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Abstract: The co-occurrence of cryptic species of Hyalella amphipods is a challenge to
our traditional views of how species assemble. Since these species have similar
morphologies, it is not evident that they have developed phenotypic differences that would
allow them to occupy different ecological niches. We examined the structure of a
community of Hyalella amphipods in the littoral zone of a boreal lake to verify if temporal
variation was present in relative abundances. Morphological and molecular analyses using
the mitochondrial cytochrome ¢ oxidase I (COI) gene enabled us to detect three cryptic
species at the study site. No temporal variation was observed in the community, as one
cryptic species was always more abundant than the two others. The relative abundances of
each species in the community appeared constant at least for the open-water season, both
for adult and juvenile amphipods. Niche differences are still to be found among these
species, but it is suggested that migration from nearby sites may be an important factor
explaining the species co-occurrence.
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1. Introduction

Cryptic species are two or more species that share similar morphologies but have high genetic
differences between them suggesting their distinct species status [1-3]. The fact that many cryptic
species live in sympatry challenges our traditional view of how species assemble [4-6]. To coexist at
the local scale, species must be ecologically distinct in a manner that makes intraspecific competition
more important for the population of a species than interspecific competition [7]. If this is the case, a
species should be able to increase when rare in the community (referred to as the invasibility criterion,
which is a fundamental prerequisite for stable species coexistence [7,8]). To be ecologically distinct,
species develop trade-offs that enable them to occupy different ecological niches [9]; these trade-offs
are often linked with morphological differences between competing species [10,11]. It is not evident
that cryptic species living in sympatry exhibit such differences. Fine morphological differences,
however, may allow species to occupy different niches. Moreover, differences in other phenotypes (i.e.
physiology and behavior) or life history traits may allow species to exploit different niches and foster
stable coexistence. [6,12]. Alternatively, cryptic species living in sympatry may only be co-occurring
rather than coexisting, e.g., their persistence together is not necessarily indefinite [5,13]. In that case,
co-occurring cryptic species could possibly be ecologically similar; however, without migration from
other sites, all species but one are expected to be eventually driven to extinction via neutral
dynamics [7,13]. Co-occurring cryptic species could also be maintained in a local area by migration of
individuals from other areas via source-sink dynamics [5,7,13]. In that case, species could persist at a
local site despite poor performance because of the migration of new recruits from the source.

Amphipods of the Hyalella azteca (Saussure) species complex are freshwater benthic crustaceans
considered to be omnivorous detritivores living in macrophytes communities, on sediments and on
organic debris [14-16]. Traditionally, H. azteca amphipods were considered on a morphological basis
as one species found all over North America, Central America and northern South America [17,18].
However, recent genetic studies using different molecular markers [12,19-22] and interbreeding
trials [23] revealed that they were in fact a cryptic species complex composed of at least 33 provisional
species [21]; this number is probably an underestimate as it was found by a study limited to the
southern Great Basin region of California and Nevada [21]. Cryptic species of Hyalella amphipods
often live in sympatry at the same site in a water body [6,21]. A recent study by Wellborn and
Cothran [6] suggests that Hyalella cryptic species can, in some cases, exhibit niche partitioning despite
being similar in morphology and life history [6,12]. For example, different Hyalella cryptic species can
have different predation risks and different spatial distributions both across a distance-from-shore
gradient and a vertical depth gradient [6]. It was suggested that Hyalella cryptic species could coexist
in the littoral zone of a lake via a trade-off between predator avoidance and resource exploitation [6].
However, predation risk (by fish and by macroinvertebrates) [24,25] and the use and the availability of
resources (food and substrates like macrophytes and leaves) [26-29] also vary with season in the
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littoral zone of lakes [30]. Seasonal changes in the environmental conditions can also affect the spatial
distribution of amphipods in lakes. For instance, it has been suggested that Hyalella amphipods can
migrate to deeper, colder water in summer to optimize their metabolism when temperature rises in the
littoral zone [31,32]. The impact of such temporal variation has not been investigated in Hyalella
cryptic species communities. If the dominant species in a habitat changes with season, it could suggest
that Hyalella amphipods coexist at a site via a temporal trade-off. For non-cryptic species, seasonal
succession in growth patterns and life cycles keyed to the predictable input of leaves in autumn are
observed for insect shredders in streams [33] and have been recently suggested for their lakes
counterparts [29]. For amphipods, temporal succession has at least been reported for non-cryptic
species of the genus Gammarus that live in Danish brackish waters [34]. Other cryptic species
complex such as Capitella polychaetes [35] and monogont rotifers [36,37] can exhibit seasonal
successions which are explained to a large extent by differential adaptation to different environmental
conditions. However, in all these cases, there are periods when the distributions of at least two species
overlap spatially, especially for the most morphologically similar species.

