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a b s t r a c t

Aquatic ecosystems in arid environments provide important refugia and ‘stepping-stones’ of connectivity
for aquatic fauna. Aquatic ecosystems in central Australia are vulnerable to degradation due to the im-
pacts of invasive herbivores such as camels, which degrade small desert waterbodies through drinking,
trampling, and fouling with dung. In this study we assessed the impacts of camel dung on the water
quality and macroinvertebrate colonization and community composition of small arid zone freshwater
pools using experimental mesocosms.

Camel dung (2 kg) was added to half the mesocosms (the treatment), the remaining mesocosms
(without camel dung) acted as the controls. All mesocosms were sampled weekly for water quality,
nutrients, chlorophyll a and macroinvertebrate richness and abundance, over an eight week period
during summer.

Macroinvertebrate abundance was higher in the control mesocosms in comparison to the treatment
mesocosms. Pollution tolerant taxa such as mosquito larvae were common in treatment mesocosms,
while sensitive fauna, such as larval mayflies and dragonflies were more common in the controls. The
latter are predators and appeared to have a major influence on community composition.

Our results reinforce the need for active management of invasive herbivores to protect aquatic
biodiversity and to manage potential disease-vector species in central Australia waterbodies.

© 2014 Published by Elsevier Ltd.
1. Introduction

Arid environments cover 47% of the earth (Kingsford and
Thompson, 2006) and include a number of threatened ecosys-
tems and associated flora and fauna (Byrne et al., 2008; Murphy
et al., 2009; Anthelme et al., 2011). Arid waterbodies are consid-
ered “islands of water in a sea of dry land” (Faulks et al., 2010) but
have been the focus of relatively few ecological studies (Sada et al.,
2005; De Los Rios et al., 2010; Kirkman et al., 2012). Given their
isolation within an inhospitable arid landscape, waterbodies are
analogous to islands (Ward and Blaustein, 1994; March and Bass,
1995; Angeler and Alverez-Cobales, 2005; Murphy et al., 2009)
and in this sense are instructive for studying fundamental
ment of Land Resource Man-
alia.
ie).
ecological processes such as assembly dynamics and the role of
refugia (Davis et al., 2013). Waterbodies are particularly useful in
assessing the interplay between local conditions, dispersal and
colonisation (Jenkins and Buikema, 1998; Thompson and
Townsend, 2006; Zickovich and Bohonak, 2007; Jeffries, 2011)
and various aspects of Island Biogeography Theory (Ward and
Blaustein, 1994; Bohonak and Jenkins, 2003). Invertebrate coloni-
sation of waterbodies has been the focus of many studies because
the site scale is relatively discrete, small and easy to comprehend,
and the turnover rate of colonists is rapid enough to provide a
feasible timeframe for research (Layton and Voshell, 1991; Clifford
et al., 1992; Bohonak and Jenkins, 2003; Williams et al., 2008).

Degradation of aquatic ecosystems in arid regions is amajor issue
because of their biological, social and economic importance
(Williams, 2000; Box et al., 2008; Kirkman et al., 2012). For example,
springs in arid areas may provide the only reliable source of water
(Sada et al., 2005), are geographically isolated (Boxet al., 2008) and in
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many cases support an endemic aquatic fauna (Wilmer and Wilcox,
2007; Murphy et al., 2009). Many aquatic ecosystems in arid
Australia are culturally significant to Aboriginal people, who have
reliedonpermanentandtemporarywater to survive for thousandsof
years (Bayly, 1999). In central Australia, aquatic habitats provide a
scarce and critical resource for flora and fauna (Davis et al.,1993; Box
et al., 2008) and like other areas of the world are regarded as
“precious jewels of thedesert”, a status that reflects their importance
to both aquatic and terrestrial biodiversity (Box et al., 2008). It is
evident that the conservation of arid zone aquatic ecosystems is
critical, particularly in the faceof globally developing threats towater
resources in arid regions (Vorosmarty et al., 2010).

Water resources in arid regions are under pressure from
increasing human populations and the associated requirements of
major industries such as mining and agriculture (Murphy et al.,
2009). These factors in turn influence multiple and interacting
stressors that include salinisation, weed invasion, pollution, aquifer
drawdown and unmanaged feral herbivores (Sada et al., 2005; Box
et al., 2008; Lindenmayer et al., 2010).

