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Abstract: Desert springs, which harbor diverse and endemic invertebrate assemblages, are
often used as refuge habitats for protected fish species. Additionally, many of these springs
have been colonized by invasive fish species. However, the potential impacts of recently
established fish populations on invertebrate communities in desert springs have been
relatively unexplored. We conducted a mesocosm experiment to assess the impact of both
protected and invasive fish on community structure of spring-dwelling invertebrates
focusing on zooplankton. Experimental populations of spring zooplankton communities
were established and randomly assigned to one of three treatments, (1) invasive western
mosquitofish (Gambusia affinis); (2) endangered Mohave tui chub (Siphateles bicolor
mohavensis); and (3) fishless control. Final populations of zooplankton and fish were
sampled, sorted, identified and counted. The treatment differences of zooplankton communities
were analyzed by comparing the densities of six major zooplankton taxa. Further, we
performed nonmetric multidimensional scaling (NMDS) to visualize the patterns of
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zooplankton community assemblages. Four zooplankton taxa, crustacean nauplii, cladocera,
calanoid and cyclopoid copepods had significantly lower densities in fish treatments
compared to fishless control. Overall, invasive mosquitofish caused a 78.8% reduction in
zooplankton density, while Mohave tui chub caused a 65.1% reduction. Both protected and
invasive fish had similar effects on zooplankton except for cladocerans where tui chub
caused a 60% reduction in density, whereas mosquitofish virtually eliminated cladocerans.
The presence of fish also had a significant effect on zooplankton community structure due
to population declines and local extirpations presumably due to fish predation. This work
shows that conservation-translocations undertaken to conserve protected fish species may
impact spring-dwelling invertebrate communities, and such impacts are similar to impacts
due to colonization by invasive fish species.

Keywords: desert springs; spring invertebrates; spring zooplankton; protected species;
endangered species; invasive species; alien species

1. Introduction

Desert springs function as “keystone” ecosystems playing a major role in evolutionary processes
and regional biodiversity [1,2]. Furthermore, desert springs host the highest number of locally
endemic taxa in North America making them one of the biodiversity hotspots and priority sites for
conservation [1-3]. Recent studies have uncovered unique, highly diverse and endemic invertebrate
assemblages, both macroinvertebrates and zooplankton, from North American desert springs [4—12].
These systems are of particular conservation concern because many spring invertebrates are threatened
with extinction due to anthropogenic impacts, such as water mining, habitat alterations, and introduction
of non-native species [1,3,13].

Many desert springs have been stocked with non-native fish species [13—16] mainly to control
mosquito-borne diseases (western mosquitofish Gambusia affinis [15]), to promote sport fishing
(large-mouth bass Micropterus salmoides [17]), and as breeding ponds for aquarium fish (sailfin molly
Poecilia latipinna [16]). More recently, desert springs have been stocked with federally and state
protected fish species as a strategy to create refuge populations as a hedge against extinction [18,19]. For
example, endangered species such as the Gila topminnow Poeciliopsis occidentalis occidentalis [18],
Mohave tui chub Siphateles bicolor mohavensis [20] and Pahrump poolfish Empetrichthys latos latos [21]
have been transplanted to historically fishless springs as a conservation strategy.

While conservation translocations have reduced extinction probability for many protected fish
species [18,19,22], the effects of such translocations on native and endemic invertebrate species have
been relatively unexplored. However, newly established protected fish populations may impact spring
invertebrate communities (both macroinvertebrates and zooplankton) due to predation. Such deleterious
impacts by newly established fish populations on rare native invertebrate communities pose potential
conflicts when setting conservation goals [23-25].

Most research concerning fish impacts on invertebrate communities has focused on the effects of
invasive mosquitofish (Gambusia affinis and G. holbrooki) [26—28]. Hurlbert et al. [26] showed that
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experimental mosquitofish populations (G. affinis) eliminated cladocerans and significantly reduced
densities of rotifers, crustaceans and aquatic insects in experimental mesocosms. Further, Linderiella
occidentalis, a fairy shrimp species endemic to California vernal pools, had lower survival in
experimental ponds sympatric with western mosquitofish compared to control ponds [29]. However,
very little work has been conducted on the impacts of fish introductions on aquatic invertebrate
communities in desert spring systems [14,17,30].