This study aims at assessing whether relative abundances of Hyalella cryptic species in a
community are constant or variable through time in a boreal lake. Specific objectives were to
determine the number of Hyalella cryptic species present in Lac des Baies, a large Canadian boreal
lake, to verify the occurrence throughout the open-water (ice-free) season of morphological differences
between the species that could ease their coexistence via niche diversification and to evaluate the
temporal variation throughout the open-water season of the relative abundance of each cryptic species
in the community.

2. Material and Methods
2.1. Determination of the Number of Species in Lac des Baies

Lac des Baies is an oligotrophic lake of 569.8 hectares located in Eastern Québec, Canada
(Figure 1). It is a large lake surrounded by boreal forest with both deciduous and evergreen trees. The
lake has many bays more or less isolated from each other.

To estimate the number of Hyalella cryptic species and their distribution within Lac des Baies,
amphipods were sampled from nine sites in the lake in August 2007 (site 1 to 5) and July 2008 (site 6,
7a, 7b and 8) using a dip net (500 um mesh size) for littoral sites or an Ekman dredge for profundal
sites (Table 1). For sampling with the dip net, sediments were kicked to suspend the benthos into the
water and the dip net was swept into the suspended sediments to collect the amphipods. Each sample
was preserved in 95% ethanol. These amphipods were subjected to morphological and
molecular analyses.

2.2. Morphological Variation Among Species
Each amphipod was first identified under a dissecting microscope as H. azteca using the

morphological traits described in Bousfield [17,38,39]. Gammarus lacustris is also present in Lac des
Baies [40]; H. azteca amphipods are easily distinguished from other amphipods by their small adult



Diversity 2011, 3 393

body size, their second pair of antennae 1.2 X longer than the first pair, the presence of spines on pleon
segments 1 and 2 (except for the inermis form) and the distinct shapes of the second gnathopod
between males and females. After identification, body length was measured following the curve of the
body from the first segment of the pereon to the tip of the urosome using a Leica MZ16 A image
analyzer (Bannockburn, Illinois, USA) with the Northern Eclipse 6.0 software from Empix Imaging
Inc (Mississauga, Ontario, Canada). Body length is an important trait that varies among species of the
H. azteca complex [12,23]. The total number of segments on the two pairs of antennae was counted as
an index of age (adults > 21 segments) [14,41]. The size and the shape of the second gnathopod were
examined to determine the sex of the individuals; females have small and parachelate second
gnathopods while adult males usually have large subchelate second gnathopods [17]. Some males had
small second gnathopods only slightly larger than female gnathopods; this difference was noted to
verify if it was linked to different species. This gnathopod is subject to sexual selection in Hyalella
amphipods [42-44].

Figure 1. Sites sampled in August 2007 and July 2008 in Lac des Baies, Québec, Canada.
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Table 1. Site characteristics and Hyalella species present for each site sampled in August
2007 and July 2008 in Lac des Baies.