Australia has the largest feral population of dromedary camels
(Camelus dromidarius) in the world. Their numbers increased since
first being imported from their regions of origin (Afghanistan,
Pakistan and northern India) between 1840 and 1907, with
numbers reaching an estimated peak population of 1 million in
2008 (Dorges and Heucke, 1996; Edwards et al., 2010; Saalfeld and
Edwards, 2010). Invasive herbivores such as the camel are a major
problem in central Australia (Edwards et al., 2010). At high densities
they have a large negative impact on environmental, cultural and
economic resources by damaging infrastructure, vegetation and
aquatic habitats (Edwards et al., 2010; Saalfeld and Edwards, 2010).
While it is well established that various invasive herbivores pose a
threat to aquatic ecosystems, there is a need to focus specifically on
the impacts of camels due to their wide distribution and commonly
unrestricted access to waterbodies throughout arid Australia.
Camels can cause significant damage to waterbodies by trampling
vegetation and eroding banks, by depletion of permanent springs,
and by fouling through defecation (Brim-Box et al., 2010; Edwards
et al., 2010), which can lead to eutrophication, and serious conse-
quences for aquatic fauna (Smith et al., 1999).

Eutrophication, the excessive input of nitrogen and phosphorus
into aquatic ecosystems, is one of the major threats to freshwater
ecosystems globally (Smith and Schindler, 2009; Kneitel and Lessin,
2010; Teissier et al., 2012). The negative effects of eutrophication
include major compositional and functional shifts in ecosystem
components, changes in trophic levels, increases in invasive spe-
cies, and an increased risk of emerging diseases (Smith and
Schindler, 2009; Kneitel and Lessin, 2010). Consideration of
eutrophication is important because it provides a basis to better
understand ecological processes and interactions in seasonal eco-
systems, information which is fundamental for effective manage-
ment (Kneitel and Lessin, 2010).

Theobjectiveof this studywas to investigate the impactsof camels
on the water quality and invertebrate ecology of simulated arid zone
waterbodies. We assessed the effects of camel dung on aquatic hab-
itats by measuring changes in: i) physico-chemical variables and
phytoplankton; ii) macroinvertebrate richness and abundance; and
iii) macroinvertebrate community composition, over time in experi-
mental mesocosms located in the central Australian arid zone.

2. Methods

2.1. Experimental mesocosms

Eighteen mesocosms (artificial pools), arranged in three groups
of six, approximately 80 m apart, were placed in the Arid Zone
Research Institute compound (133� 520E, 23� 460S) in Alice Springs,
in the Northern Territory, Australia. The plastic 100 L, 1 m � 0.5 m
pools were typical (in dimensions and volume) of small arid zone
waterbodies. Within each group, three treatment mesocosms (with
camel dung added) and three control mesocosms (without dung)
were located 5m apart in an alternating pattern. The closest known
source of dispersing macroinvertebrate communities was the
wastewater treatment ponds situated approximately 3 km north of
the site.

Each mesocosm contained an identical substrate of clean sand
sourced from a terrestrial site isolated from potential sources of
aquatic fauna. Locally sourced native leaf litter (60 gms), a com-
mercial de-chlorinator (5 ml), a commercial bacterial treatment
(10 ml) and 90 L of tap water were added to each mesocosm. An
imitation ‘log’ constructed from 25 mm PVC pipe with sealed ends
was also added, with one end emerging from the water, to provide
an oviposition site and an artificial substrate for invertebrate
colonisation and emergence.

Two 200 L water drumswere placed near each of the groups and
were filled with tap water one week prior to mesocosm assembly
and treated with a de-chlorinator. The water drums were used as
reservoirs throughout the experiment to maintain constant water
levels within the mesocosms. The drums had a small 10 cm aper-
ture at the top, whichmay have permitted colonisation of thewater
source. However the samewater was used to fill both the treatment
and control pools to ensure minimal effects.

A 2 kg bag of camel dung was added to each treatment meso-
cosm at the beginning of the experiment. Field observations indi-
cated that some small pools and springs can be almost completely
filled with camel dung. We estimated that 2 kg of dung was the
equivalent of a moderate quantity of dung in a similar-sized pool.
Fresh camel dung was rinsed, crushed and mixed before being
packed into calico bags. These bags were removed after 6 weeks,
and replaced with 2 kg bags of fresh dung, to imitate camels re-
visiting pool sites. Identical calico bags, without dung, were
added to each control mesocosm. These bags were also replaced
after 6 weeks to control for any effect of increased habitat (created
by the bag) or disturbance due to bag removal and replacement.

