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Species have adapted to variation in time and space in a multitude of ways, and
even similar species can use their life cycles in remarkably different manners
to carry on their lineages successfully. In this dissertation I examine how two
similar species have adapted to use their life cycles differentially to cope with
variability in both time and space in a rock pool metacommunity. These different life cycle strategies reflect the constraints that each organism faces within
the context of extreme environmental variability. Here, I combine field and
laboratory experiments to examine competition, environmental tolerance, and
dispersal ability of the cladocerans Daphnia pulex × pulicaria and Moina macrocopa
that live in the freshwater rock pools on Appledore Island, Maine, USA.
In Chapter One, I show that these species do not compete in the freshwater
rock pools on Appledore Island, but that they appear to be limited by different
factors: Moina by a disease that causes temporal population crashes, and Daphnia
by salinity of the rock pools, which can change abruptly and has no consistent
temporal pattern. In Chapter Two, I show that even though Moina produces an
order of magnitude more dormant propagules throughout the summer, Daphnia
is better able to disperse among pools spatially by wind transport of dormant
eggs. In Chapter Three, I examine the temporal pattern of dormant propagule
emergence and hatching of both cladocerans, and relate this to their abiotic

and biotic limitations. Ultimately, each of these species appears to use spatial
and temporal dispersal differently throughout its life cycle, but in ways that are
consistent with their environmental limitations.
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CHAPTER 1
PERSISTENCE WITHOUT COEXISTENCE IN A CLADOCERAN ROCK
POOL ASSEMBLAGE

1.1

ABSTRACT

Determining how species are able to co-exist is critical to understanding how
biodiversity is maintained. The first step in testing for a coexistence mechanism
is to learn whether there is any need for coexistence mechanisms at all, by
testing whether organisms compete. However, when two similar species have
overlapping ranges but rarely co-occur locally, researchers have often assumed
that this pattern is the result of competition. Here, I use a combination of field
and laboratory approaches to determine why two similar cladoceran species,
Daphnia pulex × pulicaria and Moina macrocopa, rarely co-occur in a system of
freshwater rock pools on Appledore Island an oceanic island off the Coast of
Maine, USA. Based on their distributions in time and space, I hypothesized that
Moina would outcompete Daphnia . However, I found that resources in these rock
pools never becoming limiting. Instead, my results suggest that Moina is able
to live in many rock pools, but experiences island-wide population crashes that
may be the result of infection by a microsporidian pathogen. Further, Daphnia
is temporally unconstrained, but is intolerant of the brackish environments that
occur when ocean spray enters the freshwater rock pools. Thus, although these
species share food resources, their spatial distributions are independent.

1

1.2

INTRODUCTION

The mechanisms underlying the co-occurrence and coexistence of similar
species—ones that feed on limited resources at the same trophic level, have
similar life histories, and share predators and pathogens—have challenged ecologists and evolutionary biologists for decades (e.g. Darwin 1859, Hutchinson
1959, Tilman 1982, Siepielski and McPeek 2010, Vellend 2010). Much of the work
pertaining to the maintenance of biodiversity among similar species has focused
on competition as the key factor influencing whether ecologically similar or evolutionarily closely related species are able to persist in the same locale (Schoener
1983, Mayfield and Levine 2010). This is problematic because competition is
not universally found, even when it seems likely (Hairston 1987, Gurevitch et
al. 1992, Siepielski and McPeek 2010), and it is often assumed, rather than being
rigorously tested (Dayton 1973, Siepielski and McPeek 2010).
Here, I use the framework formalized by Chesson (2000) and adopted in
the emerging coexistence literature (i.e., Leibold and McPeek 2006; Mayfield
and Levine 2010; Siepielski and McPeek 2010, Kraft et al. 2015) to distinguish
between stable coexistence and more transient co-occurrence. In this framework,
the critical distinction is that co-existence is stable due to a trade-off in which
each species is most limited by intraspecific competition, whereas co-occurrence
is unstable and eventually results in the extirpation (or local extinction) of all
but one of the species, because the losing species is less limited by members of
its own species than by members of other species. In other words, coexistence
occurs when each species is able to recover after it is reduced to low population
densities: i.e., the ‘invasibility test’. Coexistence is linked with competition
because if species do compete, the distinction between co-occurrence and co-
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existence is critical: it determines whether all species will persist indefinitely
or if one will outcompete the others. Conversely, if species do not compete, no
coexistence mechanism is required. When competition occurs, determining the
mechanisms that allow coexistence is important for understanding the structure
of ecological communities.
Many factors other than competition can also limit the distribution of species
in nature through environmental and biotic filtering (Kraft el al. 2015). These
habitat filters can be interactions such as diseases (Heard et al. 2015) and predators (Paine 1969), or abiotic constraints like temperature, pH, or salinity (Weider
1996, Horvath et al. 2013). It can be difficult to distinguish the pattern of competition from abiotic or biotic stressors based on species presence or abundance
(Dayton 1973, Mayfield and Levine 2010, Vellend 2010, Kraft et al. 2015), so
testing whether organisms compete or not is an essential but often overlooked
first step in studies of both coexistence and biotic filtering. Few studies that have
tested mechanisms for coexistence have also rigorously demonstrated competition (Siepielski and McPeek 2010). Ascribing a particular coexistence mechanism
when one is not necessary for species to co-occur could skew our perception of
which coexistence mechanisms are most common in nature, and of how frequently organisms coexist stably. It will also hinder our understanding of how
ecological communities are structured.
Freshwater pool communities on rocky outcrops provide an excellent system in which to test fundamental ecological concepts because they have discrete
boundaries, are easy to sample, and have simple food webs (Joque et al. 2010,
Srivastava et al. 2004, Brendonck et al. 2010). The rock pools on Appledore
Island, a small island in the Gulf of Maine, USA (Fig. 1.1), receive abundant nu-
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trient inputs in the form of gull guano and support a simple food web consisting
of planktonic algae and invertebrates with short generation times. Two of these
invertebrates, Daphnia pulex × pulicaria hybrids (hereafter Daphnia) and Moina
macrocopa (hereafter Moina), are particularly abundant and have many similarities. Both taxa are planktonic cladoceran crustaceans that graze on suspended
phytoplankton and are preyed upon by another invertebrate in the pools, the
aquatic insect Trichocorixa verticalis (Simonis 2013a, b; hereafter corixids). In addition, each taxon can reproduce either by making many immediately hatching
eggs or by producing two long lived dormant eggs enclosed in a chitinous case
called an ephippium. These dormant stages hatch based on environmental cues,
and therefore can be a vehicle of both temporal and spatial dispersal (Hairston
and Cáceres 1996, Hairston and De Stasio 1988).
Based on ecological and taxonomic similarities, Daphnia and Moina appear to
be competitors. They rarely co-occur, and pools with many individuals of either
species exhibit trophic cascades, where algal biomass is reduced when Daphnia
or Moina are abundant (Simonis 2013a). Furthermore, Moina is present in more
pools than Daphnia (Simonis and Ellis 2014; Sirianni 2017, Chapter 2). If it is
true that Daphnia and Moina are competing, a compelling mechanism for their
coexistence would be a competition-colonization tradeoff, because the dormant
eggs of Daphnia disperse more via wind in the Appledore rock pool system
than do those of Moina (Sirianni 2017, Chapter 2). Competition-colonization
tradeoffs occur when one species outcompetes the other at a local scale, but
the superior dispersal ability of the inferior competitor allows it to ‘escape’
competition by constantly moving to newly hospitable patches, and therefore
to persist in the system (Livingston et al. 2012). Thus, for a competitioncolonization trade-off to underlie coexistence in the Appledore pools, Daphnia

4

Figure 1.1: Map of Appledore Island. The pools sampled during this study are
represented with large circles. Pools that had no cladocerans are filled in with
white, pools that had only Moina are filled in with black, and pools that had
both Moina and Daphnia are filled in with grey. The small grey dots show all the
pools on the island (see Sirianni 2017, Chapter 2 for pool survey methods).
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would need to be a better disperser, Moina would need to drive Daphnia extinct
locally when they occur in the same pool, and pools would need to ‘reset’
regularly, clearing the water column of active stages of either organism. The rock
pools are extremely variable in both time and space, so this last requirement of a
competition-colonization tradeoff is met. However, environmental factors, their
variability, and the sensitivity of each species to them could also differentially
affect the distribution of each species, making it appear as though the two
species compete when they actually do not. These environmental factors include
temperature, salinity, pH, pathogens, and predators.
I therefore tested what determines the distribution of Daphnia and Moina
across the rock pool metacommunity on Appledore Island with a combination
of field observations and laboratory experiments. Based on the framework outlined above, I hypothesized that Moina is a superior competitor, but that Daphnia
and Moina are able to coexist in this system of rock pools via a colonizationcompetition tradeoff. I also examined the alternative hypothesis that environmental or biotic filtering determines the distribution of these taxa by measuring
a variety of abiotic data as well as populations of other invertebrates in the pools.
I measured population birth, death, and growth rates of both Daphnia and Moina
in the field and correlated them with abiotic and biotic factors, as well as with
pool identity and sampling date. Finally, I performed resource use efficiency
experiments to determine which species is able to exhibit positive growth rate
at the lowest food density, when fed on either a single strain of lab cultured
algae or on the natural community of algae found in the pools. In contrast to my
primary hypothesis of competition, I found no support for either the hypothesis
that the two taxa compete for resources in the field, or that Daphnia is unable
to persist in the presence of Moina. Instead, pathogens and salinity emerge as
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two environmental factors that impact the two species differently, and thus work
together to independently structure to the metapopulations of each cladoceran
on the island.

1.3

1.3.1

METHODS

Study System

Appledore Island is a small island (< 1 km2 ), in the Atlantic Ocean, 10 km from
the coast of Maine, USA (Fig. 1.1). It has a rocky shoreline on which there are
nearly 5000 depressions that fill with rainwater to form pools of varying sizes
and distances from the tideline. Relatively few species inhabit the rock pools
(Simonis 2013a; Sirianni 2017, Chapter 2), but some of the species that live in
them are extremely abundant, including Daphnia and Moina.

1.3.2

Temporal Field Sampling to Determine Birth, Death, and
Population Growth Rates

I sampled the populations of Daphnia and Moina and assessed their densities and
egg production in 18 pools weekly throughout the summer of 2013. I chose these
pools to spatially represent pools across the island, and to include pools near
the mean (∼90 L) and median (∼850 L) volumes (Sirianni 2017, Chapter 2). In
addition, I tracked other pool inhabitants such as an epibiont rotifer (Brachionus
rubens) that attaches to both Moina and Daphnia (Iyer and Rao 1993), including in
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this system (Sirianni, pers. obsv.), and the predatory corixids that eat Moina and
Daphnia and have been shown to cause population crashes in Moina (Simonis
2013a, b). I also measured phytoplankton biomass (chlorophyll-a) to determine
the amount of food available for grazing invertebrates in the water column. The
algae in the rock pools on Appledore Island is primarily made up of single celled
chlorophytes (J. G. Morin unpublished) dominated by Scenedesmus spp. (N.G.
Hairston and K.M. Sirianni, personal observation). Scenedesmus is a taxon that
is generally edible for cladocerans (Lampert 1987).
In addition to biotic factors, I measured the abiotic parameters pool volume and depth, pH (YSI EcoSense pH100), dissolved oxygen (DO; YSI EcoSense
DO200), and temperature and salinity (YSI EcoSense EC300) because these parameters can influence cladoceran survival and reproduction. I measured each
of these factors weekly, when I sampled the biotic factors.
To sample zooplankton population and algal abundances, I collected two
250 mL live samples by haphazardly taking 10-25 mL of water by large volume
pipette from various locations and depths in a pool (following Simonis 2013a). I
used one sample to measure chlorophyll-a and the other to measure the individual abundances and egg densities of cladoceran populations (ultimately used
for estimating population birth, death, and growth rates), as well as the densities of other invertebrates. Upon returning to the lab, I immediately scanned
one sample from each pool for the first 30 females of both Daphnia and Moina I
encountered (or until I had scanned the entire sample) because preserved cladocerans can drop their eggs. I counted the number of eggs, both subitaneous
(immediately hatching) and dormant, that each was carrying.
I filtered the other sample using a 30 µm mesh to remove zooplankton and
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measured the chlorophyll-a concentration of the filtrate as a proxy for phytoplankton biomass (Wetzel and Likens 2000). I passed the filtrate through a Whatman GF/C (1.2 µm) filter, extracted the chlorophyll-a in 90% spectrophotometergrade ethanol, and analyzed the extract using a fluorometer (Turner Designs
TD-700). I acidified each sample and remeasured to correct for phaeopigments
(Nusch 1980) and used the resulting chlorophyll-a measurement as a measure
of the food available in a pool.
I determined zooplankton densities by counting the number of each species,
either every individual present if there were fewer than 100, or by subsampling
and counting at least 100 individuals. Typical of members of the Daphnia pulex
× pulicaria group in northeastern North America (Hebert and Finston 2001),
the Daphnia in this system are obligately asexual and do not produce males
(Sirianni 2017, Chapter 2). For Moina, I counted males and females separately.
In the following analyses, however, I present data only for female Moina because
the proportion of males changes with the dormant-egg (ephippia) production
strategy, there were many fewer males than females, and population birth rates
depend only on females and their immediately hatching eggs. I used the data
on female population density in combination with the number of immediately
hatching eggs being carried to determine the instantaneous population birth,
death, and growth rates using the Edmondson-Paloheimo egg-ratio method.
This method uses the population growth rate (r), calculated from changes in
population sizes between sampling times, along with the population birth rate
(b), the number of immediately hatching eggs per female, and the temperaturedependent egg development time to calculate, by difference, the population
death rate as d = b-r (see Appendix A for details).
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These data were collected at the same time as the data on ephippia production
presented in Sirianni (2017, Chapter 2). Some data on the population sizes and
presence or absence of Moina and Daphnia, and data on ephippial production
over the course of the summer have been published in Sirianni (2017, Chapter
2), but the majority of data presented here are new.

1.3.3

Simulations of Potential Population Growth from Egg
Bank Emergence

I observed Moina population crashes, followed by periods with no individuals in
the water column, and a subsequent repopulation in many pools (see Results).
Moina reproduce extremely quickly, and it is therefore difficult to determine
where these new individuals were coming from: from the egg bank, spatial
dispersal from other pools, or simply reaching a detectable population size (≥4
individuals/L) after being rare. I used the data on Moina clutch sizes and
percentage of females carrying immediately hatching eggs to determine how
quickly Moina populations can grow from low numbers in ideal conditions.
This served as a test for whether or not some emergence from the egg bank is
necessary to explain dramatic population expansions that occurred from one
week to the next. To model this population growth, I used estimates of time to
production and hatching of 1st, 2nd, and 3rd clutches. The time to hatching of
a female to the hatching of her first clutch is approximately 120 hours. The time
between the hatching of the first and hatching of the second clutch is 40 hours,
and time between the second and third clutches is 47 hours (Appendix B). This
means that within one week, females that were already carrying eggs at the first
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sampling period could have four clutches that hatch before the sampling time
in the subsequent week.
I modeled population growth using Monte Carlo simulation methods from
day-one to day-seven (the interval at which I sampled pools during field observations). Populations on day-one started from a baseline of 4 females/L (the
detection limit) at hour 0. My goal was to determine how fast populations could
grow, so I assumed that these females were carrying eggs, and that those eggs
would hatch 24 hours after the first sampling time. I also assumed that there
was no death of Moina during the week. Finally, I assumed that all individuals
and their offspring were females capable of producing immediately hatching
eggs. For all individuals that did reproduce in this simulation, the number of
offspring was determined by random draws from a probability density function
that fit the distribution of clutch size data (see Results).
Following these assumptions, I first determined the clutch sizes of each of
the initial four adult females. These clutch sizes were then summed to determine how many individuals would be born on day two (hour-24). Based on
the time between hatching and the production of the first clutch, individuals
born at hour-24 were allowed to produce one clutch before the second sampling
date. The females that were initially present were allowed to produce three
more clutches. For each of these subsequent reproduction events, whether an
individual reproduced was determined from random draws from a Bernoulli
distribution with probability of reproduction, p, equal to the measured proportion of females carrying eggs. Finally, I added the number of individuals from
each clutch to determine the total population size after one week. I repeated this
200,000 times to generate a mean ± 95% CI number of females/L.
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To relate the egg bank emergence simulations to my field observations of
Moina population growth, I looked at all recolonizations that occurred after
three or more weeks when population-density estimates were zero to determine
whether there were any instances of synchronized hatching by dormant eggs.