Site [Ijoa;igtiltlsz/e Depth (m) S;ZI:::; Substrate Species (V)
B L
2 388:318"7726""\1;11 03 Low orgsailllilg1 ;Zi‘;liltus sp- A (2), sp. B(#)
3 gg:;g,fg'\l;l[ 0.3 High Rocks sp. A (1), sp. B(1)
S W R
5 gg:fg,gg\l;l[ 0.3 Medium Rocks sp. A (4), sp. B(1)
6 gg:é(l)(?'vfg""\lif 03 Low orgl;/ﬂif :ei‘:r};tus sp- B (), sp- C(4)
7a ;‘88;)99;?\1; 0.3 Low mii?gng‘is sp. A (2), sp. B (2), sp. C (2)
7 gg:;)ggf:"\lif 03 Low orgsailllilg1 ;Zittrliltus sp- B (14), sp- C (1)
8 gg: i(())"g(())'"'\l;lf 13.0 Medium Mud sp. B (2), sp. C (4)

2.3. Molecular Analyses

Total DNA was extracted using a QuickExtract DNA Extraction Kit from Epicentre

Biotechnologies (Madison, Wisconsin, USA). Depending on the size of the individual, a quarter to a

half of an amphipod was used for the extraction. A 710-bp fragment of the mitochondrial cytochrome ¢
oxidase I (COI) gene was amplified using the LCO1490 and HCO2198 universal primers from Folmer
et al. [45]. The HCO2198 primer was labeled with HEX fluorescent (AlphaDNA, Montréal, Québec,
Canada). The polymerase chain reaction (PCR) contained 1 pLL of DNA template, 2.5 uL of 10X PCR
buffer, 0.25 um of each primer, 25 mM MgCl,, 0.25 uM of each ANTP and 1.5 units of 7ag DNA
polymerase in a final volume of 25 pL. PCR conditions were 3 min at 94 °C followed by 5 cycles of
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60 s at 94 °C, 90 s at 45 °C and 60 s at 72 °C; followed by 35 cycles of 60 s at 94 °C, 90 s at 51 °C and
60 s at 72 °C; followed by 5 min at 72 °C (Biometra Uno-II, Goettingen, Germany).

To discriminate haplotypes (variants of COI), PCR products were run on denaturing gradient gel
electrophoresis (DGGE) using a CBS DGGE-4001-Rev.B apparatus (Del Mar, California, USA).
Briefly, 30% polyacrylamide (acrylamide: bisacrylamide 37.5 : 1), 1 mm thick gels with a linear
denaturant gradient of 10 to 100% (where 100% denaturant = 40 % formamide and 7 M urea), were run
for 15 h at 120 V in a 60 °C bath of 1X TAE buffer (40 mM Tris, 40 mM acetic acid, 1 mmM EDTA,
pH 7.4). Fluorescent dye-labeled alleles were detected on a FMBIO III fluorescent scanner (Hitachi
Software Engineering America Ltd., San Bruno, California, USA) and analyzed using the
ImageAnalysis v.3.0.0.21 software (Miraibio, San Francisco, California, USA). Each haplotype found
with DGGE was also sequenced using the LCO1490 primer (McGill University and Genome Quebec
Innovation Centre, Montréal, Québec, Canada).

COI sequences were aligned using the CLUSTALW Multiple alignment module in BioEdit version
7.0.9.0 [46]. Pairwise sequence divergences among haplotypes were calculated using Kimura’s
2-parameter model in MEGA version 4 [47]. To discriminate cryptic species, we used a species
screening threshold (SST) of 3.75% as calculated by Witt et al. [21] for H. azteca populations of the
southern Great Basin region of California and Nevada. Note that SSTs and DNA barcoding using COI
do not constitute a species concept and must be considered as tools to discriminate biological units
corresponding to provisional species that need further investigation [21]. COI sequences were also
compared with other sequences of the Hyalella cryptic species complex found on the GenBank
database (http://www.ncbi.nlm.nih.gov/).