2.2. Water quality and macroinvertebrate sampling

The mesocosms were sampled weekly over an eight week
period during summer (OctobereDecember), 2012. Physico-
chemical parameters (i.e. temperature, pH, conductivity, dissolved
oxygen and turbidity) were measured at midday using a Horiba U-
10 multi-parameter water quality meter (Kyoto, Kansai, Japan).
Total nitrogen (TN) and total phosphorus (TP) concentrations were
measured at weeks one, four and eight, on bulked water samples
which were prepared by combining equal volumes (150 ml) of
water from each set of control mesocosms and each set of treat-
ment mesocosms within each cluster. Bulked samples were frozen
and subsequently analysed using standard methods (APHA, 2005)
at the Water Studies Centre (National Association of Testing Au-
thorities accredited) at Monash University.

The concentration of chlorophyll a (a measure of algal biomass)
in the water column was measured in each mesocosm, every sec-
ond week, by filtering 100 ml of water through a Whatman 4.7 cm
glass microfibre filter. The pigment was extracted in acetone and
then measured spectrophotometrically according to standard
methods (APHA, 2005).

Macroinvertebrates were sampled once a week for eight weeks
by sweeping a long handled net (250 micron mesh) in a zig-zag
motion across each mesocosm. A fixed volume of water (approxi-
mately 94 L) was filtered through the net in each mesocosm on
each sampling occasion. The artificial ‘log’was removed and shaken



Table 1
Summary (means ± standard errors) of the effects of camel dung on the physico-
chemistry and phytoplankton (chlorophyll a) of experimental arid zone mesocosms.

Parameter Control Treatment

PH 9.16 (SE ± 0.04) 9.51 (SE ± 0.05)
Conductivity (mS/cm) 2.07 (SE ± 0.07) 2.56 (SE ± 0.08)
Dissolved Oxygen (%) 88.47 (SE ± 2.64) 121.04 (SE ± 6.20)
Temperature (�C) 31.9 (SE ± 0.43) 32.8 (SE ± 0.45)
Total Phosphorus (mg/L) 0.15 (SE ± 0.02) 3.96 (SE ± 0.35)
Total Nitrogen (mg/L) 2.38 (SE ± 0.16) 23.56 (SE ± 1.66)
Chlorophyll a (mg/L) 3.25 (SE ± 0.58) 8.41 (SE ± 2.92)
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over a tray of water, on each sampling occasion, to capture asso-
ciated invertebrates.

Invertebrates captured were sorted, identified to the highest
possible taxonomic resolution, counted, recorded, and released
alive back into the same mesocosm directly after sampling. At the
end of the experimental period (8 weeks) the same methods were
used to exhaustively sample all macroinvertebrates present in the
mesocosms. All specimens were stored in 95% ethanol for later
identification using a stereomicroscope and online keys (e.g. www.
mdfrc.org.au/bugguide/.

2.3. Data analysis

We used a repeated measures ANOVA to determine differences
over time in physico-chemical parameters, chlorophyll a, taxa
richness and taxa abundance, between treatment and control
mesocosms, using the GLM RM procedure in R Project software (R
Development Core Team, 2008). We plotted the abundance of
selected taxa present over time, and the concentration of dissolved
oxygen, in treatment and control mesocosms.

We used multivariate techniques available in the PRIMER 6
software package with PERMANOVA þ add-on (Plymouth Marine
Laboratory; Clarke and Gorley, 2006; Anderson et al., 2008) to
determine changes in invertebrate assemblage changes over time
and in response to the presence of dung. A species by pool cluster
matrix was constructed using summed abundances across three
replicates (i.e. three mesocosms per site per treatment) and
adjusted BrayeCurtis similarity on transformed (log X þ 1) abun-
dance data was carried out.

Non-metric multidimensional scaling (MDS) was used to visu-
ally examine patterns within the data cloud in relation to dung and
time effects. The main and interactive effects of dung pollution and
time on assemblage composition were then directly tested using
the PERMANOVA routine. The design included three factors: dung
(fixed, 2 levels dung added & no dung added), time (random, eight
levels) and pool cluster (random, three levels). The inclusion of pool
cluster as a factor in the model incorporated the clustering struc-
ture inherent through time, thus creating a ‘repeated measures’
design (after Sim et al., 2013).

Similarity percentage analysis (SIMPER) was used to determine
discriminating species for within and between-group comparisons
according to dung treatment.

3. Results

3.1. Physicoechemical parameters

The average air temperature varied greatly over the eight-week
experimental period, reaching a maximum of 38.7 �C and average
water temperatures (recorded at the time of sampling each week)
were high (~32 �C) (Table 1). Little precipitation (7 mm) was
recorded during the same period. Significant differences in con-
ductivity and pH were recorded over time and between the treat-
ment and control mesocosms (Table 2), however, the differences
were not large (Table 1). The presence of dung resulted in signifi-
cantly different TN and TP concentrations (Table 2) which were
higher in the treatment mesocosms than controls (Table 1). The
initially high concentrations of both TN and TP in the treatment
mesocosms declined over time, but increased again following the
addition of fresh dung in week 6. In contrast, TN and TP concen-
trations were lower in the control mesocosms and changed little
over the duration of the experiment.