1.3.4

Resource Use Efficiency Experiments

When two species feed on a single resource in an unstructured environment,
one will draw the resource density below the concentration at which the other
species can maintain a positive growth rate, and will therefore outcompete it
(Hutchinson 1959, Tilman 1982, Chesson 2000). This is Tilman’s R ∗ rule (Tilman
1982) under which the species with the lowest R ∗ (the resource density at which
it can maintain a per capita population growth rate, r, of zero or greater) will
out-compete all others by driving resources so low that other species have r <
0. Whether this is relevant in nature depends on the amount of the resource,
what other resources are available, and whether other factors such as parasitism
or predation instead limit each species. I performed two experiments to determine which species would perform better on a single resource in a controlled
environment and whether that result held up in a less controlled study.
I performed single species population growth rate experiments using a laboratory strain of Scenedesmus obliquus (UTEX 393) to determine which cladoceran had a lower R ∗ . I placed five females from an isoclonal lineage of either
Moina or Daphnia (both from pool 270 and raised in the lab for > 6 months prior
to the experiment), into glass jars containing 450 mL of 0.45 µm filtered water
(Sartobran P Sterile Medicap) taken from the Cornell Experimental Ponds Fa-
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cility near Ithaca, NY. I fed each population S. obliquus at a rate of 0.017, 0.034,
0.07, 0.14, or 0.27 mg C/L every two days, with three or four replicates for each
species and treatment (the 0.27 mg C/L treatment had 4 replicates). Daphnia
ingestion rate usually levels off between 0.5 and 1 mg C/L (Lampert 1987), but
here I focused on lower C concentrations to compare competitive abilities of
these species. I allowed the populations to grow for 11 days at 22 ◦ C (± 1 ◦ C).
Both species reproduce well in the lab at this temperature (Appendix C). The
treatment jars were rotated on a plankton wheel at 1 rpm to keep the algae suspended throughout the experiment, and each treatment was counted every two
days to determine population size.
I performed a subsequent experiment using food taken directly from the rock
pools to assess whether the results of the laboratory experiment were equivalent
when the natural algal species assemblage was present. In this experiment I
used two isoclonal lines each for Daphnia and Moina, each taken from a different
pool on Appledore Island. This experiment was carried out at the Shoals Marine
Laboratory (SML) on Appledore Island. I used water from Crystal Lake, a large
pond on the island, filtered through a 30 µm mesh to remove zooplankton
and detritus. I used this 30 µm filtered water as the base food level in this
experiment, and water from a rock pool with a large amount of suspended algae
to make up a food addition for all other treatments. I added 0.025, 0.05, or
0.1 mg C/L of the suspended seston from the pool. Each treatment had three
replicates. Since a plankton wheel was not available at SML, I slowly rotated
each jar for ∼15 seconds every five hours for the duration of the experiment to
keep the algae suspended. This experiment lasted 13 days, and populations
were fed and counted every two days to determine the population growth rate.
Finally, because chlorophyll-a concentration, a standard measurement of algal
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concentration in aquatic field studies and a proxy for food availability, varies
with taxon and physiological condition, I regressed µg chlorophyll-a/L against
mg C/L for five pools of varying algal density in order to compare the results of
my laboratory and field measurements.
The goal of these resource use efficiency (RUE) experiments was to determine
which species would be more limited by food concentrations in the rock pools,
and which species had the lower R∗ , the food concentration populations of each
species no longer has a positive growth rate. I calculated population growth
rate per day based on the population size, Pt , and the number of days, t, since
the start of the experiment, using the equation

r

ln(Pt ) − ln(P0 )
.
|t − 1|

(1.1)

I used the maximum growth rate from each treatment replicate in all subsequent analyses. To calculate R ∗ from the RUE experiments in which cladocerans
were fed lab-grown algae I fit a modified Monod equation to the data,

r  r max



[S] − R ∗
,
K S + [S] − R ∗



(1.2)

where r is the growth rate, r max is the maximum growth rate, [S] is the
concentration of food available, and K S is the half saturation constant. The
standard Monod function is constrained to go through the origin (0,0), and
the addition of R ∗ modifies the standard function to allow the x-intercept to
change, thus providing an estimate of R ∗ , the point where the model crosses r =
0. I fit this equation to the data using Maximum Likelihood Estimation (MLE)
numerical methods to estimate r max , K S , and R ∗ for a given food concentration. I
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constrained the parameters r max and K S to be less than or equal to the maximum
growth rates calculated from the field data. I also constrained the parameter R ∗
to be greater than 0 to ensure that the model did not predict positive growth rates
at negative food concentrations. I used a MLE method that minimizes the log
likelihood function to minimize the total distance between the model estimate
and data points, thus resulting in the best fit.
The exact quantity of carbon given to each treatment in the experiment carried
out using natural pool food was unknown because the amount in the baseline
food concentration was unknown. I therefore performed ANOVA on the growth
rate of each species to determine whether clone and amount of pool food added
significantly influenced growth rates.

1.3.5

Parasite Identification by Sequencing

While counting zooplankton during both field sampling and the natural-food
use efficiency experiments, I noticed that the Moina were parasitized with what
appeared to be a microsporidian, known pathogens of both Moina and Daphnia (Wolinska et al. 2011, Refardt et al. 2002; 2008). Daphnia never appeared
to be infected, however. This provisional identification was based on characteristic opaque plaques in the brood pouch visible under a stereo-dissecting
microscope, and the shape of the parasite under a compound microscope at
400× (Fig. D.1). To determine whether these were microsporidian parasites, I
extracted and sequenced DNA from a group of 30 Moina that appeared to be
infected in a field sample from June 2013, and from 30 apparently healthy Moina
from a lab strain as a control. I used a Quiagen DNeasy Blood and Tissue kit
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and followed the included protocol. I amplified the DNA with the primers 18f
(caccaggttgattctgcc) and 1537r (ttatgatcctgctaatggttc) (Vossbrinck et al. 1993)
because they are known to amplify the DNA of microsporidian pathogens that
infect cladocerans. I then ran a BLAST search of the resulting sequences and collected closely matching sequences (Zhang 2000). I aligned these sequences using
MUSCLE (Edgar 2004) and constructed a neighbor-joining tree using Geneious
Tree Builder, bootstrapped with 1,000 replicates (Kearse 2012).

1.3.6

Statistical Analysis

Population birth, death, and growth rates

The best fitting models and the parameters that were important for birth, death,
and population growth rates of both Daphnia and Moina were determined using a
generalized linear model based on temperature, salinity, dissolved oxygen (DO),
pH, chlorophyll-a, Moina density, Daphnia density, corixid density, Brachionus
density, pool, and sample date. In metapopulations and communities both
extinction and colonization can be frequent (Hanski 1999, Leibold et al. 2004),
and to avoid an effect of random extinctions and colonizations determining the
effect of factors in the model, I only used data when Daphnia or Moina females
were present. While necessary, this has the disadvantage of being unable to
determine the influence of conditions that are uninhabitable for either species.
To ensure that model coefficients could be compared in a meaningful way I
standardized each parameter by centering it around zero and rescaling it prior
to model fitting. The best models were then determined using the Akaike
Information Criteria (AIC). This was implemented using the dredge function on
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a glm model from the R package AICcmodavg. I then averaged all the models
that had a delta AIC score of less than 3 (where 0 is the best fitting model
after the number of parameters have been taken into account), and averaged
the coefficients of each model to determine the relative importance of each
coefficient in each of the six scenarios (i.e. r, b, d for Daphnia and Moina). This
allowed me to estimate 95% confidence intervals for each coefficient. Using these
confidence intervals, I determined whether each coefficient was significantly
different from zero, and also the expected influence of the coefficient on each
population parameter.

Moina and Daphnia co-occurrence
I carried out a χ2 -test to determine whether Daphnia and Moina from the 12
counted populations co-occurred as often as expected by chance. For this test, I
calculated the total percent of Daphnia and Moina presences and absences in each
pool on each date, and used those values to determine the number of expected
instances of Moina only, Daphnia only, both species, or neither. I then compared
those values with what I observed in the pools.

1.4

1.4.1

RESULTS

Seasonal Population Abundance

Moina occurred in all 12 pools counted for zooplankton on at least one date,
whereas Daphnia occurred in only four. Moina generally occurred at higher
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densities (mean = 800 individuals/L, range = 4-7040/L) when present, than
did Daphnia (mean = 213 individuals/L, range = 4-1716/L; Fig. 1.2). In all 4
pools where Daphnia occurred, Moina and Daphnia co-occurred on at least one
date. In one of these pools they co-occurred throughout the sampling period,
except when Moina was not present as in the water column during the middle
of summer. In addition to Moina occupying more pools (Simonis and Ellis 2014,
Sirianni 2017), Daphnia and Moina showed very different patterns of seasonal
population dynamics. In all pools (n = 12) Moina populations reached higher
population densities than Daphnia but their populations crashed (declined to 0
or below the limit of detection [4 indv/L]) during the middle of the summer in
9 of the 12 pools, whereas Daphnia populations did not exhibit a crash. In one
pool Moina exhibited a decline but only remained below the limit of detection
for 1 week, and in two pools the patterns were very different but Moina was
not present in the middle of summer. For Moina pools that did show the midsummer crash, the last date of occurrence (at the end of the first population cycle)
was between May 27 and June 13, 2013, with populations rebounding between
July 22 and August 7, 2013 in 8 of the 9 pools. The pools in which crashes
occurred had Moina populations below the limit of detection for a median of 5
weeks (range = 4-8 weeks).
A χ2 -test of the expected versus observed number of co-occurrences of Daphnia and Moina was significant (df = 1, p < 0.001). While the expected number
of pool and date combinations with only Moina and with both cladocerans were
similar to random expectation, the number with only Daphnia and the number
with neither cladoceran present were both higher than expected.
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Figure 1.2: Population abundances of Daphnia and Moina in rock pools on Appledore Island in 2013. Dotted lines connect dates when no individuals occurred
(value assigned 0 for plotting data) to help illustrate ‘extinctions’ and ‘colonizations’.
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1.4.2

Egg Bank Emergence Simulations

Overall, the number of eggs carried by all female Moina was 4.67 on average
[range = 0-54, n = 1722 individuals]. However, this calculation includes all
females, and the proportion of females carrying immediately hatching eggs was
0.31. For only the Moina that were carrying eggs, the clutch size followed a
gamma distribution with a mean of 15.29 (range = 1-54, n = 528, shape = 4.77,
rate = 0.31; Fig. G.1).
The Moina population growth simulation showed that from a starting population of four individuals, the mean population size on day 7 was 398 females
(range = 59 – 995; 200,000 model iterations) with 95% of the model runs falling
between 215 and 627. By comparison, in the pools, there was least one instance
where the Moina population increased from 0 to 4500 individuals/L over a period of 7 days (Fig. 1.3), indicating that there must have been synchronized egg
bank emergence.

1.4.3

Population Birth, Death, and Growth Rates

Based on the generalized linear mixed-effects models I used to analyzed the
influence that environmental factors (see Table 1.1, Fig. 1.4) have on Moina and
Daphnia birth, death, and growth rates, temperature had a positive influence
on field estimates of birth rate for both species (Fig. 1.5). This correlation is in
accordance with strong temperature dependence of egg development time, and
consistent with previous studies (Edmondson et al. 1965) as well as laboratory
experiments in this system (Appendix C).
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Figure 1.3: Modeled potential Moina population growth from a population of
4 individuals. A) Observed population sizes (open circles) on the first date of
occurrence after >2 weeks of absence from a pool. B) Simulated Moina population
growth from a population of four ovigerous females. The histogram shows the
calculated population size after one week for 200,000 iterations: mean = 390
females (dashed vertical line) with a range of 75 – 1217 females (95% of the
model runs fell between 215 and 627, the dotted vertical lines). Note that there
is a break in the axis between 1000 and 4500, which applies to both panels of
the plot. At least one population, at the far right of panel (A) exceeded potential
population grow from low starting size and so exhibited synchronous emergence
from the egg bank. See Methods for simulation details.
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Environmental factor
Salinity (ppt)
pH
DO (mg L−1 )
Temperature (o C)
Volume (L)
Chl (µg L−1 )

All pools
0.038 (0-12.55)
8.71 (4.45-11.75)
9.36 (0.14-39.56)
20.27 (11.3-30.0)
366.0 (40-1030)
659 (0.61-1.04 × 104 )

Moina pools
0.590 (0.048-6.091)
8.8 (5.41-11.69)
10.46 (0.74-39.56)
18.97 (11.3-27.6)
361 (71-1030)
906 (0.82-1.04 × 104 )

Daphnia pools
0.158 (0.051-0.417)
8.87 (7.04-10.91)
8.91 (3.96-10.78)
20.1 (12.1-25.3)
356 (176-674)
255 (0.61-4050)

Table 1.1: Mean and range of environmental factors in pools with Moina and Daphnia on Appledore Island. All values are
listed as mean (range).

Apart from temperature, the most important factors that affected Moina population dynamics were seasonality (‘week’) and salinity, both of which negatively
influenced birth rate but were also correlated with lower death rates in the best
fitting models (Fig. 1.5). Pool identity and dissolved oxygen also positively
influenced birth rates.
Daphnia population birth, death, and growth rates were influenced by a wider
variety of factors than was the case for Moina. Even though birth rates increased
with higher temperatures, death rates also increased with increasing temperature so that the net effect of higher temperatures was increased growth rate
(Fig. 1.5). Within the pools where Daphnia occurred, higher salinity positively
influenced Daphnia growth rate, though populations of this species were only
present in pools with relatively low salinity. Lower pH was associated with decreased the death rate, and Daphnia were also influenced by Moina and corixids
in the best models. More abundant Moina was correlated with a lower population growth rate of Daphnia, while more corixids were associated with increased
birth and death rates. Higher DO was associated with increased Moina birth
rates, but did not influence overall growth rates.

1.4.4

Resource Use Efficiency Experiments

Moina exhibited higher population growth rates than Daphnia in the single resource use experiments, particularly at higher food concentrations. The highest
growth rate of Daphnia in these experiments was 0.23 day−1 on the highest food
concentration, while that of Moina was 0.38 day−1 . The estimates for the best fit
model of Moina growth data was an r max of 0.85 day−1 , K S of 0.35 mg C L
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−1 ,

and an R ∗ of 0 (95% CI = [0, 0.026]) (Fig. 5a). The model estimates for Daphnia
growth rates were r max of 0.35 day−1 , K S of 0.15 mg C L −1 , and R ∗ of 0 (95% CI =
[0, 0.022]) (Fig. 1.6a). Thus, the model prediction of the best fit R ∗ was 0 for both
species. Getting precise estimates of growth rates when values are very low is
difficult, and variance in my estimates was high. R ∗ of zero isn’t possible biologically, but both species also had similar upper R ∗ estimates of 0.022 mg C L−1
(Moina) and 0.026 mg C L−1 (Daphnia), which are between the lowest (0.017 mg
C L−1 ) and second lowest food treatments (0.034 mg C L−1 ) in this experiment.
Both species were able to grow or persist at all food concentrations in at least
some replicates, and for each species all replicates above algal concentrations of
0.136 mg C L−1 had r > 0 day−1 .
When Moina and Daphnia were fed natural pool seston, food concentration
was important in determining growth rate for Daphnia (F = 70.651, df = 1, p <
0.001) but not for Moina (F = 1.74, df = 3, p = 0.18), which in this experiment
had population growth rates much lower than when it was fed lab-cultured food
(Fig. 1.6B), suggesting that something other than food affected these populations
(see below). Further, Moina brood pouches appeared swollen with a viscous
substance in the absence of eggs, but those of Daphnia did not. Clone was not a
significant determinant of r for either species. Daphnia growth rate at the highest
natural seston concentration was 0.3 day−1 , while the growth rate of Moina for
all treatments was 0.08 day−1 .
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concentration. (A) single-resource lab-cultured Scenedesmus obliquus and (B) natural pool seston as food. Lines in (A)
are best fit models of the growth of each taxon. Daphnia: r max = 0.35, K S = 0.15, and R ∗ = 0 (95% CI = [0, 0.022]). The
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(B) Only the mean (± 2 s.e.) Daphnia population growth rate on the highest food addition given during this experiment
because this food concentration had the highest growth (F = 70.651, df = 1, p < 0.001). Moina did not respond consistently
to the food addition in this experiment (F = 1.74, df = 3, p = 0.18), so the figure shows the mean, 0.08 (± 2 s.e.) for all
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1.4.5

Phytoplankton Chlorophyll-a to Carbon Relationship

Chlorophyll-a (µg L−1 ) and C (mg L−1 ) had a linear relationship for natural pool
seston (p = 0.002, R2 = 0.97) (Fig. F.1). I used the resulting regression to convert
chlorophyll-a measurements into carbon concentrations and compared these
values to the lab RUE experiments (Fig. 1.6). Throughout the duration of field
sampling, the amount of carbon in the pools was never below the third highest
food concentration treatment (0.07 mg C L−1 ) in the lab-cultured Scenedesmus
experiment (n = 152). Three measurements were below the second highest food
concentration (0.136 mg C L−1 ; Fig. 1.7).