We examined the effects of non-native western mosquitofish and protected Mohave tui chub
(S. b. mohavensis) on spring zooplankton communities using a mesocosm experiment. Both of these
fish species have been historically transplanted to fishless springs. Western mosquitofish have been
widely introduced to desert springs [14,23,30], while Mohave tui chub populations have been
translocated to in many historically fishless desert springs [20,31].

Recent conservation translocations of Mohave tui chub (family: Cyprinidae) have been pursued
because of its limited range and risk of extinction. It was the only fish native to the Mojave River in
California [32], and river populations were extirpated in the late 1960s mainly due to habitat
modification and invasive species [32,33]. Currently there are five stable populations of this species but
three of them are infested with invasive western mosquitofish [32]. It is a federally and state listed
endangered species due to its restricted range and the extant populations are not considered secure due
to a variety of threats including the potential impacts of mosquitofish. Thus, the Mohave tui chub
recovery plan calls for more transplants to secure the species [32].

We compared the zooplankton communities of fishless control mesocosm, to mesocosms stocked
with either Mohave tui chub or western mosquitofish to assess the potential impacts of recently
established fish populations (both endangered and invasive) on spring zooplankton communities.

2. Experimental Section
2.1. Experimental Setup

We conducted a mesocosm experiment mimicking the spring environmental conditions of one of the
principal refuge habitats for the Mohave tui chub, Lake Tuendae at the Desert Studies Center in Zzyzx,
California. In addition to Mohave tui chub, Lake Tuendae hosts invasive western mosquitofish and a
small introduced population of Saratoga Springs pupfish (Cyprinodon nevadensis nevadensis). It is a
highly modified desert spring [33] approximately 140 % 40 m in size with a maximum depth up to about
two meters.

We established 25 large circular plastic mesocosms adjacent to Lake Tuendae to host experimental
populations of aquatic invertebrates in the absence of fish and in the presence of Mohave tui chub and
western mosquitofish (from 8 March 2009 to 12 May 2009). At the onset of experiment, mesocosms
were filled with water from Lake Tuendae to introduce invertebrate communities, but filtered through
1.18 mm mesh to exclude larval fish, which is critical for our experimental design. This also eliminated
macroinvertebrates, which represents about 2% of total invertebrate community in Lake Tuendae [34].
Each tank was provided with a constant aeration system, equal amounts of plastic “plants” to provide
cover and substrate, and poultry fence to exclude avian predators. Five mesocosms were designated as
fishless controls, whereas 20 mesocosms were randomly assigned to one of two fish treatments each
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with 10 replicates: Mohave tui chub (MTC) and western mosquitofish (WMF). All 20 mesocosms with
fish and two fishless mesocosms had a diameter of 1.8 m (volume ~1200 L), whereas three additional
fishless mesocosms had a diameter of 2.5 m (volume ~2600 L). However, we maintained the water levels
of all the tanks at about 45 cm. The final zooplankton densities were not significantly different between
the large fishless and small fishless mesocosms indicating lack of tank size effects on zooplankton
densities (Table 1).

Table 1. The final zooplankton densities in small (volume ~1200 L) and large (volume
~2600 L) tanks used for fishless control treatment. The averages were tested with Wilcoxon
rank sum test for any significant differences.

Invertebrate Average Density (per L = SE) w p-Value
Group Small Tank (n =2) Large Tank (n = 3)
Rotifers 19,841.0 (+10,459.0) 31,516.7 (£2534.5) 1 0.4
Crustacean nauplii 39.8 (£1.3) 33.2 (£31.9) 6 0.2
Cladocera 277.0 (£29.0) 264.0 (£21.2) 4 0.8
Calanoid copepods 20.5 (£9.0) 25.2 (£7.1) 2 0.8
Cyclopoid copepods 105.0 (£51.0) 67.2 (£28.2) 5 0.4
Water mites 12.0 (£2.0) 4.5 (£1.5) 6 0.2