Chlorophyll a concentrations were higher in treatment meso-
cosms (Table 1) and changed significantly over time in both control
and treatment groups, however these changes were not
significantly different between the groups. Measurement of chlo-
rophyll awas made only on samples taken from the water column.
Visual assessment revealed the development of high densities of
benthic (i.e. attached) algae on the walls of the mesocosms over
time. As a consequence our measurement of water column chlo-
rophyll a provided only a partial assessment of total algal biomass
and eutrophication.

Dissolved Oxygen (DO) levels in the mesocosms differed
significantly between treatment groups (Table 1). Repeated mea-
sures ANOVA revealed significant effects of dung, time and dung
over time on DO (Table 2). Initial concentrations of DO fluctuated
greatly in the treatment mesocosms in comparison to the controls
(Fig. 1).
3.2. Effects of dung on macroinvertebrate colonisation

Macroinvertebrate richness varied significantly between the
treatment and control mesocosms and over time (Table 2). The
sequence of macroinvertebrate colonisation varied between treat-
ments and controls, and by taxa (Table 3). Invertebrate colonists
included a range of functional feeding groups (shredders, collectors
and predators) (Table 3) and the majority of taxa that colonised
both the control and treatment mesocosms are considered to be
pollution tolerant (www.mdfrc.org.au/bugguide; Hawking et al.,
2009, Table 3). The exceptions were mayflies, and water mites
which are considered to be sensitive to pollution and were only
recorded in the control mesocosms. Two species of Hydrophilidae
(adults) were also only recorded from the control mesocosms but
their pollution tolerance is not known.

Water mites appeared in the controls in week 5 and mayfly
larvae from week 6, (Table 3). The subsequent disappearance of
water mites (from week 6) from the control mesocosms corre-
sponded with the presence of high numbers of predatory dragonfly
larvae and the arrival of other predators such as adult hemipterans
(Anisops and Agraptocorixa) (Table 3).
3.3. Effects of dung on macroinvertebrate community composition

Significant changes occurred in macroinvertebrate community
composition over time as revealed by PERMANOVA (F7,14 8.5,
P < 0.001). The assemblages that were present in weeks 1 and 2
differed markedly from those present later in the experimental
period (Fig. 2). There was a strong effect of dung on community
composition (F1,14 ¼ 3.6, P < 0.01) which was significant over time
(F7,14 ¼ 3.4, P < 0.001) (Fig. 2).

Dissimilarity in invertebrate composition between the control
and treatment mesocosms was largely due to differing numbers of
larval dragonflies, larval chironomids, larval mosquitoes, Allodessus
beetle larvae and mosquito pupae (Table 4). These five taxa
accounted for up to 70% of the dissimilarity between controls and
treatments. The striking difference in composition between the
control and treatmentmesocosmswas the high abundance of larval
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Table 2
Repeated Measures ANOVA summary for the effects of camel dung on the physico-chemistry, phytoplankton and macroinvertebrates of experimental arid zone mesocosms.

Parameter Dung Time DungaTime

pH F1,16 ¼ 27.4, p < 0.001a F7,112 ¼ 38.5, p < 0.001a F7,112 ¼ 3.2, p < 0.001a

Conductivity (mS/cm) F1,16 ¼ 137, p < 0.001a F7,112 ¼ 1133.7, p < 0.001a F7,112 ¼ 13.3, p < 0.001a

Dissolved Oxygen (%) F1,16 ¼ 59.5, p < 0.001a F7,112 ¼ 17.5, p < 0.001a F7,112 ¼ 8.3, p < 0.001a

Temperature (�C) F1,16 ¼ 5, p < 0.05a F7,112 ¼ 433.2, p < 0.001a F7,112 ¼ 1.3, p ¼ 0.238
Total Phosphorus (mg/L) F1,4 ¼ 141.1, p < 0.001a F2,8 ¼ 1.4, p ¼ 0.3 F2,8 ¼ 1.3, p ¼ 0.3
Total Nitrogen (mg/L) F1,4 ¼ 283.1, p < 0.001a F2,8 ¼ 2.8, p ¼ 0.122 F2,8 ¼ 2.6, p ¼ 0.134
Chlorophyll a (mg/L) F1,15 ¼ 4.2, p ¼ 0.06 F3,47 ¼ 4.3, p < 0.001a F3,47 ¼ 2, p ¼ 0.13
Abundance F1,16 ¼ 6.6, p < 0.05a F7,112 ¼ 17.6, p < 0.001a F7,112 ¼ 2.3, p < 0.05a

Richness F1,16 ¼ 1.9, p ¼ 0.19 F7,112 ¼ 36, p < 0.001a F7,112 ¼ 7.3, p < 0.001a

a Indicates significant result.
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dragonflies in the controls in contrast to the high abundance of
mosquito larva and pupa in the treatments (Table 4).