1.4.6

Parasite Identification

I found microsporidia DNA in the field population of Moina, but not from the
lab-cultured Moina clone. Thus, the microsporidian pathogen probably infected
Moina during the resource use efficiency experiment with natural pool seston as
food, and ultimately suppressed its growth rate. This is further supported because the isoclonal lineages from the field experiment appeared to be diseased,
whereas the isoclonal lineage from the lab grew healthily. The phylogeny produced with BLAST showed that this microsporidia is closely related to a number
of other microsporidia that also infect cladocerans (Refardt 2002, 2008; Fig. E.1).
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Figure 1.7: Natural seston density (mg C/L) in all counted pools from 2013,
based on the regression of carbon and chlorophyll-a concentrations (Appendix
F). Dashed lines show the highest two treatments from the single resource RUE
experiments. Carbon concentration in the Appledore rock pools was less than
the lower of these two C concentrations at only three sampling points. Two of
these points occurred in pool 314, and in both cases the Moina present in the
pool increased their population until the next sampling time. The third instance
was in a different on the last sampling date, and Daphnia was present in the pool.
Based on the maximum likelihood analysis, both cladocerans should have R ∗
between 0.022 and 0.026, and C concentration was never observed to be that low
in the pools (minimum C = 0.07).
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1.5

DISCUSSION

Resource competition between Moina and Daphnia in the Appledore Island rock
pools initially seemed likely because both taxa are generalist phytoplankton
grazers, they rarely co-occurred in the same pools, and because trophic cascades
occur in the pools (Simonis 2013a). These observations suggested that food can
become limiting, indicating that a coexistence mechanism would be necessary
for both species to continue persisting in the system (Chesson 2000). The results
of this study, however, show that resource competition does not occur. Daphnia
and Moina populations and their metapopulations are therefore independent,
and no coexistence mechanism is necessary. Instead, I found that their populations are limited by the abiotic and biotic environment in different ways.
Ultimately, salinity emerged as the likely determinant of Daphnia distributions,
while a fungal pathogen that had not previously been described on Appledore
Island emerged as the likely driver of Moina population dynamics, rather than
competitive interactions between the two.
Several lines of evidence suggest that competition is not important in this
system. First, seston carbon concentrations in the Appledore Island rock pools
never decreased to the level estimated to be limiting for either Daphnia or Moina
(0.022-0.026 mg C L−1 ) based on population growth rates during the resource
use efficiency experiments. Furthermore, C levels rarely decreased below 0.136
mg C L−1 , a food concentration at which all replicate populations grew in the
lab experiment (Fig. 1.7). Carbon levels did decrease below this amount on two
dates, but in these instances the Moina population density increased. The only
other sampling point that had C levels below 0.136 mg C L−1 was in a pool with
Daphnia on the last sampling date. Second, population birth, death, and growth
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rates were not significantly correlated with chlorophyll-a for either taxon (Fig.
1.5). This may be due to the fact that carbon levels in many of these pools were
astonishingly high (90 to >300,000 mg C m−3 , mean = 31,700, median = 8,420) –
vastly above both the eutrophic range of algae-rich lakes (9-25 mg C m−3 [Smith
1998]), and even far exceeding the 25 mg C m−3 designated as hypertrophic
(Smith 1998). On Appledore Island, gulls nest in dense colonies (Savoca et al.
2011), and their feces are a source of exceptionally high nutrient inputs to the
pools.
Even though the results of my resource use efficiency experiments show
that Daphnia and Moina did not compete, in the field populations, decreases
in Daphnia growth rates were correlated with Moina presence (Fig. 1.4). This
result is, however, inconsistent with resource competition, because that would
also lead to a decrease in Daphnia birth rates, which did not occur. Nevertheless,
the relationship between decreased Daphnia population growth rate and Moina
density is consistent with the initial pattern observed in which Daphnia and
Moina were rarely observed to be in the same pools at the same time. Further,
this result is consistent with the results of the χ 2 -test showing that Daphnia was
found without Moina more often than expected by chance.
One possible explanation for this pattern is apparent competition (Mittelbach 2012), where the presence of one species (in this case Moina) increases
predator abundance, causing another species that the predator eats to decrease
in abundance (in this case Daphnia). Apparent competition is probably not occurring here, however, because the corixid predator in these pools preferentially
consumes Moina over Daphnia (Simonis 2013a). Furthermore, while increasing
corixid abundance correlates with increases in both the birth rate and the death
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rate of Daphnia, it had no discernable effect on population growth rates. Finally,
it is surprising that Moina populations were not significantly influenced by the
number of predatory corixids. Corixids were implicated in causing the population crashes observed in Moina in a prior year (Simonis 2013b), but this pattern
was not present in my results even though corixids were similarly abundant.
Salinity often has a strong influence on cladoceran populations, and on freshwater zooplankton in general, because many taxa are ill-equipped to deal with
osmotic stress (Aladin 1991). Here, salinity appeared to be a key structuring
force for Daphnia populations, which were found only in pools of the very lowest salinities (<.42 ppt; Fig. 1.4, Table 1.1) while spanning the range of other
measured environmental variables. Interestingly, within the narrow salinity
range where Daphnia occurred, increased salinity was positively associated with
increased population growth rate (Fig. 1.5). This suggests a non-linear effect
of salinity, such that Daphnia may initially do better as salinity increases, but
ceases to be able to grow at all above a salinity threshold. Moina macrocopa, in
contrast, is among the more salt tolerant cladoceran species, and often occurs in
brackish ephemeral waters (Aladin 1991). Here, Moina populations spanned a
wide range of salinities (Fig. 1.4, Table 1.1), and higher salinity was correlated
with a lower death rate in Moina, although increased salinity was also correlated
with lower population growth (Fig. 1.5).
Salinity varies widely among pools, and elevated salinity had a strong influence on Daphnia, so salinity may explain why Daphnia inhabits only about 8-20%
of pools at a given time, while Moina occupies 40-70% (Sirianni 2017, Chapter 2),
a pattern that initially made it appear as though Moina competitively excludes
Daphnia. Other zooplankton systems that are made up of small pools or lakes
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are also strongly structured by salinity. Patterns of presence and absence of
freshwater invertebrate species have been attributed to differences in salinity
including in salt pans in the Czech Republic (Horváth et al. 2013, 2014), in artic
rock pools (Weider 1996), and in South African rock pools (Waterkeyn 2008,
2011). In addition to driving presence and absence, increased salinity can also
decrease hatching rates from the dormant stage for freshwater invertebrates, including Daphnia (Skinner et al. 2001, Mabidi et al. 2018). Thus, salinity probably
limits Daphnia distribution in several ways.
Several abiotic factors significantly influenced Moina or Daphnia birth, death,
or growth rates, salinity and temperature were the only ones that had a net
influence on Daphnia and Moina growth rates. It is possible that my weekly
point measurements of the other abiotic factors were taken at too coarse a scale
to capture the response of either species adequately. However, it is more likely
that both species are tolerant of high variation in pH and DO because pH and DO
vary markedly on a diel cycle because of algal photosynthesis and respiration
(Loder et al. 1987).
Instead of abiotic or environmental factors, Moina birth and death rates were
most strongly correlated with time in season (sampling week), since most Moina
populations crashed during the middle of the summer (Fig. 1.2). However,
these population crashes do not appear to have been related to any of the biotic
or abiotic factors I measured. Instead, several other observations made during
this study provide some insight into why these crashes occurred. First, shortly
before the populations crashed, the brood pouches of many females were filled
with fungal spores, something that I also observed during the RUE experiment
where water was taken from natural pools at a time that coincided with the
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observed Moina population crashes. In contrast, Moina brood pouches during
the RUE experiment that used lab-algae were either empty or filled with eggs.
No spores were detected. Second, the maximum population growth rate of the
Moina was never significantly different from zero when fed natural seston, and
the estimated carrying capacity of Moina was greatly reduced compared with
the study using lab food (Fig. 1.6). Finally, samples of individuals that had
spore-filled swollen brood pouches contained DNA from Microsporidia spp., a
parasite closely related other Microsporidia spp. known to infect the bodies and
brood pouches of cladocerans (Refardt et al 2008, Wolinska et al. 2011). A sample
of a lab strain of Moina sequenced as a control did not contain Microsporidia spp.
While this study does not provide conclusive evidence that the Moina population crashes are a result of microsporidia infections, the observations are
consistent with disease influence on population dynamics. This result is similar
to other systems where Microsporidia spp. are known brood parasites (Wolinska
et al. 2011). Cladoceran populations are often influenced by diseases (Ebert
2005, Duffy et al. 2009, Cáceres et al. 2014). In spite of the observed population crashes, in many cases Moina repopulated the pools later in the summer by
hatching from dormant eggs. Emergence from the egg bank is supported by the
fact that the populations often repopulate after several weeks of absence, and in
one of my study pools grew far more quickly than would be possible based on
observed birth rates alone. Diseases are more likely to cause outbreaks at high
host population densities, so Moina dormant egg production may allow lineages
to survive disease outbreaks.
Studies that attempt to determine how organisms stably coexist in their environments frequently assume that competition is occurring rather than rigorously
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testing for its importance (Dayton 1973, Hairston 1987, Siepielski and McPeek
2010, Mayfield and Levine 2010), and therefore presuppose for similar species to
persist in the environment there must be mechanisms to overcome competitive
exclusion and promote coexistence. Making the assumption that competition is
occurring is risky because a variety of mechanisms can cause patterns that look
like coexistence. This study highlights the need to test for competition prior
to testing coexistence mechanisms: even though competition seemed probable
because of a shared food resource, negative spatial co-occurrence patterns, and
evidence for a likely coexistence mechanism (competition-colonization tradeoff), I have shown that instead competition does not occur between the two
taxa. Therefore, the persistence of each species is decoupled from that of the
other. The distributions and population sizes of each taxon do not even appear
to be limited by intraspecific density since the algal resource rare, if ever, is low
enough to constrain population growth. The results of this study provide insight
into other factors that regulate the spatial and temporal patterns of Daphnia and
Moina distributions, and suggest testable hypotheses. First, a microsporidian
parasite appears to cause population crashes in Moina particularly after populations become dense. In contrast, I found no evidence for the presence of
the parasite in Daphnia which persisted even where it co-occurred with crashing Moina populations (Fig. 1.2B). Second, salinity and other abiotic factors, as
well as predators and other biotic factors, with the notable exception of food
availability, limit Daphnia distributions. This study thus provides an example
of the appearance of coexistence when no direct mechanism for coexistence is
required.
Finally, the results of this study point to several context-dependent results
that are broadly relevant to current conservation concerns. Rock pools on nearby
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islands that lack the abundant gull colonies present on Appledore Island get far
less nutrient input and have fewer occupied pools and less abundant cladoceran
populations in the rock pools that are occupied (K.M. Sirianni, pers. obsv.),
which could make competition important in those systems. Thus, having shown
that coexistence is unimportant in one system does not mean that it will not be
important in similar systems, even those close by. Community structure can
change dramatically when one trophic level changes, because the number of
individuals or resource available at one level can strongly impact the other
levels (Hairston et al. 1960, Paine 1971, Hairston and Hairston 1993). Thus,
the controls on both population size and presence can change dramatically
with perturbations to top predators or primary producers. These perturbations
can be natural, such as a disease killing a top predator, but many of them are
anthropogenic in origin, such as changes in resources due to climate change
(Ciais et al. 2005, Woodward et al. 2010), fertilizer runoff, or hunting of top
predators (Estes et al. 2011). Here, the lack of competition was a result of
extraordinarily abundant food resources. In a more resource limited system,
or if resource limitations became limiting in the Appledore pools, competition
could become important, and coexistence mechanisms that have been shown to
allow some cladocerans to co-occur (Gliwicz and Wrzosek 2008) would probably
become important.
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CHAPTER 2
DIFFERENTIAL WIND DISPERSAL OF CLADOCERAN EPHIPPIA IN A
ROCK POOL METACOMMUNITY1

2.1

ABSTRACT

Dispersal connects patches within metapopulations and is crucial to the persistence of many species, particularly those living in discontinuous habitat. Rock
pools are excellent habitats in which to study dispersal in time as well as space,
because many of the organisms that live within them make resistant long-lived
dormant stages, they are often abundant, and they are easy to sample. The
rock pools on Appledore Island, Gulf of Maine, USA are home to several cladocerans, including Moina macrocopa and Daphnia pulex × pulicaria hybrids. Both
taxa exist in extremely high abundances in some pools and make diapausing
eggs enclosed in ephippia that are dispersed in time by hatching long after they
are produced, and are also known to spatially disperse via pool overflows and
by adhering to gulls. I hypothesized that ephippia of both taxa would also be
spatially dispersed by wind, and that because Moina are present in more pools,
more abundant in those pools, and produce more ephippia, more Moina than
Daphnia ephippia would disperse. In spite of these differences, however, I found
that many more Daphnia ephippia dispersed into traps placed around the island.
This may be explained, in part, by differences in the buoyancy of ephippia between the two species. A higher propensity to disperse may result in Daphnia
relying more heavily on the spatial context of rock pools than Moina.
1Published as: Sirianni, Katherine M. 2017. Differential wind dispersal of cladoceran ephippia
in a rock pool metacommunity. DOI 10.1007/s10452-016-9611-2. Copyright Springer 2017;
reprinted under terms of copyright agreement.
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2.2

INTRODUCTION

Metacommunity theory predicts that species composition in a given habitat
patch will depend on the dynamic between the environment in a given patch
and dispersal into the patch (Leibold et al. 2004). Dispersal therefore plays
an essential role in determining the distribution of species at a local scale. For
example, differences in dispersal ability between species can lead to different
distributions of the taxa within a metacommunity (Elzinga et al. 2007, Amarasekare 2008). Dispersal is often thought of as a spatial process, but temporal
dispersal is common as well (Venable and Lawlor 1980, Hairston and Cáceres
1996; Hairston et al. 1996; Hairston and Kearns 2002, Angert et al. 2009). Spatial
dispersal occurs when organisms move among habitat patches, while temporal
dispersal occurs when organisms enter dormancy or create dormant propagules
that later emerge. Within a single species, temporal and spatial dispersal can
allow individuals to escape predators, parasites, and competitive exclusion as
well as poor environmental conditions. Additionally, these categories of dispersal together allow a species to recolonize communities in which the active
population has gone extinct. Differences in the amount of dispersal and the balance between spatial and temporal dispersal among species may lead to different
distributions across a metacommunity. While important, however, dispersal is
often difficult to study due to the large distances that may be involved and the
randomness but potential importance of rare dispersal events (Southwood and
Henderson, 2000).
Temporal dispersal of freshwater zooplankton is widely acknowledged to
be important for both their ecology and evolution by allowing them to escape
predators and seasonal changes (Miner et al. 2012). Many species of freshwater
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zooplankton make diapausing eggs, a propagule encased in a durable shell that
can remain dormant for an extended period of time before responding to an
external cue to hatch (De Stasio 1989, 1990; Hairston and Cáceres 1996; Hairston
1998). These propagules build up in the sediment over time, creating an egg bank
(Hairston and Kearns 2002; Gyllstrom and Hansson 2004). In addition to being
able to disperse in time, diapausing eggs can disperse between water bodies by
wind, water, or animal mediated transport (Havel and Shurin 2004). Studies of
passive dispersal in freshwater zooplankton, however, have reached conflicting
conclusions about the importance and scale of spatial dispersal of diapausing
eggs or the active zooplankton life stage (Bilton et al. 2001; Bohonak and Jenkins
2003). Studies of freshwater zooplankton in some groups of pools and ponds
(Cohen and Shurin 2003; Vanschoenwinkel et al. 2008 a,b; (Allen 2007; Cáceres
and Soluk 2002) and studies of rapid invasion events (Havel et al. 2000; Louette
and De Meester 2004, 2005; Mergeay et al. 2006) have suggested that spatial
dispersal rates can be high. In contrast, studies in other localities with groups
of ponds have found low rates of spatial dispersal (Jenkins and Buikema 1998;
Juračka et al. 2015). One cause of these distinct results may be differences in
the isolation of the ponds studied from other water bodies (Cohen and Shurin
2003). Many studies have also concluded that, after a colonization event, further
dispersal into a water body by the same species may be unimportant due to
“monopolization” of the site by descendants of the initial colonizer (Boileau et
al. 1992; De Meester et al. 2002; Ventura et al. 2014). If dispersal into patches that
have active populations does not result in gene flow, the importance of dispersal
events likely depends on the frequency of ‘catastrophes’ – sudden events in
which all life stages apart from diapausing eggs are killed (Hairston et al. 1985)
– in relation to dispersal events (e.g. classic metapopulation models, Levins
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and Culver 1971), because dispersers will be inhibited by priority effects less
frequently if catastrophes are common. Catastrophes, for example those due
to fluctuating environmental conditions, may occur more frequently for some
species than others depending on the ability of each to deal with changing biotic
or abiotic conditions.
Groups of freshwater pools occur on rocky outcrops worldwide (Joque et al.
2010), and because these small waterbodies are often numerous, have discrete
boundaries, and can be easily sampled, they are useful for studying dispersal and how it influences metapopulation dynamics. Rock pools are a harsh
and dynamic environment prone to drying events and sudden fluctuations in
abiotic factors (Joque et al. 2010), and active populations can be reestablished
by diapausing eggs (Brendonck et al. 2010; Pajunen and Pajunen 2003). Both
zooplankton diapausing eggs and active stages can passively disperse between
pools via overflow events (Hulsmans et al. 2007; Pellowe-Wagstaff and Simonis
2014) and by adhering to birds or other vertebrates (Frisch et al. 2007; Vanschoenwinkel et al. 2008b; Simonis and Ellis 2014), or by wind (Brendonck and
Riddoch 1999; Vanschoenwinkel et al. 2008 a,b). While the diapausing eggs of
all zooplankton species are likely to disperse spatially and temporally at some
point, those of certain zooplankton may be especially suited to one mode of dispersal over others. Indeed, there are many different ephippial sizes and shapes
(Pinceel et al. 2015), and some may extend survival in harsh conditions while
others may increase spatial dispersal. Dispersal in a patchy environment may
also be more important for dynamics when catastrophes are not synchronized
across the region. The combination of temporal and spatial dispersal processes
may therefore create complex metapopulation structures for each species and
thus influence the metacommunity dynamics.
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Differential dispersal rates among freshwater zooplankton that inhabit rock
pools, and dispersal by wind in particular, have been suggested to be important
in structuring metacommunities, including Daphnia metacommunities in rock
pools in Finland (Hanski and Ranta 1983; Altermatt et al. 2008) and crustaceans inhabiting mountaintop rock pools in South Africa (Vanschoenwinkel
et al. 2008). Wind dispersal may be particularly important in these systems
because not all pools dry simultaneously and those that dry have egg banks
exposed to wind. For example, the number of rock pools that completely dried
out in a Finnish pool system increased in frequency over 24 years, which likely
led to the increase in the colonization odds and subsequent increase in pools
occupied by three Daphnia species (Altermatt et al. 2008).
Here, I examine the influence of species distribution, diapausing egg production, and phenotype on the wind dispersal of two planktonic cladoceran
taxa, Daphnia pulex × pulicaria (hereafter Daphnia) and Moina macrocopa (hereafter Moina). Each has a metapopulation structure in a system of rock pools
located on Appledore Island, in the Gulf of Maine, USA. The populations of
these species often become extremely dense, at least in part because phytoplankton densities are tremendously high due to nutrient inputs from the large
number of gulls that nest nearby. The cladoceran populations, however, also
undergo crashes in which they either persist only via dormant stages or suffer
complete extinction, and are then presumably reestablished by the diapausing
eggs present in the egg bank or via spatial dispersal from other pools. Though
both cladocerans are herbivorous grazers, they differ in that Moina is smaller but
with larger clutches, and occurs more commonly and at higher densities than
Daphnia. These differences may impact both their ability to spatially disperse
and the benefit they would receive from spatial dispersal.
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My objective in this study was to quantify the rates of spatial dispersal by
wind of each species and to determine whether this pattern corresponds with
the traits and production of their ephippia. I hypothesized that, in spite of
the fact that Moina are more common in the pools (Simonis 2013; Simonis and
Ellis 2014), Daphnia ephippia would be dispersed by wind more frequently than
Moina ephippia for several reasons. First, in this system Moina ephippia sink
after production, while Daphnia ephippia float (see Results), which may lead to
Daphnia ephippia being exposed to wind more frequently. Second, cladoceran
species with larger ephippia tend to disperse at lower wind speeds and are
blown farther distances, as recently documented by Pinceel et al. (2015) in a
laboratory wind tunnel experiment. Differences in wind and other dispersal
abilities may be particularly important because the rock pools around the island
occur in clusters (Simonis and Ellis 2014). Ultimately, dispersal differences
may influence population and metapopulation dynamics as well as life history
characteristics.