Tanks were stocked with adult Mohave tui chubs and mosquitofish captured from Lake Tuendae
using minnow traps and hand nets. Mesocosms receiving Mohave tui chubs (MTC) were each stocked
with eight adult Mohave tui chubs (Total length = 80—-120 mm). Mesocosms receiving mosquitofish
(WMF) were each stocked with 25 male and 50 female mosquitofish and they were not measured due to
initial mortality associated with handling stress. These fish densities were chosen to reflect relative
densities and sex ratios in Lake Tuendae [34]. The final fish population size upon completion of this
experiment was reported elsewhere [35]. We did not include Saratoga Springs pupfish, because this
species was at very low density when our experiments were conducted. Fish were fed ground pelleted
fish food at a ration of 4% of stocked fish biomass per day complying with animal care protocols (NDSU
IACUC #A0902).

2.2. Zooplankton Sampling

Upon conclusion of the experiment, zooplankton were collected using a 2 L Van Dorn type horizontal
water sampler. Two water samples, one close to the surface and the other close to the bottom, were
collected from each mesocosm and filtered through a 65 pum mesh net funnel to recover zooplankton.
The recovered material was fixed in 10% sugar-formalin [36] and a drop of Rose-Bengal stain (stains
animal proteins in red) was added to each vial before laboratory analysis to enhance the visibility.

In the laboratory, samples were filtered through a 65 um mesh net funnel again and the materials were
suspended in 50 mL of water. Suspended zooplankton were sub-sampled (5.0 mL) five times and counted
using a counting wheel under a stereo-microscope. Zooplankton were identified to major taxonomic
levels using keys provided Pennak [37].



Diversity 2015, 7 7

2.3. Statistical Analysis
2.3.1. Univariate Analysis

We restricted our analysis only to the zooplankton taxa which had a cumulative sum of more than
30 individuals (i.e., rotifers, cladocerans, calanoid copepods, cyclopoid copepods, Hydracarina water
mites and crustacean nauplii) due to extreme rarity of other taxa (i.e., ostracods, chironomid larvae).
All statistical analyses were conducted using R statistical software program [38]. For zooplankton
densities, data were tested for normality with a Shapiro-Wilk normality test (shapiro.test function).
Because data were not normally distributed, a Kruskal-Wallis rank sum test (kruskal.test function)
was used to test for treatment effects. Separate tests were run for each zooplankton group using
population size as the response variable and treatment as the explanatory variable. Post-hoc analyses
were conducted by performing a Tukey HSD test (7TukeyHSD function) on ranked data [39] with
sequential Bonferroni correction [40].

2.3.2. Multivariate Analysis

Nonmetric multidimensional scaling (NMDS) was performed to reduce the taxa density matrix of six
to two dimensions using metaMDS function in R [38] package “vegan” [41]. The function metaMDS
produces an ordination plot by running monoMDS with several random starts until it generates a global
optimum after finding two similar ordination configurations with minimum stress [42]. This avoids the
risk of finding a local optimum instead of a global optimum as the best solution when using monoMDS
alone [42]. This function relativized the data by dividing the maximum value of taxa to improve the
quality of the ordination. Because density among taxa varied by four orders of magnitude, relativizing
our data set was critical to equalize the impact of individual taxa on the ordination. The ordination was
based on a Bray-Curtis distance measure. Taxa relationships to modeled axes were indicated as
directional vectors on the ordination plot based on the Pearson Correlation Coefficient for each taxon
against the NMDS axes. We considered stress less than 0.20 as an adequate solution [43].

3. Results and Discussion
3.1. Univariate Analysis

Four of the six zooplankton taxa examined were negatively impacted by the presence of fish;
crustacean nauplii, cladocera, calanoid and cyclopoid copepods (Figure 1). In general, the presence of
invasive mosquitofish had a higher impact on zooplankton with an average reduction of zooplankton
density by 78.8%. The average reduction of zooplankton density due to the presence of endangered
Mohave tui chub was 65.1%.