3.4. Interactions between water quality, treatments and
macroinvertebrates

There was a strong interaction between the effects of camel
dung on water quality, algae, sequence of colonization and com-
munity composition. The arrival of dragonfly larvae in treatment
mesocosms coincided with the three week period when DO was
stable and similar to DO in the control mesocosms (Figs. 1 and 3).
Larval dragonfly abundance declined from week 6 in treatment
mesocosms, corresponding with the spike in DO saturation
following the second dung treatment.

Dragonfly larvae colonised the controls earlier (week 2) than
treatment mesocosms (week 4) and were much more abundant in
the controls (Fig. 3). The peak abundance in the control mesocosms
occurred betweenweeks four and six, corresponding with a decline
and re-colonisation of mosquito larvae and a complete absence of
mosquito pupae in week four (Fig. 3). Mosquito larvae and pupae
were present in treatment (dung) mesocosms for the entire eight
week experimental period, declining slightly inweek 5 when larval
dragonfly numbers were highest, but otherwise remaining rela-
tively consistent and almost double the abundance of mosquito
larvae and pupae recorded in the controls.

4. Discussion

Aquatic ecosystems are biologically important yet often over-
looked features of arid landscapes that are useful for assessing
anthropogenic disturbances (Williams, 2000; Box et al., 2008;
Fig. 1. Changes over time in dissolved oxygen saturation (mean% ± SE) in a) control and
atmosphere and can be indicative of eutrophication.
Patten et al., 2008; Becerra Jurado et al., 2009; Davis et al., 2013).
We sought to investigate how the impacts of camel dung affected
the invertebrate colonisation of arid zone freshwater pools using
experimental mesocosms. We assessed the effect of the addition of
camel dung by measuring water quality, macroinvertebrate rich-
ness and abundance, and macroinvertebrate community compo-
sition over time.

4.1. Interactions and effects of camel dung on water quality

Nutrients are considered themain determinant of phytoplankton
biomass in aquatic ecosystems (Teissier et al., 2012) and in this study
were assessed by measuring total nitrogen and phosphorus, and
phytoplankton biomass as chlorophyll a. Excessive nutrient input
from animal waste is a major concern for surface waters globally,
impacting on water quality, human health and ecosystem function
(Burkholder et al., 2007; Smith and Schindler, 2009). Dung can enter
water directly when herbivores stand in waterbodies to drink, or
indirectly via runoff from adjacent land (Croel and Kneitel, 2011).
Similar to cattlewaste, camel dungcanpose a threat to shallow lentic
systems by fostering eutrophic conditions and stimulating algal
blooms (Croel and Kneitel, 2011). The addition of camel dung to the
treatment mesocosms significantly increased TN and TP concen-
trations in comparison with the control mesocosms. Although we
cannot directly associate an increase in algal biomass with the
presence of dung because of the limitations of our measurements, it
is highly likely that the high algal biomass covering the walls of the
treatment mesocosms was a direct consequence of the nutrient
loading associated with the presence of dung.

Changes in water quality parameters such as pH, conductivity
and DO provided indirect evidence of eutrophication caused by
b) treatment mesocosms. 100% saturation indicates that DO is diffusing back into the



Table 3
List of macroinvertebrate taxa, and the week of arrival, recorded in the experimental mesocosms. Sensitivity to organic pollution is shown based on www.mdfrc.org.au/
bugguide; Hawking et al. (2009). Dispersal type is based on Bilton et al. (2001).