2.3

2.3.1

METHODS

Study System

Appledore Island lies within the Isles of Shoals archipelago, approximately 10
km off the coast of Maine, USA in the Atlantic Ocean, which is made up of
nine small and rocky islands. Appledore Island has a surface area of 38.5 ha,
and although vegetated in the middle, the periphery consists of many rocky
outcrops (Loder et al. 1996; Simonis 2013), with over 4000 pools 1 - 30,000 L that
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fill with rain water and provide habitat for communities of freshwater organisms
(Fowler-Billings 1959; Simonis 2013; Figs 2.1A, B). The wide range of pool sizes
means that they dry asynchronously, and many do not dry fully every year.
Together, the pools make up a large system of freshwater habitats separated
by an uninhabitable matrix made of rocks, vegetated land, and ocean (Simonis
2013). Moina and Daphnia (previous publications have reported this species as D.
pulex rather than Daphnia pulex × pulicaria, but allozyme data indicates that they
are hybrids because they are FS heterozygotes at the Ldh locus (K. Spitze pers.
comm, Hebert et al. 1989, Pfrender et al. 2000) are among the most abundant
cladocerans and planktonic grazers in the pools (other common grazers include
the cladoceran Chydorus sphaericus and the rotifer Brachionus rubens) (Simonis
and Ellis 2014; K.M. Sirianni, unpublished).
Both Moina and Daphnia on Appledore Island reproduce asexually by forming immediately developing (subitaneous) eggs in clutches of up to 60 for Moina
and 36 for Daphnia (K.M. Sirianni, unpublished). Clonal reproduction by both
M. macrocopa and D. pulex × pulicaria is interspersed with periods of production
of pairs of diapausing eggs that are encased in a protective chitinous ephippium. These ephippia result in a dormant stage that can remain viable long
after it is produced. The two eggs in each ephippium may hatch after receiving an appropriate environmental cue — although the nature of the hatching
cue for the local populations is uncertain, and hatching in response to the cue
may vary depending on environmental and genetic factors (Pinceel et al. 2013).
Moina diapausing eggs are produced sexually (D’Abramo 1980), while those of
the Daphnia hybrids on Appledore Island are likely asexual based on the fact
that males have never been observed and on allozyme data from Appledore
Daphnia populations, as are essentially all D. pulex × pulicaria populations in the
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Figure 2.1: Appledore Island, wind dispersal transects, and pool locations. A)
Bird’s eye view of Appledore Island. B) Pool locations overlaid onto the outline
of Appledore Island. Each grey circle represents a location (GPS coordinate) of
one rock pool. C) Location of traps and sampled pools around the northern part
of Appledore Island. Each trap is denoted as a black circle. The traps that caught
only Moina ephippia are denoted as “M” (2), the traps that caught only Daphnia
ephippia are denoted as “D”(6), and the trap that caught both is denoted as
“B” (1). Square points with a black outline denote pools sampled temporally in
2013 that occur on the northern part of Appledore Island (16 out of the 18 pools
sampled). Daphnia and Moina were never found in pools denoted by points with
a white background (2), Moina were found in pools with a white background
and a cross overlaid in it (11), and Daphnia and Moina were found in pools with
a grey background and a cross overlaid in it (3). B and C were created using the
ggmap package in R (Kahle and Wickham 2013).
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northeastern United States (Hebert and Finston, 2001; Cristescu et al. 2012). The
diapausing eggs produced by each species differ in several ways that may be important for dispersal. Daphnia ephippia in this system float and drift to the edge
of the pool while Moina eggs typically sink (see Results), and Daphnia ephippia
are often darkly pigmented, while Moina ephippia are usually pale. Ephippial
melanization provides protection from solar UV damage (Gerrish and Cáceres
2003; Scoville and Pfrender 2010). Daphnia ephippia have a tail spine on their
posterior margin, while Moina do not. Additionally, Daphnia ephippia are larger,
which makes an ephippium more likely to be lifted in the air in a laboratory setting (Pinceel et al. 2015). As a result of these differences, Daphnia ephippia may
be better suited for dispersal among pools because floating to the side of the
pool combined with ephippial morphology may allow an ephippium to be more
successfully dispersed by wind or to adhere to swimming gulls.

2.3.2

Mapping Pools

Rock pools are not evenly distributed on Appledore Island, which may affect
dispersal rates. In August 2013, I mapped the distribution of pools by taking
GPS coordinates of all basins filled with water as well as dry indentations in the
rock that had an accumulation of sediment, indicating that standing water had
been present in the recent past. The distances between pools were quantified
using the fossil package (Vavrek 2011) in R (R Core Development Team, 2012).
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2.3.3

Pool Dimensions

Pool surface area may influence the number of dispersers it receives simply
because larger pools are larger “targets”, while pool volume influences the likelihood that a pool will dry and that its egg bank will be exposed to the wind. Two
surveys measuring the length, width, and depth were carried out in June 2010
(107 pools) and June 2013 (72 pools). In the 2010 survey, pools were chosen to be
a representative sample of biotic and abiotic conditions (Simonis 2013). In the
2013 survey, 18 pools were chosen for temporal sampling based on location and
volume from the 2010 survey (if available), plus the three pools closest to each
of these 18. Measurements of 35 pools taken in 2010 were repeated in 2013, and
the distributions of volume of the repeated pools were compared to confirm that
there was no substantial difference in the two distributions. The distributions of
pool volumes that were repeated between the two surveys of pool dimensions in
2010 and 2013 were not statistically significantly different (Kolmogorov-Smirnov
test; p = 0.98). Therefore, in cases of repeated pool measurements, data from
June 2010 were used. Pool surface area was approximated as an ellipse, and pool
volume was calculated using the formula for a half tri-axial ellipsoid with axes
of length/2, width/2, and depth. Mean and median pool volumes were 843.5 L
and 90.2 L, respectively, and the mean and median surface areas were 14.8 m2
and 4.4 m2 . For both pool volume and surface area measurements, there were
many more small pools than large pools, such that after log transforming the
measurements the distributions were roughly normal (Fig. 2.2).
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Figure 2.2: Size frequency distributions of pools on Appledore Island. This data
is combined from two separate surveys that took place in June 2010 and June
2013. The difference in distributions of volumes and surface areas for these two
surveys was not statistically significant (Kolmogorov-Smirnov test; p=0.98). A)
Volume of rock pools (measured as half an ellipsoid). The black dashed line is
the median (90.2 L) pool size, and the black dotted line is the mean (843.5 L)
pool volume. B) Surface area of rock pools (measured as an ellipse). The black
dashed line is the median (4.4 m2 ) and the black dotted line is the mean (14.8
m2 ) pool surface area.
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2.3.4

Presence, Abundance, and Ephippial Production of Daphnia and Moina

The occurrence of Moina and Daphnia, as well as production of ephippia by these
taxa, were determined from the 72 “2013 pools” mentioned above. Sixteen of
the 18 pools measured temporally occur on the north half of Appledore Island,
where the observational wind dispersal study (see below) took place (Fig 2.1B,
C).
For each pool, a total of 250 mL of water was collected by haphazardly combining 10-25 mL samples of water from various depths and places in the pool
with a large bulb-pipette (Simonis 2013) every 6-8 days between May 13 and
August 9, 2013, for a total of 12-13 sampling times. All samples were counted
live under a stereo-dissecting microscope immediately after collection, and the
first 30 individuals encountered of each species were examined for subitaneous
eggs and ephippia. All samples were then preserved, and species abundance
was determined at every sampling point for all pools in which females of either
taxa were carrying ephippia at any sampling point, for a total of 12 pools. I estimated the number of females carrying ephippia for each species on each date
by multiplying the number of females of each species in a pool by the proportion of females carrying ephippia in that pool. While my sampling dates were
approximately one week apart, Daphnia females typically carry ephippia for two
days (K.M. Sirianni and E.R. Dietz, unpublished data); for the present purposes,
I assumed that Moina also carry ephippia for two days. Because the sampling intervals were longer than the assumed carrying time, it was necessary to account
for production of multiple clutches during each sampling interval. Additionally,
for a more accurate estimate of ephippia production, I included mortality rate
57

in my model. Mortality rates were estimated using the Edmondson-Paloheimo
egg ratio method (Paloheimo 1974), by calculating the instantaneous population
growth rate, r, over each sampling interval, and averaging the instantaneous
population birth rate, b (based on subitaneous eggs per female), at the start and
end of the sampling interval (K.M. Sirianni, unpublished data). I then took the
difference between b and r to get the average instantaneous population death
rate, d, over the sampling interval (K.M. Sirianni, unpublished data). I assumed
that the overall female death rate of non-ephippium carrying individuals was
equal to the death rate of ephippium-carrying individuals.
The rate at which ephippia are produced, P, per day t is a function of both
the appearance of ephippia in a population per day, β t , and the per capita death
rate per day, d t , at which females carrying ephippia die before the ephippia are
released:
Pt  β t xe τdt ,

(2.1)

where e 2dt is an exponentially decreasing function of d t and the length of time,
t that females carry ephippia (here assumed to be 2 days). β t is difficult to
measure directly in the field, but the number of females carrying ephippia, Nt ,
on any day t is a function of the number of ephippia that appear during the time
period t to t − τ (because any ephippia produced before time t − τ would no
longer be carried by day t), and the death rate of females that carried ephippia
in the same interval:
Nt 

∫

2

B(t − τ)e −

∫t
t−τ

d(s)ds

dτ.

(2.2)

0

Solving for β t gives
β t  Nt ×

dt
1 − e −2dt

(2.3)

Because I have measurements of both N and i at some time points, β t can be
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substituted into equation 2.1 to obtain an estimate of ephippial production over
a sampling interval:
Pt  N t ×

e −2dt × d t
,
1 − e −2dt

(2.4)

Since I sampled approximately once per week, but this equation estimates ephippial production per day, to use equation 2.4 I calculated the number of females for
a given sampling interval as the average of females carrying ephippia N at sampling point i and the number of females carrying ephippia at the next sampling
point, Ni+1 . I used the average number of individuals carrying ephippia and the
average death rate during a time interval to calculate ephippia production for
each day during the sampling interval.
On June 21-24, 2013 the three pools nearest to each of the 18 pools sampled
in this study were also sampled for presence or absence of Moina and Daphnia,
using the same techniques as above. These samples were not counted live and
were instead scanned for presence or absence of each species post-preservation.
These data, along with the occurrence data from the sampling date of the 18
regularly sampled pools immediately prior to this survey (June 18-June 20),
were used to determine the percentage of pools with and without Moina and
Daphnia.

2.3.5

Egg Bouyancy Experiment

Daphnia ephippia are frequently observed to be floating on the surface of pools
whereas those of Moina are not (K.M. Sirianni, pers. obs.). To quantify this
difference, I collected live adult Moina and Daphnia that were already forming
ephippia and isolated them in individual 12-well plates in 3 mL water from the
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pools from which they were collected. I collected 36 Moina from each of two
pools, and 36 Daphnia from each of two other pools. One of the pools from
which I obtained Daphnia also had Moina that were forming ephippia so there I
collected an additional 21 Moina resulting in a total of 93 Moina and 72 Daphnia.
Once isolated, each individual was monitored and fed algae from a pool with
dense phytoplankton (mostly Scenedesmus spp.) every 24 hours ad libitum. Once
an ephippium had been released from the brood pouch, it was recorded as
sinking or floating. The experiment was terminated once each individual had
released its ephippium or had died. Moina that released empty ephippial cases
or died before releasing an ephippium were not included in statistical analysis.

2.3.6

Quantifying wind dispersal

Previous approaches for determining wind dispersal of ephippia have used
either sticky traps placed on rock surfaces (Brendonck and Riddoch 1999; Vanschoenwinkel et al. 2008a) or wind socks positioned above the ground (Vanschoenwinkel et al. 2008a, b). Each of these methods has drawbacks that make
it less than ideal for use on Appledore Island. Sticky traps, though they can
be placed directly on the rock surface, quickly fill up with flying insects (K.M.
Sirianni, pers. obvs.), rendering them ineffective especially for quantitative measures of aquatic zooplankton dispersal over long periods of time. Although wind
socks are able to sample for extended periods of time, they catch ephippia that
have been lifted by the wind to the height of the sock, which is limiting when
the goal is to determine where ephippia land (i.e., pools in the rock surface).
Additionally, wind socks catch only eggs moving in the same direction that the
wind is blowing, but turbulence at the rock surface may prevent the eggs from
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closely tracking wind direction. Since my goal was to determine how frequently
ephippia may fall into the pools, I instead constructed water-based wind dispersal traps to catch ephippia that were either being blown along the rock surface
or landing on it.

2.3.7

Trap Construction

I constructed 55 wind dispersal traps, which where shallow rectangular plastic
tubs 5.7 cm high × 27.6 cm wide × 53.9 cm long with a slight turned under edge
on all sides. I drilled a hole in each corner of the tub and attached a 20 cm ramp,
made from exteriorly smooth (internally corrugated) plastic sheeting. The free
end of the ramp rested on the surface of the rock and went up to the top edge
of the trap, where it was attached (Fig. 2.3). These ramps were implemented to
increase the chance that ephippia tumbling along the rock surface made it into
the water in the tub, because rather than falling against its base, they could be
propelled up the ramp and into the trap. To keep the traps from blowing away,
I attached an elongate sandbag (0.25 kg) to the exterior edge of each ramp. The
elongate sandbags were tucked under the ramps so as not to interfere with eggs
moving up them. After positioning the traps on the rock surface I filled them
with 2 L of water. The water made it less likely that, once an ephippium landed
in the trap, it would be blown away before the trap was sampled, and further
weighed the traps down. Finally, to keep birds from stepping into the traps,
each was covered with 2.54 × 2.54 cm mesh chicken wire.
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Figure 2.3: Wind dispersal trap.

2.3.8

Observational Design and Trap Sampling

The goal of this experiment was to determine whether or not Moina and Daphnia
ephippia are dispersed by wind, and if so at what rates and which factors
influence it. To increase the chances of catching ephippia and to get good
coverage of the island, I placed the traps in transects separated by 50 m around
the northern half of the Appledore Island (Fig. 2.1C). Each transect consisted of
a trap every 10 m on the rock surface from the high-tide line to the terrestrial
vegetation line (visible in Fig. 2.1A). The distance between the tideline and
where vegetation begins is not consistent around the island, so the number of
traps in a transect ranged between one and six (mean = 2.4). A total of 55 traps
were deployed for 12 days each from June 14 to June 26, 2014 and were sampled
every four days. No rain fell during the course of the experiment so I added
water to the traps as needed to compensate for evaporation, and on average of
88% (6%) of the traps contained water at each sampling point. Only a single
trap blew away during the course of the experiment, for a total of 54 remaining
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traps. The GPS location and distance to the vegetation line was noted for each
trap. I used the data collected from mapping pools to determine the distance
from each trap to its closest neighboring pool and the number of pools within 5
meters using the fossil package in R (Vavrek, 2011).
To sample the traps I poured the water through a 30 µm mesh and rinsed the
filtrate into a bottle for later enumeration of ephippia. I then thoroughly wiped
the emptied trap with a paper towel that I placed into an empty scintillation vial.
In the lab, the paper towels and vials were rinsed into a beaker and any ephippia
were enumerated. Wind data were obtained from a NOAA weather station
2.4 km to the southeast of Appledore Island which records wind direction and
speed continuously, and compiles the data every 10 minutes. These data were
used to determine the dominant wind direction and average wind speed (m/s)
for the duration of the experiment.