Crustacean nauplii densities were significantly reduced by both mosquitofish (10.3 = S.E. 2.03/L)
and Mohave tui chub (16.0 + S.E. 2.18/L) compared to the fishless control (35.8 = S.E. 1.96/L); densities
were reduced by 71.2% and 55.3%, respectively. However, there was no significant difference of nauplii
densities between mosquitofish and tui chub treatments (Figure la). Cladocerans were virtually
eliminated from mosquitofish treatment (0.2 + S.E. 0.1/L), compared to both tui chub treatment
(103.7 £ S.E. 11.9/L) and the fishless control (269.6 = S.E. 13.1/L; Figure 1b); densities were reduced
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by 99.9% and 61.6%, respectively. Calanoid copepod densities were reduced by both mosquitofish
(6.65 = S.E. 0.67/L) and Mohave tui chub (7.15 + S.E. 0.61/L) compared to the fishless control
(23.3 + S.E. 5.0/L; Figure lc); densities were reduced by 71.4% and 69.3% respectively. Similarly,
cyclopoid copepod densities were reduced by both mosquitofish (22.05 + S.E. 4.23/L) and Mohave tui
chub (21.4 + S.E. 3.51/L) compared to the fishless control (82.3 = S.E. 24.2/L; Figure 1d); densities were
reduced by 72.6% and 74.0% respectively. However, there were no significant differences for both
calanoid and cyclopoid densities between the two fish treatments (Figure 1c,d). Densities of Hydracarina

water mites (Figure 1e) and rotifers (Figure 1f) did not significantly differ among treatments.
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Figure 1. Differences in mean density of major zooplankton taxa among treatments.

Significant differences of mean densities were observed for (a) crustacean nauplii
(X% = 12.67; p = 0.002); (b) cladocera (X?3 = 21.47; p < 0.001); (¢) calanoid copepods
(X% =11.76; p = 0.003); and (d) cyclopoid copepods (X?3 = 9.80; p = 0.007). No significant
treatment differences were observed for (e) water mites and (f) rotifers. Treatment codes:

WMF = allopatric mosquitofish, MTC = allopatric tui chubs, and Control =fishless control.

Error bars are one standard error. Similar upper case letters on top of bars indicate non-

significant pair-wise comparisons after Bonferroni correction.
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3.2. Multivariate Analysis

NMDS achieved an adequate two-dimensional solution for zooplankton community assemblage
(Figure 2; stress = 0.0901). It generated three distinct clusters which corresponded with the three
treatments (Figure 2). The direction and the length of the vector showed a strong negative correlation of
cladocerans with mosquitofish. Additionally Hydracarina water mites and rotifers had a positive
association with mosquitofish and may indicate lack of mosquitofish impact on them. The relative
positioning of the directional vectors may indicate negative associations for copepods and crustacean
nauplii both with tui chub and mosquitofish. Furthermore, mosquitofish cluster is located further apart
in the ordination space from fishless control cluster compared to Mohave tui chub cluster. This may
suggest considerable differences of impacts of tui chubs and mosquitofish on zooplankton communities.
This difference is most likely driven by the strong difference between the effects of tui chub and

mosquitofish on cladocerans (also see Figure 1b).

o
o

NMDS 2

Water mites

Cyclopoids

O Mohave tui chub
A No fish control
O Mosquitofish

Cladocera

Stress = 0.0901

-06 -04 -02

Figure 2. Nonmetric multidimensional scaling (NMDS) ordination plot of experimental
units (= mesocosms) for all six-taxa of zooplankton (stress =0.0901). Fish impacts are shown
by having separate clusters for treatments with and without fish. Different symbols show
three treatments; squares = mosquitofish, circles = Mohave tui chub, and triangles = fishless
controls. Symbols represent individual mesocosms and the relative distance between two
symbols represent the similarity (or dissimilarity) of zooplankton composition in the relevant
mesocosms. Angles and lengths of the vectors represent the direction and the strength of
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responses of invertebrate taxa to ordination scores, respectively.
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3.3. Discussion

Our study shows that both invasive fish and protected fish can impact spring zooplankton
communities. Tui chub and mosquitofish both reduced the population density of four out of six
invertebrate taxa (crustacean nauplii, cladocera, calanoid copepods, and cyclopoid copepods) compared
to the fishless control. Both fish species had similar negative impacts on the densities of crustacean
nauplii, calanoid copepods, and cyclopoid copepods, but no significant differences between the fish
species treatments. However, invasive mosquitofish had a higher impact on zooplankton density (~79%
reduction) compared to the impact of endangered Mohave tui chub on zooplankton density (~65%
reduction). While tui chub caused a 60% reduction in cladoceran densities, mosquitofish virtually
eliminated cladocerans with complete extirpation of cladocerans for 8 of 10 mosquitofish mesocosms.
By contrast, Hydracarina water mites and rotifers were not affected by the presence of fish.