Taxa Life stage Functional feeding group Sensitivity to pollution Mode of dispersala Week of arrival

Control Treatment

Chironomidae (bloodworm) Larva Gathering collector Tolerant WTA/WF 2 2
Chironomidae Pupa NA NA WTA/WF 2 3
Culicidae (mosquito) Larva Filtering eCollector Very tolerant WTA/WF 1 1
Culicidae Pupa NA NA WTA/WF 2 2
Allodessus sp. (beetle) Adult Unknown Unknown WTA/SF 1 1
Allodessus sp. Larva Predator Unknown WTA/SF 2 2
Tabanidae (horsefly) Larva Unknown Unknown WTA/WF 2 1
Anisoptera spp (dragonfly) Larva Predator Mixed WTA/SF 2 4
Elmidae (riffle beetle) Adult Shredder Very tolerant WTA/WF 2 e

Hydrophilidae 1 (beetle) Adult Unknown Unknown WTA/WF 1 e

Hydrophilidae 2 Larva Unknown Unknown WTA/SF 5 5
Micronecta (water boatman) Larva Predator Very tolerant WTA/SF 3 3
Micronecta Adult Predator Very tolerant WTA/SF 1 1
Psychodidae (moth fly) Larva Unknown Unknown WTA/WF e 3
Hydrophilidae 3 (beetle) Adult Unknown Unknown WTA/SF 5 e

Hydracarina (water mite) Adult Predator Sensitive Phoresy 5 e

Anisops (backswimmer) Adult Predator Very tolerant WTA/SF 6 6
Agraptocorixia (boatman) Adult Predator Very tolerant WTA/SF 8 6
Ephemeroptera sp (mayfly) Larva Scraper Sensitive WTA/SF 6 e

Total number of taxa recorded 18 14

a WTA ¼ Winged Terrestrial Adult, W ¼ Weak Flyer, SF ¼ Strong Flyer.
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the addition of camel dung. The slightly higher values of pH
recorded in the treatment mesocosms were likely due to higher
rates of primary productivity driven by the nutrients provided by
dung, while the slightly higher conductivities could be attributed
to higher ionic concentrations associated with decomposing dung.
The high dissolved oxygen (DO) saturations in the treatment
mesocosms were indicative of changes in algal growth. The
treatment mesocosms were supersaturated (DO > 100%) in week 1
when phytoplankton were visually abundant, DO declined rapidly
in week 2 when the initial bloom collapsed (and microbial uptake
would have been high), DO increased in week 3 as benthic algae
established on the mesocosm walls, and supersaturation persisted
for the remainder of the experimental period. These results
demonstrate how vulnerable small eutrophic waterbodies are to
large changes in DO as a result of the interplay between algal
growth, when photosynthetic activity elevates DO concentrations,
and the rapid uptake of DO by microbial communities responding
to dying algal blooms.

The occurrence of supersaturation (DO > 100%) indicated the
likelihood of large diurnal fluctuations in DO. Although we only
Fig. 2. NMDS ordination showing the changes in macroinvertebrate invertebrate communit
dung) and control (no dung) mesocosms.
recorded spot measurements (once a week at midday) it is known
that maximum DO concentrations usually occur mid-afternoon
when photosynthesis greatly exceeds respiration. At night the
reverse situation occurs: the lack of light restricts photosynthetic
activity and the uptake of oxygen by respiration greatly exceeds
that produced by photosynthesis (Williams, 2006; Reddy and
DeLaune, 2008). This can have a direct impact on aquatic organ-
isms that are sensitive to low or fluctuating DO concentrations.
Certain aquatic invertebrates including larval dragonflies, larval
beetles and larval mayflies are particularly susceptible to low DO
(Gullan and Cranston, 1994).

4.2. Effects of camel dung on macroinvertebrates

Colonisation, leading to the establishment of new populations,
is essential for the persistence of species inhabiting aquatic eco-
systems and is important in a wider landscape context (Williams,
2006; Jeffries, 2011; Bogan and Boersma, 2012). The pools in this
experiment were readily colonised by a suite of taxa representative
of temporary or ephemeral freshwater pools, (i.e. Coleoptera,
y composition in arid zone mesocosms: a) over time and b) between treatment (camel
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Table 4
Taxa contributing up to 90% of the average BrayeCurtis between-group dissimilarity (using SIMPER analysis) averaged over the 8 sample times on transformed (log Xþ 1) data.
Average abundances indicate relative differences in abundance between treatment and control mesocosms. Column 4 shows the ratio of the average dissimilarity (column 3)
divided by the standard deviation (SD). Number of samples ¼ 48. The first five taxa make up to 70% of the between group dissimilarity.