2.3.9

Statistical Methods

I performed a two-sample test for equality of proportions in order to determine
whether a greater proportion of Daphnia ephippia floated than those of Moina.
To determine whether the ephippia caught in traps were clustered spatially, I
performed a Moran’s I test. I also performed a non-parametric rank Whitney Utest to determine whether Daphnia and Moina disperse at different rates. Using
a non-parametric test allowed me to use outlying data points but avoid the effect
of skewing the statistical outcome of the test.
To determine the factors influencing Daphnia dispersal I fit a generalized
linear mixed-effects model in two parts, using the Hurdle Method (Zuur et
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al. 2009). An insufficient number of Moina ephippia were found in the traps
(which is itself noteworthy, see below) to permit creation of a statistical model of
dispersal. The factors I analyzed for Daphnia dispersal were the number of pools
within five meters of a trap, the number of pools within five meters of a trap that
lay within 45◦ of the dominant wind direction during the study, and the distance
to vegetation as fixed effects, and transect as a random effect. Transect was
included in all models. The Hurdle Method is a two-part approach to handling
count data, where in the first step all data are included in a presence/absence
model, followed by a second step in which only the count data for presences are
modeled. This approach permitted me to first test which factors were important
in determining whether a trap or transect had any ephippia at all by using
a binomial distribution on presence/absence data, and second to test which
factors were related to how many ephippia were found in traps in transects where
Daphnia ephippia were observed using a Poisson distribution on count data. I
used a generalized linear mixed-effects model for each of these steps (Bates et al.
2015). The results of these models were compared using the Akaike Information
Criterion, which employs maximum likelihood scores while penalizing models
for each parameter they include (Burnham and Anderson 2002). All analyses
were carried out in the statistical language R (R Development Core Team 2012).
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2.4

2.4.1

RESULTS

Pool Mapping and Proximity to Traps

I recorded 4752 rock pools around the periphery of Appledore Island above the
elevation reached by the highest tides (Fig. 2.1B). Of these, approximately 700
were dry during the August 2013 survey, though due to the buildup of sediment
it was clear they had contained water previously. The average distance between
a pool and its closest neighbor was 0.87 m (median distance = 0.54 m). The
average number of pools within 5 m of each trap was 8.5 (sd = 7.2; median= 7),
and the total number of pools within 5 m of all traps was 476.

2.4.2

Presence, Abundance, and Ephippial Production of Daphnia and Moina

Moina occurred in 16 of the 18 pools sampled on one or more dates, while Daphnia
were recorded in 4 pools on one or more dates. Of the 12 pools for which all
sampling points were counted (which includes all the pools in which Daphnia
were found), the mean density of Moina was 430 individuals/L on all dates
(range of mean density in each pool =20-1000 individuals/L) and the maximum
number of individuals found at a given timepoint was 7040 individuals/L. This
was much higher than the mean density of Daphnia of 45 individuals/L (range
of mean density in each pool= 0-350 individuals/L) and the maximum number
of individuals found at a given timepoint of 1716 individuals/L for Daphnia. If
only the four pools that contained Daphnia on at least one date are considered,
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the mean Daphnia abundance was 140 (range of mean densities in each pool
= 1- 350). This is consistent with what Simonis (2013) found in summer 2008.
Other abundant zooplankters were Brachionus rubens, which were present in
all counted pools at a minimum of two timepoints and reached a maximum
density of 1.3 × 105 individuals/L, Acanthocyclops vernalis, which varied from
never being present in a pool to a maximum density of 4608 individuals/L, and
Chydorus sphaeicus, which varied from never being present in a to a maximum
density of 1248 individuals/L.
The total number of females estimated to have been carrying ephippia over
all sampling dates and pools was 3.1 × 106 for Moina and 3.5 × 105 for Daphnia.
The percent females carrying ephippia in a particular pool at a particular time
varied from zero in both species to 56% in Moina and 50% in Daphnia. The overall
percentage of females carrying ephippia at the observed timepoints was 0.12%
for Moina and 0.73% for Daphnia. The estimated number of Moina ephippia
produced in each pool varied dramatically, from zero to 1.4 × 106 (mean= 1.7 ×
105; median= 2085; ephippia in 9 of 12 pools). The estimated number of Daphnia
ephippia also varied between pools, from zero to 1.5 × 105 (mean= 2.0 × 104;
median= 0; ephippia in 3 of 4 pools) for Daphnia.
In the June 2013 presence/absence survey, Moina occurred in 51 (70.8%) of
the 72 pools, while Daphnia occurred in only 6 (8.3%) of the 72 pools.

2.4.3

Egg Bouyancy

Although all Daphnia and Moina were carrying ephippia when I collected them
from the field, only 65 of the 93 Moina released ephippia that contained eggs
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while all 72 Daphnia released ephippia that contained eggs. Of these, all Moina
ephippia sank to the bottom of the culture well, whereas 67 Daphnia ephippia
floated and 5 sank (difference between species significant: χ 2 = 114.69, df = 1, p
 0.0001).

2.4.4

Wind Dispersal

The average wind speed during the period that the traps were monitored was
4.4 m/s (range 1 to 11 m/s), and the dominant wind direction was from the
south (Fig. 2.4).
Diapausing eggs were captured in nine of the 54 wind dispersal traps;
Daphnia in seven traps and Moina in three (Table 2.1, Fig. 2.1C). In total, I
found 75 Daphnia and 3 Moina ephippia. Interestingly, 59 of the 75 Daphnia
ephippia were found in a single trap on a single sample date, and this outlier
was taken into account during data analysis by using nonparametric methods or
excluding or reducing the outlier, as noted below. However, of the seven traps
that caught Daphnia ephippia, four had ephippia on more than one sampling
point, suggesting some consistency in wind dispersal even at this relatively short
time scale.
There was a lack of spatial clustering of Daphnia ephippia caught in traps
(Moran’s I test, p=0.71; perhaps due to the relatively low proportion of traps that
caught ephippia). Daphnia ephippia were found significantly more often than
Moina ephippia (nonparametric Mann-Whitney U-test for all dates of the nine
traps that caught eggs; U=493.5, p=0.004). Overall, Daphnia ephippia dispersed
into the traps at a rate of 0.02 ephippia trap−1 day−1 , or 0.16 ephippia m−2 day−1
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Trap
A
A
A
B
B
B
C
C
C
D
D
D
E
E
E
F
F
F
G
G
G
H
H
H
I
I
I

Sampling Date
6/18/14
6/21/14
6/25/14
6/18/14
6/21/14
6/25/14
6/18/14
6/21/14
6/25/14
6/18/14
6/21/14
6/25/14
6/19/14
6/22/14
6/26/14
6/19/14
6/22/14
6/26/14
6/19/14
6/22/14
6/26/14
6/19/14
6/22/14
6/26/14
6/19/14
6/22/14
6/26/14

Number of Daphnia caught
2
3
0
2
0
1
0
0
0
0
0
1
1
2
59
0
1
0
1
0
0
1
0
1
0
0
0

Number of Moina caught
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
1
0
0
0
0
0
0
0
0
1
Trap status
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Water
Dry
Dry
Water
Water
Dry
Water
Water
Water
Dry
Water
Dry
Water
Dry
Water
Water

Table 2.1: Presence and absence of Moina and Daphnia on Appledore Island. Trap status indicates whether or not the trap
contained water. All traps were wiped with paper towel on each sampling date, regardless of their status

60%
50%

N
40%
30%
20%
10%

W

E

S

0 to 3 3 to 6 6 to 9 9 to 11
(m s−1)

Figure 2.4: Wind rose from June 14 through June 26, 2014. This diagram can
be read as a directional histogram, with each colored segment indicating the
percentage of time throughout the experiment that wind was blowing in a
particular direction in a particular range of speeds. Wind most commonly blew
from south to north.
(excluding outlier), or up to 0.76 ephippia m−2 day−1 (including outlier). Moina
dispersed into the traps at a rate of 0.004 ephippia trap−1 day−1 , or 0.03 ephippia
m−2 day−1 . One of the traps that contained a Daphnia diapausing egg was
located on a rocky beach, showing, at least for Daphnia, that wind dispersal can
occur between pool clusters and that the eggs are fully lifted into the air during
dispersal.
Both a greater number of pools within a five meter radius of a trap and
closer trap proximity to vegetation are positively correlated with the presence
of Daphnia ephippia in a trap. The best fitting generalized linear mixed effects
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model included the total number of pools within five meters of a trap and
the distance to vegetation. Because the dominant wind direction during the
experiment was directly from the south, the number of pools within the southern
five meter quadrant (135◦ to 225◦ ) was included as a factor in the model, but in
the end it was not a component of the best fit model, either separately or as an
interaction effect (Table 2.2). Several other models have ∆AIC scores less than 2,
indicating that they also have a very good fit, but removing the number of pools
within a five meter radius of a trap from the model results in a much worse fit
in every instance, indicating that it is the most important parameter.
The best fitting model for the count data from traps located in transects that
had dispersing ephippia included all parameters and their interactions (Table
2.2). However, this model is significantly under-dispersed (the variance is lower
than expected based on the Poisson distribution), which may indicate that the
model is either over-fitted or heavily influenced by an outlier. It is unlikely to
be over-fitted because the model with the most parameters is markedly better
than other models (Table 2.2), but as noted above, the outlier is a single trap
that had many more ephippia than any of the others. To determine whether
this trap played a significant role in determining which model was best, I fit
the same models to the data, but replaced the ephippia count of the outlier (59
ephippia) with the next highest count (5 ephippia). That way, the information
about the trap was still included but it was no longer an outlier. Rerunning this
analysis showed that the model with all parameters and interactions was still
much better than the other models (Table 2.2). As in the model of presence or
absence of ephippia, a greater number of pools within a five meter radius of a
trap was correlated with more ephippia. In contrast to the model of presence
and absence of ephippia, however, closer proximity to vegetation was negatively
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Presence/absence
Presence/absence
Presence/absence
Presence/absence
Presence/absence
Presence/absence
With outlier
With outlier
With outlier
With outlier
With outlier
With outlier
Outlier changed
Outlier changed
Outlier changed
Outlier changed
Outlier changed
Outlier changed

Model Type

×
×
×
×
×
×
×
×
×

Parameters
5m
South
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×
×

×
×
×

×
×
×
×
×

×
×
×

×
×

Veg

×
×
×
×

×

×

×

Parameter interactions
5 m * South

×
×
×

×

×

×

5 m * Veg

×

×
×

South * Veg

Model results
AIC
∆AIC
40.51
1.95
42.08
3.52
38.56
0
39.97
1.41
39.56
1
40.15
1.59
154.8
128.91
111.8
85.91
158.9
133.01
66.14
40.25
89.12
63.23
25.89
0
31.13
4.67
32.23
6.12
29.14
5.77
29.14
2.68
26.46
0
29.14
2.68

Table 2.2: The top 6 models from each analysis are presented. Transect was a random effect and included in all models. "5
m" signifies the number of pools within a 5-m radius of a trap, “South” signifies the number of pools within the southern
5 m quadrant of a trap, which was the dominant wind direction, and “Veg” signifies the distance of a trap from the
vegetation line. An asterisk represents an interaction between parameters. The model type presence/absence means that
only whether or not ephippia were found in a trap was included in the model. For all other models, the count data were
used, but for the “outlier changed” models the outlier was changed from 79 ephippia to the next highest value of 5, as
described in text. Changing the outlier did not change which model fit the data best.

correlated with finding more ephippia. The number of pools in the southern five
meter quadrant was positively correlated with the number of ephippia found
in the traps when the outlier was included, but negatively correlated with the
number of ephippia when the outlier was replaced.

2.5

DISCUSSION

The diapausing eggs of both Daphnia and Moina are dispersed by wind, but
in this study significantly more Daphnia than Moina ephippia dispersed. Both
of these taxa make ephippia, but on Appledore Island Moina occurs in many
more rock pools than Daphnia (Simonis 2013; Simonis and Ellis 2014; this study,
Table 2.3). Furthermore, Moina produced an estimated 3.1 × 106 ephippia in 18
pools sampled over three summer months in 2013, nearly ten times the 3.5 × 105
ephippia Daphnia is estimated to have produced. Many of these ephippia were
produced in pools less than 20 meters from where the nearest trap was placed
during this 2014 study (Fig. 2.1C). The difference in dispersal rates between
Daphnia and Moina may therefore result from several important phenotypic
differences between their ephippia: Daphnia ephippia tend to float on the surface
of pools, while Moina ephippia tend to sink to the bottom. Daphnia ephippia
are also larger, and Pinceel et al. (2015) found that ephippial size is positively
correlated in lab experiments with likelihood of being dispersed by wind. The
fact that Daphnia ephippia were found in traps significantly more often in spite
of their lower presence, abundance, and production of ephippia suggests that
Daphnia ephippia are more effectively dispersed by wind (Fig. 2.5).
The total number of pools within 5 m of all the traps was 476, and each
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Number
of
pools
sampled
87
90
72