2.4. Relative Abundances of Species Over Time

To compare the relative abundances of each species over time, amphipods were sampled each
month from May to November 2007 at site 1 (Table 1). This site was chosen because we had
previously determined that it had the greatest number of amphipods in a study on different populations
of Hyalella amphipods in Lac des Baies [40]. This site seems to be representative of the most common
habitat in the littoral zone of the lake; it is devoid of macrophytes year round and is composed of sandy
sediments. Different food resources were available across seasons; during the summer months
(June-September), periphyton growing on sediments was probably the main food available for
amphipods while during autumn months (September-November), leaves from the riparian zone of the
lake became available [40]. Predation risks and competition from other taxa were not estimated during
our study, but it is clear that the insect larvae community changed during the season at the study site.
For example, dragonfly and damselfly larvae were more abundant in spring (May and June) than at
other periods of the year; during autumn (September to November), Hyalella amphipods were the main
component of the macroinvertebrate community at the study site (K. Dionne, personal observation).
Physical and chemical parameters were measured each month using a YSI 556 MPS multiparametric
sonde from YSI (Yellow Springs, Ohio, USA). Water temperature peaked at 20.3 °C in July and was at
its lowest point in November at 5.7 °C; pH was stable for all months with a mean of 7.4 while
dissolved oxygen decreased gradually from 11.5 mg L™ in May to 6.1 mg L™ in September and
finished to a point of 10.6 mg L™ in November.
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For the determination of the relative abundances of each cryptic species in the community, three
replicates were collected at a depth of about 0.3 m in areas of about six square-meters with a distance
of three meters between them. For each replicate, sediments were kicked during three minutes to
suspend the benthos into the water, and a dip net (500 um mesh size) was swept into the suspended
sediments during that time. Sampling was always performed by the same person to keep the sampling
effort constant. Each replicate was preserved in 95% ethanol before sorting in the laboratory for the
amphipods. For each replicate, all amphipods were counted and submitted to morphological analyses.
Then, for each replicate, ten amphipods were randomly chosen for molecular analyses.

To evaluate temporal variation in the community, the relative abundance of each species was
compared between months using ANOVA. The month was the factor and the relative abundance of
one species was the dependent variable. Similar analyses were made separately on adults and on
juveniles. Cryptic species of Hyalella amphipods can exhibit different life history traits [12,23]; this
could foster different proportions for each species in the community of juveniles. Also, different
relative abundances in the community of adults and juveniles could be possible if one or more species
were not residents of the study site since juveniles and adults do not have the same mortality risks [48]
and might not have the same capacity to establish in a sink site. All statistical analyses were performed
on the SAS 9.2 software (SAS Institute Inc, Cary, North Carolina, USA).

Probably due to problems of preservation, we were unable to extract total DNA from the amphipods
sampled in September and October 2007. Instead, we extracted DNA from 30 adult amphipods
sampled for another study [40] using the same methods on the same dates and at the same site.
Unfortunately, the animals used for that study were pooled across replicates, therefore, the September
and October samples were excluded from the ANOVA on relative abundances of species over time. To
explore the complete data set, we pooled samples within months and used chi-squared tests to evaluate
temporal variation in amphipod relative abundances.

3. Results
3.1.Determination of the Number of Species in Lac des Baies

All amphipods used in the molecular analyses belonged morphologically to H. azteca. Five COI
haplotypes were detected in Lac des Baies using molecular analyses on a total of 282 amphipods
(GenBank accession numbers JN161817-JN161821). Haplotypes 2, 3 and 4 had paired divergences of
1% or below, suggesting that they belonged to the same species (Table 2). Other COI haplotypes had
divergences over 20% between them, suggesting the occurrence of three cryptic species: species A
(haplotype 1), species B (haplotypes 2, 3 and 4) and species C (haplotype 5) (Table 2). Comparisons
with other sequences found on GenBank revealed that species A was genetically similar to haplotype
1-5 from clade 1 of Witt et al. [49] (COI divergence = 0.6%), species B was genetically similar to the
haplotype from the B Clade of Wellborn and Broughton [22] occurring in Duck Lake, Michigan (COI
divergences varying between 1.0% and 1.8%) and species C was genetically similar to haplotype 63
from clade 6 of Witt et al. [49] (COI divergence = 0.8%). For all sites, at least two cryptic species were
found living in sympatry (Table 1). Very few amphipods, essentially G. lacustris, were found living in
the profundal zone of the lake. G. lacustris was also present in the littoral zone at site 6.
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Table 2. Percentage sequence divergences at ¢ oxidase I (COI) between each pair of haplotypes.