Our results mimic the findings of earlier workers showing negative effects of mosquitofish
presence on invertebrates (both zooplankton and macroinvertebrates [26,27,44—46]), often including the
near-complete elimination of cladocerans [26,27,44,45]. Our results are also consistent with previous
studies that have shown that rotifers escaping fish predation as a result of comparatively very small body
size [46] (also see [27]). Additionally, controlled experiments have shown that Hydracarina water mites
with red body pigmentation were rejected by fish predators presumably due to distastefulness [47].

The over-riding pattern from this experiment was that both invasive and protected fish species are
likely to impact invertebrate communities of desert springs. To our knowledge, this is the first study to
experimentally evaluate the impacts of mosquitofish on invertebrate communities of desert springs.
More importantly, our study is the first to experimentally evaluate how a commonly used conservation
measure for protected fishes can have un-anticipated effects on invertebrate communities. Thus, the
benefits of such conservation translocations should be measured against the potential impacts on overall
aquatic biodiversity. This is especially important because of the high degree of endemic invertebrate
species that occupy desert springs [3—12].

When establishing new populations of protected species, managers typically translocate them within
species’ historic range to minimize undesirable effects to other native species [18,19]. However, in the
case of fish translocations, the historic range is typically a watershed, and specifically in an arid
landscape, this may include places where the species have never occurred before such as fishless desert
springs. Additionally our findings also have relevance for resource managers considering “assisted
colonization” as a conservation tool. Proponents of assisted colonization recommend establishing new
populations of species at the risk of extinction as a direct result of rapid climate change [48—50].
These introductions typically include areas with suitable climate conditions beyond the historic range of
the species of concern [48,49]. Therefore, it is critical to thoroughly evaluate the native species composition
and potential ecological interactions between native and protected species before such introductions.

Our study specifically shows the potential impacts of two fish species, one native and one invasive,
on aquatic invertebrate communities. Although limited, studies of other fishes have shown similar
negative impacts on aquatic invertebrates. High densities of native fathead minnows (Pimephales
promelas) caused a reduction of abundance, biomass, and taxon richness of aquatic invertebrates in
prairie wetlands [51,52]. An enclosure experiment showed reduced densities of benthic predatory
chironomids due to bluegill predation [53]. In addition to invasive mosquitofish effects [26—30], the
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presence of non-native tilapia (7ilapia sp.) was associated with reduced species richness and density of
invertebrates in a spring-fed habitat [9].

We acknowledge some limitations to our experimental design. For instance, we used tanks with two
sizes for fishless control treatment; however, we found that zooplankton densities did not differ between
two tank sizes. Further, the invertebrate communities established in the mesocosms were constrained in
two ways. First, the spring source for invertebrates (i.e., Lake Tuendae) was not a historically fishless
desert spring. Second, filtering of water to exclude fish larvae during the establishment of mesocosms may
have limited the introduction of larger macroinvertebrates (e.g. odonate nymphs, amphipods) to
mesocosms. However, the Lake Tuendae invertebrate community is dominated by the same zooplankton
taxa considered for this analysis [54]. The macroinvertebrate community in Lake Tuendae numerically
represents only about 2% of total invertebrates [34]. Also, our work shows that even with this limitation,
that negative effects of mosquitofish and protected Mohave tui chub were qualitatively similar.

4. Conclusions

It is important to acknowledge the likelihood that federal and state conservation agencies may well
continue to use historically fishless water bodies as prime locations for the introduction of protected fish
species. Given the very limited number of suitable refuge sites in the desert, fishless desert springs
have been vulnerable targets for conservation translocations [18-20,31]. Therefore a precautionary
approach would be to conduct invertebrate surveys of fishless desert springs prior to conducting fish
introductions [25]. This single action may alert managers to potential conflicts in conserving aquatic
biodiversity and simultaneously enhance our understanding of the inherent biodiversity of fishless
desert springs.
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