Year

June 2008
June 2011
June 2013

81.7
42.4
70.8

% Pools
containing
Moina

10.3
22.2
8.3

% Pools
containing
Daphnia

Simonis 2013
Simonis and Ellis 2014
This study

Citation

Table 2.3: Presence and absence of Moina and Daphnia on Appledore Island

A

B

D aph ni a

C

D

E

0.6
0.4
0.0

0.2

Proportion

0.8

1.0

M oi na

Pools
present

Average Ephippia
abundance produced

Floating
ephippia

Ephippia
caught

Figure 2.5: Summary of wind dispersal results. A) The proportion of pools
containing each cladoceran during the June 2013 survey of 72 pools. B) The
proportion of the estimated total abundance (based on pool volume and density
counts from the 12 counted pools) of Moina and Daphnia that each species made
up. C) The proportion of the total estimated number of ephippia produced
throughout the temporal sampling period in all 18 pools by each species. D)
The proportion of the ephippia of each species that floated upon release from
the mother during the egg buoyancy experiment. E) The proportion of the total
number of ephippia caught that belonged to each species. Note that sections A
and D do not add up to 1, but sections B, C, and E do.
trap had an average of 8.5 pools within 5 m. Based on the 2013 estimate of pool
occupancy by each species 337 of the pools within 5 m of the traps would have
been expected to contain Moina, whereas only 40 would have been expected
to contain Daphnia. Combined, the large number of pools close to the traps
in this study and the higher number of pools expected to contain Moina make
it highly unlikely that the study would have been biased towards capturing
Daphnia ephippia unless they disperse more frequently.
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Exposure of diapausing eggs to wind dispersal is increased by rock pool
drying (Altermatt et al. 2008; Vanschoenwinkel et al. 2008b; Altermatt and
Ebert 2010), but it is unlikely that the difference in dispersal between Moina and
Daphnia I observed was due to the water level in the pools. There was no rain
throughout the period of the experiment, so water level was relatively low and
some pools dried out. Low dispersal rates for Moina ephippia are therefore
unlikely to be due to a lack of exposure of their sinking ephippia. A more likely
possibility is that when Moina ephippia sink they are covered by or encrusted
in the bottom sediment, largely preventing them from being entrained by wind
even when the rock pools dry out. The sediment in these pools is fairly thick,
due to the large sedimentation rate of algae whose growth is stimulated by the
influx of guano from nesting birds on the island. In contrast, Daphnia ephippia
that float and subsequently drift to the side of the pool would not become bound
to the sediment at the bottom of the pool and would be exposed to wind more
frequently. The floating and sinking phenotype of ephippia can sometimes
change, either when ephippia dry and subsequently experience an inundation
(Pinceel et al. 2013), or when they detach from the surface of a water body and
sink (Ślusarczyk et al. 2015). However, since these pools are quite small (Fig.
2.2), ephippia that float initially are likely to drift to, and stick on, the side of
a pool before they detach from the surface tension, in contrast to ephippia that
sink initially and fall to the bottom of the pool, where they may be covered in
sediment. Thus, ephippia that float upon release seem to be much more likely
to disperse by wind in this system.
During this study, wind dispersal of Daphnia ephippia on Appledore Island
occurred at very high rates in some parts of the island, but not others. Only 4
transects had any ephippia in them, suggesting that wind dispersal might be
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localized in space or time, although the Moran’s I test was not significant. If
wind dispersal is localized, it may occur most frequently within pool clusters,
i.e., groups of pools separated from other pool groups by rocky beaches. The
median distance between pools on Appledore Island is 0.54 m, so the likelihood
of successful local dispersal is high. Indeed, the trap that caught the most
ephippia (62 in total) was very close to a pool that contained many Daphnia
carrying ephippia (K. M. Sirianni, pers. obs.). Dispersal into traps occurred
between 0.35 m and 5.2 m from the nearest pool, although it may have been
farther to the nearest pool that contained either Daphnia or Moina. The trap
that was 5.2 m from the nearest pool was located on a rocky beach, however,
suggesting that dispersal between clusters also occurs.
Daphnia presence or absence in a trap, as well as overall number of ephippia
found, was most strongly and consistently influenced by an increasing number
of rock pools within 5 m of a trap. A higher number of pools close to a trap
likely increases the probability that some of those pools contain ephippia. The
influence of distance to vegetation and the number of pools in the southern five
meter quadrant were less consistent. A greater distance between a trap and the
nearest vegetation was positively correlated with finding ephippia in the traps,
but negatively correlated with the number of ephippia in the traps in transects
where ephippia were found. Too few Moina ephippia were found in traps to
infer anything about how their dispersal rates were affected by trap placement.
Pool size distribution may play a role in spatial dispersal dynamics. Based
on the pool survey, the largest rock pool on the island had a surface area of
315.5 m2 and the smallest had a surface area of 0.14 m2 , so under the simplistic
assumption that individual propagules arrive proportionally to the surface area
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of a pool the probability of dispersal to the largest pool by wind is 239 times
the probability of arrival into the smallest pool. However, because there are
many more small pools than large pools, small pools (surface area < 50 m2 )
are expected to get a much larger proportion of the total dispersing ephippia.
Previous studies have shown that D. magna produce higher densities of ephippia
when they are in small pools (Altermatt and Ebert 2008) and suggested that the
majority of ephippia that wind disperse are likely to come from small pools
(Altermatt and Ebert 2010). If a given ephippium is more likely to land in
smaller pools, it may mean that dispersing is best as a strategy for species that
are better adapted to living in smaller pools. Daphnia pulicaria populations and
genotypes vary in the proportion of diapausing eggs they make that sink or float
(Cáceres et al. 2007) which may be determined by the molting behavior of the
mother (Ślusarczyk and Pietrzak 2008), but on Appledore Island, my laboratory
data and field observations show that the great majority of the ephippia of D.
pulex × pulicaria float, which suggests it may be an adaptive strategy for spatial
dispersal in this highly dynamic system of pools.
In spite of the fact that Daphnia ephippia dispersed more during this study,
Daphnia occurs in far fewer pools on Appledore Island than does Moina (Table
2.3, and Simonis 2013; Simonis and Ellis 2014). This seems paradoxical, but
given the number of Moina ephippia produced, it may be that while Daphnia
disperses better spatially, Moina disperses better temporally via diapausing eggs
and by this method avoids going extinct. Theoretical studies have suggested that
populations with prolonged dormancy should have reduced spatial dispersal
in patchy environments (Levin et al. 1984). However, this is dependent on
the relative success rates of both dormancy and dispersal, with optimal spatial
dispersal decreasing as dormancy success increases (Levin et al. 1984). It may be
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that Daphnia and Moina have adopted distinct bet-hedging strategies positioned
on different parts of the tradeoff curve in this system. If this were the case,
in addition to Daphnia sampling diverse habitat patches (pools) by dispersal,
Moina or their ephippia might be expected to be more resistant than Daphnia
or their ephippia to harsh environmental conditions in the pools. This could
be accomplished by the active stage or ephippial stage of Moina being more
tolerant to the changing abiotic conditions in the pools, or by Moina individuals
being more staggered in their emergence from the egg bank, thus sampling
particular pool conditions at different times. Overall, the observed dispersal
difference suggests that metapopulation structure may be much more important
for Daphnia persistence than it is for Moina.
Wind-, overflow-, and bird-dispersal all contribute to movement of Daphnia
and Moina ephippia among pools on Appledore Island. These three modes of
movement may interact to promote dispersal, particularly since each is likely
to function most effectively under different conditions. Rainfall events caused
overflows on average every 20 days on Appledore during the summers of 20102011 (Pellowe-Wagstaff and Simonis 2014), and when these events occurred
they caused dramatic changes in pool community structure. However, these
events only occur between pools connected by rivulets of flowing water at a
small spatial scale, and are typically unidirectional. When overflows occur,
however, they may move sediment and expose ephippia that could then be wind
dispersed. Dispersal by birds is necessarily seasonal because gulls are migratory
and are only present on the island from March-September, and reside in breeding
colonies near the pools from June to August (Ellis and Good 2006). Gull dispersal
is also variable around the island, because the gull densities are high within the
colonies on Appledore and much sparser elsewhere (Simonis and Ellis 2014).
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Juvenile gulls, which are most likely to enter and leave pools where ephippia or
live stages of zooplankton can adhere to their feathers are also unlikely to cross
large rock beaches and are unable to cross rock chasms. However, they may
drag the ephippia onto the rock surface, from which they could then be wind
dispersed. On its own, wind dispersal is likely most important after periods of
drying, when the floating ephippia that have drifted to the edges of the pool
are exposed, and when small rock pools dry up and their sediment and egg
banks are exposed. Therefore, while each dispersal mode may on its own occur
entirely or most frequently at local scales, their combination may make it more
likely for dispersing eggs to traverse the entire island in a step-wise fashion.
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CHAPTER 3
CONNECTING POPULATIONS IN TIME AND SPACE: PRODUCTION
AND HATCHING OF CLADOCERAN EPHIPPIAL EGGS IN ISLAND
ROCK POOL METAPOPULATIONS

3.1

ABSTRACT

Organisms are able to persist because of life cycle characteristics that allow them
to deal with inhospitable environments. However, organisms with similar life
cycles may use different strategies to persist, even when they live in similar environments. Moina macrocopa and Daphnia pulex × pulicaria are similar cladoceran
zooplankton species that use dormant propagules to survive inhospitable conditions in the freshwater rock pools they inhabit on the periphery of Appledore
Island, Maine, USA. Previous work on Moina and Daphnia has shown that these
species have different island-wide distributions, as a result of different the environmental constraints that each species experiences. Moina has a population
boom in the spring, followed by a population bust in the summer that is apparently caused by a fungal pathogen. Daphnia is not temporally constrained in
a predictable manner, but is more susceptible to environmental fluctuations in
these pools, especially those caused by changes in salinity. Here, I used field
observations of both cladoceran species over multiple years to understand how
each species uses dormant propagules to persist in these harsh environments. I
predicted that, even though both species need to be able to survive through unpredictable and catastrophic changes by producing and hatching from dormant
propagules, Moina would do this at a consistent time before the catastrophe every year because the onset of harsh conditions it experiences are predictable. In
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contrast, I predicted that Daphnia dormant propagules would both be produced
and hatch continuously because the catastrophes it faces are unpredictable. I
found that these zooplankton have different patterns of production of, and emergence from, dormant propagules, even though they live in similar environments,
share resources and predators, and have similar life cycles. Further, these patterns partially coincide with the way the populations of each species experience
environmental constraints.

3.2

INTRODUCTION

For populations to persist, individual organisms must deal with harsh, uninhabitable periods by ensuring that either they or some of their offspring survive to
reach a hospitable environment. Similar, closely related species may deal with
this variability in different ways, even when they live in the same habitat. Organisms that passively disperse often produce propagules as dormant embryos,
seeds, or cysts, because dormant propagules allow passive dispersal in time,
space, or both (Cohen 1966, Ellner 1985). Dormant propagules are ubiquitous in
a wide diversity of both aquatic and terrestrial organisms (Hairston et al. 1996).
Dispersal in time and space by dormant propagules, and the impact this
has on population persistence, is challenging to study because these propagules
can remain dormant for long periods of time and are difficult to track. In spite of
this problem, freshwater ecologists have made great strides in understanding the
emergence of freshwater invertebrates from diapause (Cáceres 1998), and how
it is affected by the environment. Freshwater plankton can initiate either the
production of or hatching from these dormant propagules in response to direct
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cues of a deteriorating environment, such as density of conspecifics (De Stasio
2004, Carvalho and Hughes 1983, Banta 1939), presence of predators (Pĳanowska
and Stolpe 1996; Rengefors et al. 1998), or low food availability (D’Abramo 1980,
Carvalho and Hughes 1983, Banta 1939). Others use a token seasonal cue such
as day length (Carvalho and Hughes 1983), photoperiod (Stross and Hill 1968,
Cáceres 1998), or a combination of photoperiod and temperature (Hairston and
Kearns 1995).
Patterns of reproduction can depend on whether or not there is a predictable
‘catastrophe’ date—an environmental occurrence that causes mass mortality in
the focal organism (Taylor 1980, Hairston and Munns 1984), such as onset of winter (Taber and Taber 1987) or mass predation by fish (Hairston and Munns 1984).
When catastrophic events are perfectly predictable, organisms should begin to
produce dormant propagules one generation time before the catastrophe (Taylor
1980). This strategy will both optimize their reproduction, by allowing them to
reproduce as much as possible, while also allowing them to produce dormant
eggs prior to the catastrophe. When catastrophes are not predictable, however,
sampling the environment by either producing dormant eggs or emerging from
them at different times may be the best option, because it allows organisms to
spread risk over time. This process is a type of bet-hedging, where geometric mean fitness is increased by reducing the variance in fitness (Cohen 1966,
Philippi and Seger 1989).
Ultimately, the patterns by which taxa either produce dormant propagules
or emerge from dormancy is the result of adaptation to interactions between a
variety of environmental pressures, their variability in time and space, and the
specific traits of the organism. Optimizing the production of dormant propag-
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ules and the timing of emergence is likely to be under strong selection pressure,
since each of these processes is closely tied with organism fitness (Hairston and
Cáceres 1996, Gyllstrom and Hansson 2004, Childs et al. 2010). If organisms are
acting to maximize their long-term fitness, it may be possible, with some knowledge of environmental pressures and organism traits, to predict the pattern of
dormant propagule production and the timing of emergence from those propagules. Here, I report the results of a study of two similar cladoceran species that
live in non-interacting metapopulations in a system of freshwater rock pools, and
examine how the environment they experience influences patterns of dormant
propagule production and emergence.

3.2.1

Study System and Hypotheses

The rock pools on Appledore Island, off the Atlantic coast of Maine, USA, provide
an excellent opportunity to examine hypotheses about dispersal strategies in
populations where harsh, fluctuating conditions are the norm. This rock pool
system contains nearly 5000 small pools within an area <1 km2 . Relatively few
species live in these pools. Two of the most abundant and well-studied are the
cladoceran crustaceans Moina macrocopa (hereafter Moina) and Daphnia pulex ×
pulicaria (hereafter Daphnia). Up to 80% of the pools contain Moina and up to
20% contain Daphnia at any given time (Sirianni 2017).
Both taxa face uninhabitable pool conditions in the winter, as the pools
either freeze all the way to the bottom or freeze on the surface and become
anoxic, highly saline, or both under the ice. This necessitates recolonization
in the spring. Like many other cladocerans and freshwater zooplankton, both
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Moina and Daphnia survive these harsh winter conditions by producing dormant
propagules (Fig. 3.1, step 4; hereafter ephippia or ephippial eggs). Ephippia
produced by Daphnia and Moina in this system are comprised of a chitinous
case that encloses two dormant embryos (typically called eggs) that can survive
more extreme conditions than the active life history stages of the organism. The
ephippial eggs produced by Moina are the result of sexual reproduction (Fig.
3.1B, step 4) and therefore require both males and females (Fig. 3.1B, steps 2m,
2f), while those of D. pulex × pulicaria are produced asexually (Fig. 3.1A, step 4;
Sirianni 2017), as are nearly all D. pulex × pulicaria populations in the northeastern
USA (Hebert and Finston 2001). The ephippial eggs allow each taxon to re-start
their active life stage every spring (Fig. 3.1, step 1). Both species also produce
clonal (asexual) offspring from immediately hatching (subitaneous) eggs that
allow for fast population growth but are not resistant to harsh conditions (Fig.
3.1A, step 2, Fig. 3.1B step 2f). Moina and Daphnia are capable of using both of
these reproduction strategies throughout the growing season.
Ephippial eggs should allow both cladoceran species to recolonize every
year after a harsh winter. However, Appledore rock pools are also an exceptionally unpredictable and harsh environment during the growing season because
they are small and therefore relatively unbuffered from short-term catastrophes.
Active populations are constantly at risk of being eliminated during the summer
by drying, high temperatures, high salinity, or anoxia (Fig. 3.2). Cladocerans
can also be washed out of pools during rain storms. Previous studies of this
system have indicated that even though the two taxa inhabit similar pools, they
face different environmental and biotic constraints, and may have different ways
of dealing with these pressures (Sirianni 2017, Chapter 2). Moina is tolerant of a
wide range of environmental conditions in the Appledore rock pools, whereas

93

1

A

6

5b

2

1

4
3

5a
1
6b
5

B

6
1

5a
4

2f

1

3
2m

5b
1

Figure 3.1: Life cycles of Daphnia (A) and Moina (B). First, the taxa hatch (or
emerge) as females from dormant ephippial eggs (step 1), and then mature
and produce clones asexually (step 2). Female Daphnia adults can also produce
ephippial eggs asexually (step 4). Female Moina can produce either males or
females asexually (steps 2f and 2m, respectively), and when they mate with
males they can produce ephippial eggs (step 4). For both species, ephippial eggs
can sink to the sediment in the same pool (step 5a) or float to the side of the pool
(step 5b), and then either hatch in that pool or be wind dispersed and hatch in
another pool (step 6).
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Daphnia is less tolerant of the same conditions, and is particularly sensitive to
elevated salinity (Chapter 1). Moina, however, experiences seasonal population
crashes that appear to be synchronized across the island and are apparently a
result of infection by a fungal parasite (Chapter 1).
These catastrophes may be avoided in part by spatial dispersal of zooplankton in their active stages, which can adhere to birds (Simonis and Ellis 2014), and
be transported via water overflows (Pellowe-Wagstaffe and Simonis 2014). However, active-stage dispersal almost certainly occurs at a relatively small spatial
scale. In contrast, dispersal by ephippial eggs has the potential carry propagules
further in space and time. Those produced by Daphnia float at the surface of
the rock pools, while those of Moina sink, leading to greater spatial dispersal by
wind for Daphnia ephippia, which can become airborne (Sirianni 2017, Chapter
2). Thus, the dormant, inactive stages of these cladocerans, especially Daphnia,
may be a way for dispersal to occur at larger spatial scales. Moina may instead
rely more on the successful temporal dispersal of dormant propagules.
Here, I use data on ephippia production, abundance, and emergence to examine how dormant propagules maintain viable Moina and Daphnia populations
and metapopulations, and to evaluate whether these two species use ephippial
egg production and emergence in their life cycles in different ways. Based on
past work on these two species, I hypothesize that, because Moina is more tolerant of abiotic environmental stresses but experiences temporally consistent
population crashes analogous to a ‘catastrophe date’ in other diapause literature
(Taylor 1980, Hairston and Munns 1984), individuals should produce ephippial
eggs one generation prior the catastrophe date (Taylor 1980) or more, if the mean
catastrophe date is variable (Hairston and Munns 1984). Further, Moina should
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emerge from the sediment with enough time before the catastrophe date to produce ephippial eggs, and stop emerging from the sediment when there is no
longer enough time for them to produce ephippial eggs before the catastrophe
date. Producing ephippial eggs too early (i.e. more than one generation before
the catastrophe date) would have a fitness cost because individuals that switch
too early will produce fewer offspring that could also produce ephippial eggs
before the catastrophe date. However, producing offspring before the optimal
time would still be better than waiting too long and producing no ephippia,
so producing ephippial eggs early enough that individuals would be expected
to successfully reproduce in many different pools or years would be a form of
bet hedging that could ensure some reproduction. In contrast, I expect Daphnia
to bet hedge by both emerging from the egg bank and by producing ephippial
eggs throughout the season. This strategy would benefit Daphnia because it is
less tolerant to the range of relatively unpredictable abiotic factors it experiences
on Appledore Island. However, Daphnia is not temporally constrained during
the growing season, so the best time to hatch or reproduce is unpredictable
and variable among pool and years. This strategy should ensure that some
individuals are able to survive and reproduce. However, it could also result in
individuals emerging into uninhabitable environments or producing ephippial
eggs when they could have increased their short-term fitness more by producing
more immediately hatching offspring.
To test these predictions, I sampled the populations of both Moina and
Daphnia throughout three summers in 5-18 pools, and tracked both their population sizes and when they produced ephippial eggs. I also measured when they
hatched from the sediment in two years by placing emergence traps in multiple
pools. I found that these two species use their ephippial egg and production and
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emergence strategies differently, even though they live in similar environments.

3.3

3.3.1

METHODS

Study Design

I collected samples Moina and Daphnia in their active, planktonic stages from
rock pools located on Appledore Island in the Isles of Shoals between May and
August of June 2013 (12 pools), June and August of 2014 (5 pools), and May and
August of 2015 (5 pools).

3.3.2

Zooplankton Density and Egg Production

I obtained zooplankton by collecting small amounts of water (haphazardly distributed within a pool) with a large bulb pipette to make up a total volume of
either 250 or 500 mL, depending on pool size, following the method of Simonis
(2013). I filtered the sample through a 30 µm mesh and preserved it in 95%
ethyl alcohol. I determined the number of Daphnia and Moina present by either
counting every individual in a sample or by subsampling until I had counted
at least 100 individuals each of Daphnia and Moina. For all sampling dates in
2013 and many in 2014 and 2015, I also counted the number and type of eggs
(subitaneous or ephippial) of up to 30 females of each species in each sample.
These egg counts were done of live females, prior to preservation in ethanol, because preservation can cause females to release eggs from their brood pouch. I
counted all samples under a stereo-dissecting microscope at 10×. Portions of the
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2013 data set have been presented previously (Chapter 1; Sirianni 2017, Chapter
2). Here, I focus on timing of ephippial egg production and analyze these data
in conjunction with data from 2014 and 2015.