Haplotypes 1 2 3 4
2 22.3
3 22.9 0.8
4 23.2 1.0 1.0
5 259 20.6 20.3 20.4

3.2. Morphological Variation Among Species

No morphological differences were found among Hyalella species for any month. All Hyalella
amphipods had two spines on pleon segments 1 and 2, excluding the presence of the form inermis.
Throughout the open-water season, all species had some adult males with small second gnathopods
(species A = 3, species B = 5, species C = 2, on a total of 81 males), suggesting inter-individual
variation rather than an inter-specific difference. Since species A and C were rare (total number of
adult individuals = 20 and 4, respectively), we could not statistically compare their body lengths with
species B. However, by visually comparing the mean body lengths of species A and B for each month

(Figure 2), one can see a large overlap in body lengths for adults and juveniles of these species for
all months.

Figure 2. Body lengths of Hyalella amphipods of species A and B for adults and juveniles
for all months (mean =+ standard deviation, where relevant).
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3.3. Relative Abundances of Species Over Time

From May to November 2007, 1240 amphipods were sampled at site 1. Abundances were at their
lowest in May, increased to reach a peak in September and then decreased in October and November
(Figure 3). The samples of amphipods used for molecular analyses represented from 9% (in
September) to 28% (in August) of the total number of amphipods. May was not included in the
analyses since not enough amphipods were present at the site. In July, adults were seldom found and
juveniles were dominant in the community. Juveniles were mainly present at the site in July and
August. Species C was excluded from the analyses since it was only represented by one or two
individuals per month. One G. lacustris was found in October.

Figure 3. Monthly total abundance of amphipods sampled at site 1 in 2007 (mean +
standard deviation).
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No significant variation was observed among months in the relative abundance of each species in
the community, both for adults (reduced data set) (ANOVA F = 1.33, df =2, P = 0.33) and juveniles
(ANOVA F =0.80, df =1, P = 0.42). Both adults and juveniles of species B were more abundant than
species A for all months (Figure 4). By including adult amphipods sampled with the protocol of
Dionne [40] in September and October (complete data set), still no significant variation was observed
among months in the relative abundance of each species (x> = 8.28, df = 4, P = 0.08) (Figure 5).

4. Discussion

4.1. Species Identification

Three cryptic species of the H. azteca species complex were found in Lac des Baies. Morphological
measurements are consistent with the morphological descriptions given by Witt et al. [49] and
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Wellborn and Broughton [22] for related haplotypes. Body length measurements suggest that all
species belong to the small ecomorph of the Hyalella complex [22,23]. Genetic divergences for COI
were high between species (over 20%); such high genetic divergences for sympatric H. azteca cryptic
species were also reported by Wellborn and Cothran [6] and Witt ef al. [21]. Further studies are needed
to assess if differences occur in life history traits of these species or if differences exist in
their morphology, physiology or behavior, as it is the case for other communities of H. azteca
amphipods [6,12].

Figure 4. Monthly relative abundance of species A and B for adults and juveniles (mean +
standard deviation, number of replicates = 3 for each month).
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Figure 5. Monthly relative abundance of species A and B for the community of adults
based on genotyping 30 individuals for each month.
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4.2. Constant Composition of the Community

Despite environmental variations, the composition of the Hyalella species complex remained
constant during the open-water season in the littoral zone of Lac des Baies. Species B was always
more abundant than species A and C. It is not clear if Hyalella cryptic species of Lac des Baies coexist
via undetected trade-offs that enable them to occupy different ecological niches or if they only
co-occur at the site. However, the fact that these species were also found together at other sites of the
lake that have similar and different environmental conditions than the study site suggests that their
ecological niches probably overlap importantly. In comparison, G. lacustris had a more restricted
niche in the lake; it was mainly found in shallow water (a few centimeters deep) in well-developed leaf
litters or in the profundal zone of the lake (K. Dionne, personal observation). Further studies
comparing the relative abundances of each Hyalella cryptic species among different habitats of the
lake could be informative on the specific niche of each species.