Taxa Average similarity

Control (no dung) Treatment (dung) Average dissimilarity Diss/SD % contribution Cumulative %

Anisoptera (larva) 4.33 1.7 9.61 1.33 17.71 17.71
Chironomidae (larva) 4.06 4.4 8.29 0.99 15.27 32.98
Culicidae (larva) 2.23 3.37 6.73 1.1 12.4 45.38
Allodessus (larva) 2.05 1.96 5.16 1.11 9.51 54.89
Culicidae (pupa) 0.8 1.97 4.77 1.23 8.79 63.67
Tabanidae (larva) 0.45 1.15 4.37 0.58 8.06 71.73
Allodessus (adult) 1.35 1.11 3.05 1.03 5.63 77.36
Chironomidae (pupa) 0.07 1.12 2.77 0.97 5.11 82.47
Micronecta (nymph) 0.41 0.8 2.25 1 4.14 86.61
Micronecta (adult) 0.37 0.58 1.95 0.83 3.6 90.2
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Diptera, Ephemeroptera and Hemiptera) (Williams, 2006). How-
ever, microcrustaceans such as Copepoda and Cladocera that have
been recorded in similar studies (Barnes, 1983; Jeffries, 2011) were
not present. Microcrustaceans establish in temporary pools either
by emerging from sediment egg banks or by passive, wind-borne
dispersal of resistant eggs (Caceres and Soluk, 2002). All taxa
recorded in the treatment and control mesocosms were insects
with a flying adult stage, except water mites, which are passively
dispersed by phoresy (Bilton et al., 2001; Williams, 2006). Pioneer
taxa such as chironomids, mosquitoes and adult beetles were first
to colonise regardless of treatment, which is consistent with other
studies (Barnes, 1983; Becerra Jurado, 2009; Jeffries, 2011; Bogan
and Boersma, 2012).

Temporary waters are typically inhabited by highly resistant and
dispersive taxa that either have high mobility, can transport via
hosts or have life stages that are resistant to desiccation (Williams,
2006; Green et al., 2008). The mesocosm in this experiment were
constructed with new materials, clean sand and treated water
(suitable for domestic consumption), so that only highly mobile
fauna could colonise. This excluded desiccation-resistant
zooplankton such as copepods and cladocerans, and larger crusta-
ceans such as the clam shrimps (Laevicaudata/Spinicaudata), fairy
shrimps (Anostraca) and shield shrimps (Notostraca) that
commonly hatch from the egg banks of temporary pool sediments
(Barnes, 1983; Jeffries, 2011). Future experiments could use sedi-
ment inoculations from nearby natural pools to determine the re-
sponses of other aquatic fauna to eutrophication.
Fig. 3. Changes in the abundance of dragonfly larvae and mosquito larvae and pupae (m
colonisation of dragonfly larvae coincided with a reduction in mosquito larvae and pupae
There was a difference in colonisation rates and composition
between the treatment (dung) and control mesocosms. Most taxa
that colonised the mesocosms were classed as tolerant to organic
pollution by Australian rating systems (www.mdfrc.org.au/
bugguide; Hawking et al., 2009). Some taxa, such as adult Allo-
dessus beetles and adult hemipterans, Agraptocorixa, Anisops and
Micronecta, are capable of relocating when conditions deteriorate
and likely moved frequently between pools to feed and escape poor
water quality (Barnes, 1983; Bogan and Boersma, 2012). Larval
dragonflies, however, were unable to move between pools until
after emergence as adults. Their greater abundance in the control
mesocosms in comparison to the treatments suggests that the
species present were sensitive to eutrophication and associated
poor water quality. This is somewhat surprising in that most fam-
ilies were ranked as only mildly sensitive or pollution tolerant. The
sensitivity of individual species could not be fully determined
because it was not possible to undertake species determinations on
live specimens.

Larval dragonflies colonised the control mesocosms rapidly,
appearing from week 2, whereas they did not colonise the treat-
mentmesocosms until week 4. This coincidedwith the stabilisation
of DO levels in the treatment mesocosms, which suggested that the
dragonfly larvae present were sensitive to DO fluctuations.
Accordingly, the treatment mesocosms did not support the large
numbers observed in control mesocosms. Larval mayflies were not
recorded in any treatment mesocosms, indicating that they were
very sensitive to the negative effects of camel dung on water
eans ± SE) over time in control (a) and treatment (camel dung) (b) mesocosms. The
in control mesocosms.
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quality. This result corresponded with the high sensitivity rating
assigned to mayflies (www.mdfrc.org.au/bugguide; Hawking et al.,
2009).

In addition to the interacting effects of hydrological regime and
water quality, strong biological interactions can also have a major
influence on the composition of macroinvertebrate communities in
temporary pools (Jeffries, 2011). The presence of predatory species
is particularly important in driving assemblage composition (Stav
et al., 2000; Bogan and Boersma, 2012), as was observed in this
study. For example, as dragonfly abundance rose in the control
mesocosms, the abundance of mosquito larvae and pupae declined
considerably. This supports other studies that found fewer adult
mosquitoes were recorded in pools containing dragonfly larvae
(Stav et al., 2000). In contrast larval dragonfly abundancewas much
lower in the treatment mesocosms, and larval and pupal mosquito
abundances remained relatively high and stable throughout the
experiment. The treatment mesocosms were therefore potentially
producing more adult mosquitoes than the controls. The presence
of large numbers of mosquitos in arid waterbodies is a potential
human health concern, as some mosquitos are known vectors of
major diseases, including dengue and viral encephalitis (Chase and
Knight, 2003; Williams, 2006).