3.3.3

Hatching of Ephippial Eggs from the Sediment Egg Bank

I used emergence traps in 2014 and 2015 to measure the number of individuals
that hatched from the sediment egg bank. Emergence traps were made of an
inverted funnel (10.5 cm diameter at the sediment surface × 10.2 cm high; 225 mL
volume) that was anchored to the sediment with a sandbag tube glued around
the outside of the funnel. A piece of Tygon™ tubing was glued to the neck of the
funnel, and connected it to a 250 mL Falcon™ nontreated straight-neck tissue
culture flask with a neck that fit tightly onto the tubing but was not permanently
attached (following De Stasio 1989). The flask could be removed and replaced
during sampling while the funnel was left in place, which minimized disturbance
to the sediment during sampling.
Emergence traps were deployed at the deepest part of a pool (water depth
range = 10 - 43 cm). To set up each trap, I first filled it with 30 µm filtered water
from the pool in which it would be submerged. I then inverted the entire trap
and placed it in the pool. I sampled the traps every 2–10 days for as long as the
trap remained in place. To sample a trap, I filled a new tissue culture flask with
30 µm filtered water from the focal pool and replaced the old flask with the new
one. During this process I covered the open ends of both the flask and the tubing
attached to the funnel. The contents from the sampled flask were preserved in
95% ethyl alcohol and later counted.
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Pool drying, storms, and other physical disturbances caused some of the
emergence traps to fail. Analysis is limited to traps that remained in place and
intact for > 7 weeks. Of the traps that remained intact, those that contained
male Moina or mature Daphnia were assumed to have been compromised by
an imperfect seal with the sediment on that sampling date. Samples from the
emergence trap in that pool on that date were therefore disregarded.

3.3.4

Abiotic and Chlorophyll-a Data Collection

For each date I measured pool length and width at the greatest distances between
perpendicular pool edges and pool depth at the deepest point. I then used
these measurements to calculate pool area and volume, assuming using the
equation for half of a tri-axial ellipse (Sirianni 2017, Chapter 2). I also measured
temperature, salinity, dissolved oxygen concentration (DO), and pH on most
sampling dates to determine the relationship between the environment and
ephippial egg hatching and production. If environmental measurements had
been taken recently, I use the measurements closest in time (±3 days) to the focal
day for this analysis. Finally, during 2013, I measured planktonic chlorophyll-a
concentration as an estimate of food availability to the cladocerans. In these
pools chl-a is highly correlated with suspended carbon concentration (Chapter
1).
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3.3.5

Statistical Analysis

Catastrophe and switch-to-diapausing egg production dates (Moina only)

In most pools, the Moina had two cycles of abundance during the study period,
characterized by dense populations that declined precipitously between midMay and mid-June (Chapter 1, also see Fig. 3.4 in Results). I used the date of
last occurrence of Moina at the end of the first cycle to characterize the mean
and variance in the catastrophe date, as well as to compare the catastrophe date
among years. I also used the proportion of individuals producing subitaneous
and dormant eggs at any given time to determine how Moina dormant egg
production relates to the catastrophe date in these pools. In particular, I focused
this analysis on the mean switch-to-diapause date (hereafter “switch date”), and
how that relates to the mean catastrophe date.

Production and hatching of ephippial eggs

Analysis focused on correlating the environmental variables that might serve as
potential cues for either production of, or emergence from, ephippial eggs. Each
species and year was analyzed separately to avoid partial repeated measures.
An analysis was only carried out if enough data had been collected to evaluate a
particular response variable. I used logistic regression to determine the relationship between the environment and the presence or absence of either ephippial
production or hatching. For the emergence analyses I included all data points
when the emergence traps were checked, regardless of whether the cladoceran
of interest was present in the pool at that time point, because ephippial eggs can
hatch even if there are no active individuals in the water column. For ephip101

pial production, data points were counted as zeros only if the focal cladoceran
was present in the pool, but none were found carrying ephippia. If the focal
cladoceran was not present, that data point was excluded from the analysis.
Statistical models of ephippial egg production for both Daphnia and Moina
were analyzed using the 2013 data and included photoperiod, abiotic data (pH,
DO, salinity, temperature), chlorophyll-a, and density of conspecifics (with male
and female conspecifics included separately). In addition, I reanalyzed those
models with a time lag of one week in order to determine whether there was a
delayed response to the cue. I used a lag time of one week because it is similar
to the generation time of both Moina and Daphnia (Sirianni 2017, Chapter 2), so
they would have time to respond to a cue. I only analyzed the ephippial production data in this manner in 2013 because there was little ephippial production
recorded during 2014 and 2015.
Models of presence and absence of ephippial egg hatching were only possible for Moina datasets in 2014 and 2015, because few emergence events were
recorded for Daphnia. I did not collect data on pH in 2014 or DO in 2015 on most
dates, and so they are excluded from the model for those years. Emergence
models included only photoperiod and environmental variables, not data on
conspecific density.
All statistical modeling by logistic regression was done with the R package
lme4 (R core development team, 2016 version 3.3.2). Response variables of
presence and absence of either emergence or hatching are binomially distributed,
and all explanatory variables were scaled and centered around 0. In models of
ephippial egg hatching and production for Moina, I included pool as a random
factor because the goal of the study was to extrapolate beyond the pools sampled.
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Daphnia occurred in only four pools, so I included pool as a fixed effect in Daphnia
models. All models were interpreted using AIC, where the lowest AIC score
is the best descriptor of the data, but models within an AIC value of 2 are
indistinguishable from the best model (Burnham and Anderson 2002).

Changes in food availability over time (2013 only)

I found that food availability (chlorophyll-a) was the strongest cue for Moina
ephippia production (see Results). I therefore tested whether chlorophyll-a
changed consistently over time using a mixed-effects model to control for the
random effect of pool whether the model that included Julian date and the random effect of pool significantly improved the model with only the random effect
of pool.

3.4

3.4.1

RESULTS

Population Dynamics, Catastrophe Date, and Switch Date

Throughout 2013, 2014, and 2015, Daphnia had no consistent population abundance pattern with time over the course of the season (Fig. 3.3). Moina, however,
showed similar trends among pools, such that many of the populations experienced distinct declines or entirely disappeared in late June, and then rebounded
dramatically in late July (Fig. 3.4). The mean Julian day of last occurrence of
individuals in the first population cycle of Moina was 160 (June 9; n = 12, range
= 134-170, sd = 12.3) in 2013 and 175 (June 24; n = 3, range = 162-182, sd = 10.1)
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Figure 3.3: Daphnia population dynamics during 2013, 2014, and 2015. Lines
represent the Daphnia indv. L-1 in each pool on each date, with each year plotted
separately. 2013 is represented with black lines, 2014 with purple lines, and 2015
with blue lines. The thin, lighter lines show population dynamics in individual
pools, and the thick darker lines represent the average Daphnia density on each
date. The dashed lines represent a population density that occurred before or
after a sampling date where Daphnia were below the limit of detection of 4 indv.
L−1 . Note that the y-axis is on a log10 scale.
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Figure 3.4: Moina population dynamics in 2013, 2014, and 2015. A) The catastrophe date for the first population cycle in each year is plotted separately above
the population dynamics lines as the last date that had individuals. The X is
the average catastrophe date for each year, with ± one s.d. plotted around the
X. The standard deviation of the catastrophe date for all years was 12.5. The
catastrophe dates in 2013 and 2015 are not significantly different (p = 0.13). B)
The data from each year is plotted in a different color. Black and grey lines
show 2013 data, purple lines show 2014 data, and blue lines show 2015 data.
The dashed lines represent a population density that occurred before or after a
sampling date where Moina were below the limit of detection (4 indv. L−1 ). The
thin, lighter lines show population dynamics in individual pools, and the thick
darker lines represent the average Moina density on each date. Note that the
y-axis is on a log10 scale.
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in 2015. The catastrophe dates for Moina populations in 2013 and 2015 were
not statistically different (t = -1.88, df = 3.66, p = 0.14). In 2014 my sampling
turned out to have been primarily during the second population cycle, so I only
recorded one catastrophe date, on Julian day 171 (June 20).
Moina did not switch to producing exclusively diapausing eggs after a
particular date, so I analyzed data on the dates when the maximum number of
ovigerous individuals were producing ephippial eggs. The maximum percent of
ovigerous individuals producing ephippial eggs ranged from 0-80% in 2013, and
0-100% in 2015. In 2013, the average date of maximum ephippial egg production
occurred between 0 and 28 days (mean = 14.1, sd = 10.4; 0-5.6 generations, mean
= 3.1 generations) before the last occurrence of Moina in the same pool (Fig.
3.5A, B). In three pools, Moina did not make ephippia prior to the last date
of occurrence in 2013. In the three pools in which the populations crashed in
2015, two had individuals that produced diapausing eggs (Fig. 3.5C). In one
of these pools, the maximum percent of diapausing egg production was 20%,
and this occurred 26 days before the last date of occurrence. In the other pool
in which individuals produced ephippia, the maximum percent of individuals
that produced diapausing eggs was 100%, and occurred 12 days before the date
of last occurrence.
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Figure 3.5: Timing of diapausing egg production relative to catastrophe date
in Moina. A) Percent of ovigerous Moina producing diapausing eggs by pool
and date in 2013. Thick black lines represent a pool, the red diamonds indicate
the maximum percent of individuals producing diapausing eggs on any date in
that pool. B) Difference between maximum percent of individuals producing
diapausing eggs (black circles) and the catastrophe date (open circles) in each
pool in 2013. Normal distribution of dates around the maximum date of diapausing egg production is shown with light grey shading, normal distribution
of catastrophe date is shown in dark grey shading, and their overlap is shown
with white shading. C) Percent of ovigerous Moina producing diapausing eggs
by pool and date in 2015. Each type of dashed black line represents one pool,
and the red diamonds indicate the maximum percent of individuals producing
diapausing eggs on any date in that pool.
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3.4.2

Emergence from the Egg Bank

It was not possible to statistically examine the patterns of Daphnia emergence
using logistic models or any other procedure, because very few Daphnia were
found in the emergence traps. Only 5 out of 40 traps in pools where Daphnia
occurred had individuals that emerged, and no Daphnia were found emerging
in the remaining 36 traps that were placed in pools where I never found Daphnia
(Fig. 3.6B).
In contrast, plenty of Moina were found in the emergence traps (showing that
the traps worked), but there was no seasonal pattern of Moina emergence (Fig.
3.7B). The models that best predicted the conditions under which individuals
would hatch in 2014 included volume and temperature, and in 2015 included
temperature, pH, or only the random effect of pool (Table 3.1). Temperature was
included in the best models both years, but it was estimated to have a negative
effect on emergence in 2014 and a positive effect in 2015.

3.4.3

Ephippial Egg Production

Daphnia ephippial egg production did not follow a consistent pattern among
years (Fig. 3.6). The best fitting models for the 2013 data included volume, pH,
and photoperiod (Table 3.2). Increased volume was correlated with an increased
probability of ephippia production in a population, while shorter day length
(range = 14.04 - 15.36 h) and lower pH (range = 4.45-11.67) were correlated with an
increased probability of ephippial egg production in a population. Chlorophylla was not included in the Daphnia model because when Daphnia were present
in the pools, chlorophyll-a was consistently among the lowest values measured,
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Figure 3.6: Timing of Daphnia ephippial production (A) and emergence (B).
Each section of the plot corresponds to a particular year, and each bar in the
figure corresponds with the pool number noted on the left. Pools where Daphnia
was never found are not shown. Daphnia was present during the portions of
each bar that are shaded light grey, and was not found during sampling in the
unshaded portions of the bars. A) Circles represent points at which Daphnia was
present and I measured Daphnia ephippial production. Filled in circles represent
points where some Daphnia in the population produced ephippia, while open
circles show times at which, though present, no Daphnia produced ephippia.
B) Triangles represent points at which I measured Daphnia emergence. Filled
in triangles represent points where some Daphnia in the population emerged,
while un-filled triangles show times at which no Daphnia emerged.
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Figure 3.7: Timing of Moina ephippial production (A) and emergence (B). Each
section of the plot corresponds to a particular year, and each bar in the figure
corresponds with the pool number noted on the left. Pools where Moina was
never found are not shown. Moina was present during the portions of each bar
that are shaded light grey, and was not found during sampling in the unshaded
portions of the bars. A) Circles represent points at which Moina was present and
I measured Moina ephippial production. Filled in circles represent points where
some Moina in the population produced ephippia, while un-filled circles show
times at which no Moina produced ephippia. B) Triangles represent points at
which I measured Moina emergence. Filled in triangles represent points where
some Moina in the population emerged, while un-filled triangles show times at
which no Moina emerged.
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Year K
2014 7
2014 6
2014 5
2014 4
2014 3
2014 2
2015 7
2015 6
2015 5
2015 4
2015 3
2015 2

AIC
38.49
36.66
35.57
34.28
33.26
37.42
36.71
35.66
33.72
31.76
29.92
29.87
∆AIC
5.23
3.40
2.30
1.02
0
4.16
5.23
3.40
2.30
1.02
0
4.16
Vol
Vol
Vol

Sal

Vol Sal
Vol
Vol
Vol
Vol
pH
pH
pH
pH
pH

Model variables
DO
DO
DO

Pool
Pool
pool
Pool
Pool
Pool
Temp Daylength Pool
Temp Daylength Pool
Temp
pool
Temp
Pool
Temp
Pool
Pool

Temp Daylength
Temp Daylength
Temp
Temp

Table 3.1: Results from a generalized linear mixed-effects model that examines the environmental variables influencing
presence or absence of Moina emergence in 2014 and 2015. K represents the number of parameters in the model, AIC
represents the AIC score of the model where lower scores indicate better model fits, and ∆AIC represents the difference
between the AIC score of each model and the model with the lowest AIC score. The environmental variables included in
this model as fixed effects were volume (vol; L), salinity (sal; ppt), dissolved oxygen (DO, mg L−1), temperature (temp,
o C), photoperiod (daylength, hrs), and pH. Pool was included as a random effect. Note that pH was not measured in 2014
and DO was not measured in 2015. Models with the best fit to the observed data have shaded backgrounds.
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Year
Same
Same
Same
Same
Same
Same
Same
Same
Lag
Lag
Lag
Lag
Lag
Lag
Lag

K
9
8
7
6
5
4
3
2
8
7
6
5
4
3
2

AIC ∆AIC
39.58 10.09
37.63 8.14
35.71 6.22
34.10 4.61
35.57 2.90
30.68 1.19
29.49
0
31.02 1.53
31.94 2.45
31.71 2.22
33.58 4.90
31.82 2.33
33.45 3.95
35.45 5.96
33.76 4.26
Vol
Vol
Vol
Vol
Vol
Vol
Vol

Sal
Sal
Sal
Sal
Sal
Sal

Vol Sal
Vol
Vol Sal
Vol
Vol
Vol
Vol

pH
pH
pH
pH
pH
pH
pH
pH
pH
DO

Model variables
DO
DO
DO
DO
DO

Temp
Temp
Temp
Temp

Daph (F)
Daph (F)
Daph (F)
Daph (F)
Daph (F)

Temp Daph (F)
Temp Daph (F)
Temp Daph (F)
Temp Daph (F)

Daylength
Daylength
Daylength
Daylength
Daylength

Daylength
Daylength
Daylength
Daylength
Daylength
Daylength

Pool
Pool
Pool
Pool

Table 3.2: Results from a generalized linear model that examined the environmental variables influencing presence or
absence of Daphnia ephippia production in 2013. Time represents whether models were based on data from the same
week (same) or previous week (lag) . K represents the number of parameters in the model, AIC represents the AIC score
of the model where lower scores indicate better models, and ∆AIC represents the difference of the AIC score of each
model and the model with the lowest AIC score. The environmental variables included in this model were volume (vol;
L), salinity (sal; ppt), dissolved oxygen (DO, mg L−1 ), temperature (temp, o C), photoperiod (daylength, hrs), pH, and
Daphnia females (Daph (F); ind L−1 ). Models with the best fit to the observed data have shaded backgrounds.

with little variation.
In nine out of 12 pools in 2013, Moina produced ephippial eggs prior to
the population crash. In 2015 Moina produced ephippial eggs in three out of
five of the pools studied. Moina was never found producing ephippial eggs
after Julian date 175 (June 24) in any year (Fig. 3.7A). Rather than this being
an effect of photoperiod, however, binomial mixed-effects models showed that
day length was not related to ephippial production. Instead, Moina ephippial
egg production was related primarily to chlorophyll-a, salinity, temperature,
volume, and density of other Moina, especially males (Table 3.3). Ephippial
production was especially strongly negatively related to increases in chlorophylla. Additionally, chlorophyll-a had effect sizes two orders of magnitude greater
than any other variable. In every instance where Moina produced ephippial eggs,
chlorophyll-a was low relative to other values in this system (Fig. H.1). Few
instances of Moina making ephippial eggs were recorded in 2015, and missing
data at some of those time points made statistical analysis of the 2015 data
impossible.