Migration from nearby sites may explain the presence of species at low abundances at a given site.
The fairly low contributions of species C and to a lesser extent species A to the community would
suggest that these species are not permanent residents at the study site. As mentioned by Wellborn and
Cothran [6], the community structure of a local site could be maintained year round via source-sink
dynamics [50-52]. In such a system, a species that is a bad competitor in one particular habitat can be
rescued from local exclusion by individuals that emigrate from another habitat where this species is a
good competitor [51-52]. In Lac des Baies, the fact that species B dominates at the study site suggests
that it could be a specialist of this habitat. Wellborn and Cothran [6] reported that species B dominated
in the narrow-edge habitat of Sullivan Lake, Michigan, where it could be a good competitor for
resources while being particularly vulnerable to predation risk from fish in deeper water [6]. In the
present case, it is likely that the rarer species A and C are outcompeted in the habitat of the study site
and that the occurrence of these species in the community is only maintained via migration from other
habitats where species A and C could be, for instance, predator-avoidance specialists. Since the study
site is located on bare sediments, it would be worth comparing its community with communities
inhabiting nearby macrophytes located in deeper water (2 m) to verify if species A and C are more
abundant in this habitat. Our results also show that adults and juveniles of species A were always more
abundant than species C. This could mean that either species A migrates from a nearer site than species
C, or that it is more abundant at the source.

Migration is also important in the formation of the amphipod community in the spring. In May,
amphipods were seldom found at the study site, whereas they were more abundant in June. Since no
juvenile was detected before July, amphipods at the study site were probably individuals that had
migrated from nearby sites. Indeed, some studies have reported the occurrence of Hyalella amphipods
at different depths in temperate lakes depending on the season and suggest their ability to perform
extensive intra-lake migrations [31,32,53]. In winter, Hyalella amphipods are absent in the frozen
narrow edges of lakes; these animals do not possess any resting stage capable of surviving in such
harsh conditions. This means that when ice melts in spring, the whole littoral zone can be colonized by
amphipods returning from their winter refuge, but also by amphipods from other locations of the lake.
In that latter case, the species composition of the community could change from one year to another,
especially if little differences exist in dispersal capacity and in ecological niche between species. Over
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long distances, amphipods probably act as passive dispersers [54], so their migration rates could be
greatly influenced by seasonal events such as spring and autumn mixings and occasional great
winds [31]. These events could explain why, despite being statistically non-significant, species A
became slightly more abundant in the community in October and November, and why we found a lone
G. lacustris in October.

Our study shows that cryptic species of Hyalella amphipods can co-occur in the littoral zone of a
boreal lake without temporal variation in their community. However, since our study is only focused
on one site during one open-water season, its scale do not suffice to completely explain the
composition of the community of Hyalella amphipods during the open-water season. Processes related
to metacommunities that may be important in explaining the co-occurrence of species act both at the
local (site) and regional (lake) scales [13,52,55,56]. A lake is a heterogeneous ecosystem that contains
many habitats that vary both in space and time; this variability can help species to coexist by offering
them a diversity of niches to exploit. This could also favor cryptic species co-occurrence by offering
them various possibilities to actively or passively migrate in the lake. Further studies should compare
relative abundances of cryptic species among multiple habitats at different periods of a year and among
many years. Such studies would help to comprehend the effects of the spatiotemporal
variability of habitats on cryptic species assemblage and its interaction with neutral and
metacommunity-related processes.
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