Larval mosquitoes have respiratory syphons that enable them
use atmospheric oxygen, and thereby survive in even the most
polluted waters (Williams, 2006). However, to use atmospheric
oxygen they must frequently rise to the surface, which exposes
them to predators (De Szalay and Resh, 2000; Stav et al., 2000).
Larval mosquitoes are heavily preyed upon by various taxa
(Blaustein et al., 2005), including larval dragonflies, which are often
the top aquatic predator in waterbodies that lack vertebrate pred-
ators such as fish (Stav et al., 2000). Larval dragonflies have been
found to significantly reduce the abundance of larval mosquitoes by
direct consumption, and because the presence of dragonfly nymphs
repels oviposition by female mosquitoes (Stav et al., 2000). Our
study confirmed that invertebrate predators are important de-
terminants of aquatic community structure in temporary pools
lacking vertebrate predators and have an important role in
reducing mosquito populations in unpolluted systems.

5. Implications for natural waterbodies

This study provides experimental evidence of the negative im-
pacts of camel dung on arid zone waterbodies. The effects, and
interactions, of dung and water quality are likely to be exacerbated
in natural pools, particularly in dry summers. As the landscape
dries, aquatic sites evaporate and shrink in volume, which reduces
habitat and concentrates solutes, especially nutrients (Williams,
2006). The deposition of dung is non-random at the landscape
scale as feral camelsmove in fromdry areas and concentrate in high
numbers around aquatic sites to drink (Edwards et al., 2001; Brim-
Box et al., 2010; Croel and Kneitel, 2011). Not only do the large
numbers of camels utilising a water source have a direct physical
impact (Brim-Box et al., 2010), the large biomass of dung, coupled
with evaporation, reduces the amount of free water available and
creates a thick dung ‘soup’. These impacts, combined with negative
chemical and biological impacts create conditions that are intol-
erable for most aquatic species. While this study focussed on the
impacts of camel dung on aquatic species, it is likely that the poor
water quality created by camels also affects the terrestrial species
(birds, wallabies, kangaroos and dingoes) that drink from these
pools.

Various native vertebrates, including wallabies and kangaroos,
have been observed drinking at pools and springs, however they
are unlikely to have the same impact on water quality as camels.
Red kangaroos (the largest native herbivores in arid Australia) can
weigh up to 90 kg, approximately one quarter of the weight of an
adult camel, and in hot conditions only need to drink approxi-
mately 100 ml/day of water compared to 200 L/day for a camel. In
addition, kangaroos have efficient urine concentrating abilities
(Dawson et al., 1975). The largest native herbivores in central
Australia are therefore much smaller, don't drink as much water
nor deposit as much waste as camels.

Permanent waterbodies such as springs and rockholes provide
important evolutionary refugia in arid landscapes and are often
hotspots of biodiversity (Davis et al., 1993; Keleher and Rader,
2008). Temporary or ephemeral waterbodies are also critical to
biodiversity as they provide ecological ‘stepping-stones’ in an
otherwise unhospitable landscape by facilitating the dispersal and
colonisation of aquatic fauna (Williams, 2000; De Meester et al.,
2005; Williams, 2006; Bogan and Boersma, 2012; Sim et al.,
2013). Introduced herbivores such as camels may therefore be
contributing to fragmentation of aquatic ecosystems in the arid
zone by disturbing the connectivity of these stepping stones.

Aquatic ecosystems in arid regions are particularly vulnerable to
degradation because of their isolation coupled with the negative
impacts of introduced herbivores (Sada et al., 2005; Box et al., 2008;
Murphy et al., 2009; Brim-Box et al., 2010; Woodward et al., 2010;
Sim et al., 2013). This study highlights the need for active man-
agement of invasive herbivores, such as camels, around arid zone
waterbodies to reduce the amount of dung entering surface waters.
This would lower the likelihood of eutrophication and associated
loss of aquatic biodiversity, particularly the invertebrate predators
which are important for mosquito control. It is essential that pop-
ulations of feral camels and other invasive herbivores continue to
be reduced, actively managed and monitored to ensure that the
integrity of arid zone aquatic ecosystems is maintained and their
persistence is supported over the long term.
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