3.4.4

Changes in Food Availability with Time

The amount of chlorophyll-a present in the pools increased consistently with
time (Fig. H.1), and adding date to the model decreased the AIC score by >15,
demonstrating that this effect is significant.
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Year
Same
Same
Same
Same
Same
Same
Same
Same
Same
Same
Lag
Lag
Lag
Lag
Lag
Lag
Lag
Lag
Lag
Lag

K
11
10
9
8
7
6
5
4
3
2
11
10
9
8
7
6
5
4
3
2

AIC ∆AIC
54.79 8.74
52.82 6.77
51.27 5.21
49.82 3.76
48.39 2.34
46.99 0.94
46.37 0.31
47.00
.94
49.29 3.24
85.72 39.74
55.04 8.99
52.92 6.87
50.93 4.88
49.01 2.96
47.14 1.09
46.32 0.27
46.05
0
51.80 5.75
67.04 20.98
77.60 31.55
Vol
Vol
Vol

Vol
Vol
Vol
Vol
Vol
Vol
Vol

pH

DO
DO
DO

Sal pH DO
Sal pH DO
Sal pH
Sal pH
Sal
Sal
Sal
Sal

Sal
Sal
Sal
Sal

Temp
Temp
Temp
Temp
Temp

Model variables
Temp
Temp
Moina (F)
Moina (F)
Moina (F)
Moina (F)
Moina (F)
Moina (F)

Moina (M)
Moina (M)
Moina (M)
Moina (M)
Moina (M)
Moina (M)
Moina (M)
Moina (M)

Daylength
Daylength
Daylength
Daylength
Daylength

Chl-a Moina (F) Moina (M) Daylength
Chl-a Moina (F) Moina (M)
Chl-a Moina (F) Moina (M)
Chl-a Moina (F) Moina (M)
Chl-a Moina (F) Moina (M)
Chl-a Moina (F) Moina (M)
Chl-a
Moina (M)
Chl-a
Chl-a

Chl-a
Chl-a
Chl-a
Chl-a
Chl-a
Chl-a
Chl-a
Chl-a
Chl-a

Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool
Pool

Table 3.3: Results from a generalized linear mixed-effects model that examined the environmental variables influencing
presence or absence of Moina ephippia production in 2013. Time represents whether models were based on data from the
previous week (lag) or same week (same). K represents the number of parameters in the model, AIC represents the AIC
score of the model where lower scores indicate better models, and ∆AIC represents the difference of the AIC score of each
model and the model with the lowest AIC score. The environmental variables included in this model as fixed effects were
volume (vol; L), salinity (sal; ppt), dissolved oxygen (DO, mg L−1 ), temperature (temp, 0 C), photoperiod (DayLength, hrs),
pH, chlorophyll-a (chlA; mg L−1 ), Moina males (Moina (M); ind L−1 ), and Moina females (Moina (F); ind L−1 ). Pool was
included as a random effect. Models with the best fit to the observed data have shaded backgrounds.

3.5

DISCUSSION

Moina and Daphnia have similar life cycles and live in the same rock pool system,
but these species experience their environment differently (Chapter 1). Here, I
have shown that Moina and Daphnia have each adapted to harsh stochastic environments in the Appledore rock pools with a different combination bet hedging
strategies. For the most part, these strategies correspond with the type of environmental variation they endure most frequently. Moina produces ephippial
eggs at the beginning of the season, and this usually occurs prior to its generally consistent population crashes in the middle of the summer. This strategy
prevents lineages from dying out when the catastrophe occurs. However, Moina
emerge from the egg bank throughout the season, instead of prior to the population crash, which could be because there is not a reliable cue for hatching
or because there are enough eggs in the egg bank that the risk of hatching into
unfavorable conditions is outweighed by the possibility of favorable conditions.
In contrast, Daphnia produces ephippial eggs throughout the season, which may
provide a safeguard against the constant risk of changing habitat conditions.
Thus, these findings provide partial support for my initial hypothesis that Daphnia should produce and emerge from ephippial eggs throughout the year as
an adaptive strategy to persist in the face of a highly unpredictable environment, and that Moina should produce and emerge from ephippial eggs before
its relatively consistent mid-summer catastrophe date.
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3.5.1

Patterns of Ephippial Egg Production in Daphnia

Daphnia produced ephippial eggs throughout the middle of the summer in two
of three pools studied in 2013, but made ephippial eggs later in the summer
in another pool (Fig. 3.6A). In 2014, Daphnia again produced ephippial eggs
during the middle of the summer, but in 2015 the only occurrence of ephippial
egg production was at the beginning of summer. Analysis of the data from 2013
showed Daphnia ephippial egg production was influenced by day length, pH
and volume in the best-fit models (Table 3.2).
The influence of increases in pool volume on Daphnia ephippial egg production is interesting because this could indirectly influence spatial dispersal of
ephippia among pools, another form of Daphnia bet hedging. When Daphnia in
the Appledore pools produce ephippial eggs, most of them float to the surface,
where they can then be blown to the sides of the pool and subsequently be
dispersed by wind (Sirianni 2017, Chapter 2). Thus, producing ephippial eggs
when pool volume is high could increase the amount of time ephippial eggs are
exposed to wind, thereby increasing their probability of dispersal because they
will probably not be submerged when the water level falls. Less time submerged
may also increase their chances of sticking to the feathers of water birds, which
are very common on Appledore Island (Savoca et al. 2011) and can transport
cladocerans (Simonis and Ellis 2014). Finally, Daphnia are washed out of pools
when pools overflow during rain events (Pellowe-Wagstaffe and Simonis, 2014),
and their floating ephippial eggs probably also get washed into down-stream
pools. While Daphnia that wash out of pools will sometimes disperse into suitable pools, it is also likely that they will either be washed onto rock surfaces or
into inhospitable pools. Producing ephippial eggs when pool volumes are high
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could be a way to maximize the chances that their lineage survive even if the
overflow moves them into a pool that is inhospitable for the active stage, because
the ephippial eggs have a better chance of surviving.

3.5.2

Patterns of Ephippial Egg Production in Moina

Moina exhibit a relatively consistent population crash in the summers, but the
standard deviation of the catastrophe date (last date on which Moina were
present in summer) is 12.5 days across all three years. Moina generations are
five days, so this is equivalent to 2.5 generations. Moina would be expected to
produce ephippia more than 1 generation before the catastrophe date (Hairston
and Munns 1984) to avoid population demise before the start of ephippial egg
production. Moina individuals did not appear to have a consistent switch date,
which indicates that individuals within a pool may have had different strategies.
The maximum percent of individuals producing ephippial eggs was an average
of 3.1 and 3.8 generations before the catastrophe date in the same pool in 2013
and 2015, respectively. However, in each year there was a considerable amount
of variation in the number of generations before the catastrophe date the maximum percent of individuals produced ephippial eggs. This may have been one
reason that no ephippial eggs were found in 25% of the pools in 2013 or in 33%
of the pools that had population crashes in 2015.
Moina appear to respond strongly to environmental cues to initiate ephippia
production. Moina production of ephippia was correlated with salinity, volume,
temperature, and number of conspecifics, especially males (Table 3.3). Males
are necessary for ephippial eggs production, but are not necessarily produced
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in response to the same cue as ephippial eggs (Kleiven et al. 1992; Azuradi et
al. 2013). Ephippial egg production in this study was most strongly correlated
with low (for this system, see Chapter 1) levels of algal biomass in a pool. This
result is consistent with previous studies of Moina ephippial egg production,
which have shown that low algal biomass (as chlorophyll-a) induces production
of ephippial eggs in Moina macrocopa (D’Abramo 1980), Moina micrura (Zadareev
and Lopatina 2007, Zadareev and Gubanov, 1996), and Daphnia magna (Carvahlo
and Hughes 1983, Kleiven et al. 1992) when males are already present.
Decreases in food density may often be a reliable signal that the environment is becoming inhospitable, because it can indicate that there will not be
enough food for future clonal offspring. In this instance, however, food density
is probably not a reliable signal, because in these pools algal biomass rarely,
if ever, gets low enough that it would inhibit population growth (Chapter 1).
Furthermore, algal biomass increased throughout the season in nearly all of the
Appledore pools studied (Appendix H). In spite of the high algal biomass, Moina
produced ephippia in the first population cycle in 75% of pools they occupied
in 2013. Ephippial production was never observed after late June in any year,
however, even though Moina exhibited a second population cycle that began in
mid-July (Fig. 3.4). The active stage of every population cycle in this system
likely disappeared because it could not survive the winter, and therefore an
entire population cycle where no ephippia were produced means that none of
the individuals in the second cycle would have produced any viable offspring,
resulting in a net loss of fitness. This indicates that there is a mismatch between chlorophyll-a as a cue and optimal ephippial production time in Moina.
This maladaptive cue may be present because algal biomass tends to increase in
pools with Moina as the summer progresses (Fig. H.1), and may not become low
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enough in August to signal to Moina to produce ephippia.
Environmental mismatches occur when the environment that an organism
was well adapted to in the past shifts, and a formerly adaptive trait becomes
maladaptive. Food availability is a signal that is particularly susceptible to environmental mismatch for freshwater zooplankton (Winder and Shindler 2004).
Here, it may be that Moina has retained what appears to be an environmental
mismatch late in summer because algal biomass as a cue to initiate ephippial
production is reliable enough in the first population cycle so that it is not selected
against. It is also possible that ephippia are produced in late summer, but at a
date after may sampling was finished each year. However, the sampling period
captured much of the population decline in the second population cycle of Moina
each year (Fig. 3.4), especially in 2014, and no ephippia were found. Finally,
male production could also be induced by low algal biomass or another cue that
was not present. Males did occur during the second population cycle, but they
were less abundant than in the first. Still, males do not have to be present in
high densities for there to be enough of them to fertilize receptive females.

3.5.3

Patterns of Moina Emergence

Moina emergence from the egg bank was not strongly correlated with any measured variable that seems likely to have served as a signal of favorable pond
conditions. The best statistical models included only volume, pH, temperature,
and the random effect of pool in 2014 and 2015 (Table 3.1), but the predicted
effects of these factors on hatching patterns was inconsistent between years.
Strikingly, Moina hatched throughout the summer, even during its annual
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mid-summer population crash (Fig. 3.7A), when the taxon was absent from the
water column in most pools (Fig. 3.4). This could indicate that, although there
is a somewhat consistent catastrophe date, there is too much variation for Moina
to predict uninhabitable conditions reliably. Alternatively, there may not be a
reliable cue associated with the development of the pathogen infection (or other
cause of the catastrophe). Alternatively the pathogen may not have been present
in the Appledore rock pools long enough for Moina to have adapted to anticipate
its presence.
Another possible reason for the constant emergence of Moina could be that
it produces so many ephippial eggs in the egg bank that the risk of hatching into
unsuitable environments is worth the possible increased fitness to individuals
that are the first to hatch into an unoccupied pool. I found previously (Sirianni
2017, Chapter 2) that an estimated average of 1.7 × 104 (range = 0-1.4 ×105 ) Moina
ephippia were produced in each pool over the course of 2013. A lineage that starts
from several individuals can grow to over a thousand individuals in the course
of a week, based on clutch size and egg development time (Sirianni 2017, Chapter
2) and field observations in this study (Fig. 3.4). Therefore, even if a substantial
number of individuals from those ephippial eggs emerge at the wrong time,
the first individuals to emerge after conditions become hospitable again after
the die-off would have an extreme fitness advantage. In other rock-pool and
small-pond systems, invertebrates that arrive early have been hypothesized to
experience extreme fitness benefits known as priority effects (Boileau et al 1992,
De Meester et al. 2002, Louette and De Meester 2004, 2005). By emerging
throughout the year, the Moina that hatch immediately after conditions become
suitable may gain an advantage over their conspecifics.
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APPENDIX A
CHAPTER 1 APPENDIX 1

This appendix section details the use of population density to determine the
instantaneous rate of population growth day−1 (r) and the use of egg counts
and the Edmondson-Paloheimo egg-ratio method to estimate the instantaneous
birth rate day−1 (b). I used data on the population density to determine the
instantaneous population growth rate (r) of both Moina and Daphnia in a pool
using the equation
r

ln[Nt ] − ln[N0 ]
t

(A.1)

where N is the population size at time (t) measured in days. I used the egg
counts to estimate the instantaneous birth rate of the population (b) using the
Edmondson-Paloheimo egg ratio method (Paloheimo 1974),
b

ln

h

Ct
Nt

D

+1

i
(A.2)

which uses the average number of eggs carried (C t ) per female in the population
(Nt ), as well as the egg development rate (D), to estimate the population birth
rate (b). Egg development in zooplankton is temperature dependent, and to
determine how temperature affected egg development times of Daphnia and
Moina in this system I performed an egg hatching experiment (Appendix C). The
egg ratio method has been widely used in zooplankton studies (Hairston 2015)
and found to generally be reliable (Polishuk and Ghilarov 1981, Lynch 1982).
The egg ratio method allowed me to subsequently estimate the instantaneous
death rate of the population (d), using the equation d= r- b. The estimates of
r, b, and d are key because I was able to use them to determine how Daphnia
and Moina are affected by the abiotic and biotic factors I measured in the pool
environments.
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APPENDIX B
CHAPTER 1 APPENDIX 2

This appendix section includes specifics of how I determined the amount of time
it takes for Moina to produce clutches.
I measured how long it took for 25 Moina females (from a single clone
isolated from pool 285) to go from hatching themselves to producing their 1st,
2nd, and 3rd clutches when fed ad libitum on a lab strain of Scenedesmus
obliquus, each in 3.5 mL of water in its own well of a 12 well tissue-culture plate.
There were five individuals at each of five salinities (0.3, 0.8, 1.5, 2.5, and 4 ppt),
but little difference in growth or timing was observed, so for the purposes of
this analysis I pooled the data.
Length of time to hatching of the first clutch was approximately 5 days (120
hours). In the resource use efficiency experiment on lab algae, no Moina had eggs
that hatched prior to the 6th day after they hatched. Thus, to in my simulations
of possible Moina growth over the course of a week I use 5 days as a conservative
estimate of time to hatching of first clutch. Length of time between hatching of
the first and second clutches was 40 hours, and length of time between hatching
of the second and third clutches was 47 hours.
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APPENDIX C
CHAPTER 1 APPENDIX 3

This appendix section details experiments I did to determine the influence of
temperature on hatching time.
The time an egg takes to develop plays a crucial role in determining the
birth rate of cladocerans (Paloheimo 1974, Hairston 2015). I therefore estimated
the length of time it took for the eggs of both Daphnia pulex × pulicaria and
Moina macrocopa to develop at three different temperatures, in order to develop a
regression based on temperature that I could use to estimate development time.
I selected 20 ovigerous (egg bearing) females haphazardly from a population
and placed each individual into its own 20 mL scintillation vial in filtered pond
water. I checked each vial every 2-6 hours to see which individuals had eggs
that had hatched. I did this for Moina at 10◦ C, 15◦ C, 20◦ C, and 25◦ and for
Daphnia at 10◦ C, 20◦ C, and 25◦ C. The temperature was held constant in either a
water bath or a growth chamber. I used the distribution of births to determine at
what point all individuals in the population would have been expected to have
hatched, and used that time point at each temperature to predict the response of
egg development time to changes in temperature (Edmondson 1965; Fig. C.1).
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Figure C.1: 1/D (Egg development time in hours) as a function of temperature
for Moina and Daphnia. Values of 1/D at 20° C and 25° C are nearly identical for
Daphnia and Moina, so the values have been slightly offset along the x-axis so
that both appear on the graph.
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APPENDIX D
CHAPTER 1 APPENDIX 4

This appendix section provides a picture of Moina that has apparently been
parasitized by Microsporidia spp.
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A
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Figure D.1: Moina macrocopa parasitized by Microsporidia spp. A) Body cavity of
Moina filled with spores. B) Spores in body cavity at 400×.
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APPENDIX E
CHAPTER 1 APPENDIX 5

This appendix section shows the phylogenetic relationship of the microsporidia
isolated from Moina on Appledore Island with microsporidia isolated from other
aquatic crustaceans.
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Figure E.1: Microsporidia spp. from Moina collected from Appledore Island pools
(shown in blue) placed in phylogenetic relationship with other Microsporidia spp.
This neighbor-joining tree includes the Appledore Microsporidia spp., 12 of the
most similar strains in GenBank, and 17 of the other most closely related strains
that included metadata. The sister group to the Appledore Microsporidia spp.
was 96-97% similar. The host and location from which each sample was collected
are specified at the tip of each branch. Most of these sequences were taken from
aquatic arthropods collected worldwide, but several were instead isolated from
water samples. Data from GenBank, phylogeny created using Geneious Tree
Builder (see details in main text Methods).
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APPENDIX F
CHAPTER 1 APPENDIX 6

This appendix section shows the relationship between carbon concentrations
and Chlorophyll-a concentration in the rock pools on Appledore Island.
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Figure F.1: The relationship between chlorophyll-a and carbon concentrations as
measures of seston biomass in pools on Appledore Island. I sampled five pools
in September 2015, with duplicate samples for chlorophyll-a and carbon. There
is a significant relationship between the two measures (p = 0.002, adjusted R2 =
0.96; regression equation: log10 (C) = log10 (chlorophyll-a) ×0.86 - 0.97).
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APPENDIX G
CHAPTER 1 APPENDIX 7

This appendix section shows clutch size distribution of Moina that are producing
immediately hatching eggs.
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Figure G.1: Moina clutch size data, overlaid with a gamma distribution of shape
= 4.77 and rate = 0.31. The mean clutch size for ovigerous females is 15.29 eggs
[range = 1-54, n = 528].
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APPENDIX H
CHAPTER 3 APPENDIX 1

This appendix section shows how chlorophyll changes over time in the 12 rock
pools sampled in 2013.
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Figure H.1: Chlorophyll-a as a function of date in Appledore rock pools. Points
represent chl-a in a specific pool on a sampling date. Each pool is represented
by a different type of point. The black lines represent chl-a in each individual
pool, and correspond with the point type to the right of their end point on right
of the graph. The blue line is the global relationship between chl-a and date
throughout the course of a summer. Note that the y-axis is on a log10 scale.
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