophic
position among
species:

o

normal p=0, c=4

B A. denticornis

normal p=2.5, o=1

B H. franciscanus

normal p=2.5, o=1

B L. ashlandi

normal p=2.5, o=1

trophic position ~ 0 + BL. lyrel‘li normal p=2.5, o=1
copepod species + B S. oregonensis | normal p=2.5, =1
(1]lake) st. dev. lake | student t v=3, u=0, 6=2.5
st. dev. lake intercept | student t v=3, p=0, 6=2.5
o | student t v=3, u=0, 6=2.5
o | normal p=0, c=4

B A. denticornis

normal p=25.2, 6=12

l?szerence " quy ) B H. franciscanus | normal p=20.2, 6=12
czlgsp%néobzgdsp ;Zleei B L. ashlandi | normal p=9.7, =12
0+ copepod Zpecies B L. tyrelli | normal p=18.7, 5=12
B S. oregonensis | normal p=10.9, c=12
o | student t v=3, u=0, 6=4.9
Difference in body intercept | normal p=18.29, 6=12
size among lake B oligotrophic | normal u=0, o=1

trophic states
copepod body size ~

sd copepod species

student t v=3, u=0, c=4.6

sd intercept copepod

student t v=3, u=0, c=4.6

lake trophic state + species
(1|copepod species) o | student t v=3, u=0, 6=4.6
B copepod body size | normal p=0, c=1

Relationship between
trophic position and

B H. franciscanus

normal u=0, o=1

B L. ashlandi

normal p=0, o=1

body size: B L. tyrelli | normal u=0, o=1
trophic position ~ B S. oregonensis | normal p=0, c=1
copepod body size + intercept | normal p=2.5, o=1

copepod species + st. dev. lake | student t v=3, u=0, 6=2.5
(1|lake) st. dev. lake intercept | student t v=3, p=0, 6=2.5
o | student t v=3, u=0, 6=2.5

Intraspecific a | normal p=0, o=1

relationship between | [ copepod body size | normal p=0, o=1
trophic position and st. dev. lake | student t v=3, u=0, 0=2.5

body size:
trophic position ~
copepod body size +
(1]lake)

st. dev. lake intercept

student t v=3, p=0, 0=2.5

(¢}

student t v=3, p=0, 0=2.5
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Table S2. Continued

Model

Model parameter

Prior

Difference in trophic

position among lake

trophic states or lake
size:

intercept

normal p=2.5, o=1

B mesotrophic lake

normal p=0, o=1

B oligotrophic lake

normal p=0, o=1

B H. franciscanus

normal p=0, o=1

B L. ashlandi

normal p=0, o=1

trophic position ~ B L. tyrelli | normal p=0, o=1

lake trophic state + B S. oregonensis | normal p=0, =1
copepod species + (1| st. dev. lake | student t v=3, u=0, 0=2.5
lake) st. dev. intercept lake | student t v=3, p=0, 6=2.5
o | student t v=3, u=0, 6=2.5

B log Area | normal p=0, o=1

Relationship between p log TOC | normal M:O’ G:l

. . B log TP | normal u=0, o=1

trophic position and B pH | normal p=0, o=1

lake environment:
trophic position ~
Total P + TOC + pH

B H. franciscanus

normal p=0, o=1

B L. ashlandi

normal p=0, o=1

+ Area + copepod BL. lyrel?z normal uiO, Gil
. B S. oregonensis | normal p=0, c=1
species :
intercept | normal p=2.5, c=1
o | student t v=3, u=0, 6=2.5
Intraspecific B log Area | normal p=0, o=1
relationship between B log TOC | normal u=0, o=1
trophic position and Blog TP | normal u=0, o=1
lake environment: B pH | normal p=0, o=1
trophic position ~ intercept | student t v=3, u=3.1, 6=2.5
+ +
I(jglei TOC+pH o | student t v=3, p=0, 0=2.5
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Table S3. Posterior contrasts between pair-wise median trophic levels among five
copepod species. Lower and Upper are the lower and upper bounds of the 95%
credible intervals. Estimates with * are contrasts in which the median trophic positions
between the two species were statistically significantly different.

Trophic Position Difference Mass Difference

Contrast Estimate Lower Upper | Estimate Lower Upper
A. denticornis - H. franciscanus -0.15 -0.39 0.09 3.21% 0.64 5.93
A. denticornis - L. ashlandi -0.26 -0.64 0.12 8.45* 4.51 12.89
A. denticornis - L. tyrelli 0.10 -0.17 0.37 4.48* 1.90 6.89
A. denticornis - S. oregonensis 0.16 -0.12 0.45 7.29%* 3.70 10.92
H. franciscanus - L. ashlandi -0.11 -0.46 0.23 5.18% 1.93 8.96
H. franciscanus - L. tyrelli 0.25% 0.02 0.46 1.30 -0.83 3.23
H. franciscanus - S. oregonensis 0.32%* 0.07 0.56 4.02%* 1.55 6.87
L. ashlandi - L. tyrelli 0.36 -0.02 0.73 -3.92% -7.99 -0.46
L. ashlandi - S. oregonensis 0.43* 0.05 0.81 -1.15 -5.48 2.95
L. tyrelli - S. oregonensis 0.07 -0.20 0.35 2.74 -0.07 5.98

Table S4. Model posterior estimates of the relationship between trophic
position and lake physico-chemical conditions.

Model Parameter Posterior 95% Credible Interval
Estimate
B log total phosphorus 0.153 -0.43 -0.74
B log total organic carbon 0.178 -0.81 — 1.16
B pH 0.245 -0.05 - 0.54
B log area 0.044 -0.09 - 0.18
Intercept 3.04 -1.39-2.83
B H. franciscanus 0.204 -0.18 — 0.58
B L. ashlandi 0.288 -0.19 - 0.76
B L. tyrelli 0.108 -0.32 - 0.53
B S. oregonensis 0.170 -0.41-0.44
c 0.037 0.24-0.39
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Table S5. Posterior model estimates of the intraspecific relationship
between trophic position and physico-chemical environment.

A. denticornis

Model Parameter

Posterior Estimate

95% Credible Interval

B log total phosphorus 0.51 -1.09-1.99
B log total organic carbon 0.53 -1.08 - 2.01
B pH -0.15 -0.88 - 0.68
B log area 0.28 -0.24 - 0.78
Intercept 2.32 -2.82 - 7.38

H. franciscanus

Model Parameter

Posterior Estimate

95% Credible Interval

B log total phosphorus 0.11 -0.94-1.16
B log total organic carbon 0.07 -1.63 - 1.77
B pH 0.44 -0.28 - 1.13
B log area -0.17 -0.53-0.19
Intercept -0.07 -5.05-5.17

S. oregonensis

Model Parameter

Posterior Estimate

95% Credible Interval

B log total phosphorus

B log total organic carbon
P pH

B log area

Intercept

0.35
0.19
-0.28
0.06
4.37
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Table S6. Published body size estimates and size differences between male and
female copepods. Size estimates are body length reported in Reid and Williamson
2010 converted to body mass per individual based on length-weight regression from
Watkins ef al. 2011. Lake trophic states are the trophic states where each species
occurs in this study.

Median size (range) Size difference

Species (ug individual ') (ug individual'’)  Lake trophic
p and male to states
Female Male female size ratio
A. denticornis 29.05 18.66 10.39 0.64 mesotrophic
(25.19 — 32.90) P
. 24.07 23.04 mesotrophic,
H. franciscanus (1497 Z3721)  (8.86 - 37.21) 1.03 0.6 oligotrophic
. 21.91 20.88 . .
L. tyrelli (10.92 — 32.90) (8.86 — 32.90) 1.03 0.95 oligotrophic
. 10.80 10.50 . .
L. ashlandi (578 — 15.81) (5.19 - 15.81) 0.30 0.97 oligotrophic
. 12.15 11.18 mesotrophic,
S. oregonensis g 48 1581) (6.5 15.81) 0.97 092 oligotrophic
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Figure S1. Distribution of lake sizes among three lake
productivity levels. Despite the difference in median and
spread, there is no statistically significant difference in area
between mesotrophic and oligotrophic lakes (T-test, p = 0.12,
Fi40 =2.57).
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Figure S2. Comparison of 8'°N stable-isotope signatures of the
predatory copepod Epischura spp. with the co-occurring
diaptomid copepod. Each line represents one sampling point.
85N of Epischura spp. was set at 0, the §!°N of the co-occurring
diaptomid copepod is the relative §'°N value compared to
Epischura spp.
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