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Abstract – Hot springs are characterised by water temperatures above 36.7 °C. Temperature decreases with
distance in flow away from spring vents; this natural gradient provides a unique opportunity to investigate
the influence of water temperature on aquatic biota. This study investigated the relationship between water
temperature and the aquatic invertebrates and benthic diatoms in outflows from a hot spring complex in
tropical north Queensland, Australia. Water temperature ranged from 62.7 °C at the vents to 26.0 °C at the
location furthest downstream. Richness of benthic diatoms and aquatic invertebrates increased linearly in
response to decreasing temperature, with no species present in the hot vents. Multivariate analysis showed
that both community assemblages had a response to the temperature gradient. A drop in aquatic invertebrate
richness and a change in assemblage composition occurred between 40 °C and 42 °C, indicating a threshold
at this temperature. The nearby Einasleigh River has experienced several contemporary peaks in water
temperature over 40 °C, which corresponds to this threshold level. The relationships indicate that consistent
increases in water temperature expected under climate change could decrease biological richness and
precipitate changes in the aquatic invertebrate and benthic diatom taxa of tropical aquatic ecosystems.

Keywords: Thermophilic / rheocrene / thermal tolerance / crenobiology / travertine

Résumé – Le biote aquatique d’eau chaude: les gradients thermiques dans les rejets des sources
chaudes rhéocrènes comme analogues des effets du réchauffement climatique. Les sources chaudes
sont caractérisées par des températures de l’eau supérieures à 36.70 °C. La température diminue avec
l’éloignement des sources; ce gradient naturel offre une occasion unique d’étudier l’influence de la
température de l’eau sur le biote aquatique. Cette étude a examiné la relation entre la température de l’eau,
les invertébrés aquatiques et les diatomées benthiques dans les flux sortants d’un complexe de sources
chaudes dans le nord tropical du Queensland, en Australie. La température de l’eau variait de 62.7 °C à la
source à 26.0 °C à l’endroit le plus en aval. La richesse des diatomées benthiques et des invertébrés
aquatiques a augmenté de façon linéaire en réponse à la baisse de la température, aucune espèce n’étant
présente dans les sources chaudes. Une analyse multivariée a montré que les deux assemblages de
communautés réagissaient au gradient de température. Une baisse de la richesse des invertébrés aquatiques
et un changement dans la composition des assemblages se sont produits entre 40 °C et 42 °C, indiquant un
seuil à cette température. La rivière Einasleigh toute proche a connu plusieurs pics contemporains de
température de l’eau supérieurs à 40 °C, ce qui correspond à ce niveau seuil. Les relations indiquent que les
augmentations constantes de la température de l’eau prévues dans le cadre du changement climatique
pourraient diminuer la richesse biologique et précipiter des changements dans les taxons d’invertébrés
aquatiques et de diatomées benthiques des écosystèmes aquatiques tropicaux.
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1 Introduction

Water temperature regimes in freshwater ecosystems vary
temporally and spatially due to the influence of shading,
convective heat exchange with the air, habitat morphology and
characteristics of the water (Vannote and Sweeney, 1980;
Morrill et al., 2005). In addition to these natural factors
anthropogenic activities such as riparian tree clearance, water
releases from dams and weirs, discharges from industry and
climate change add complexity and can create unpredictability
in water temperature regimes (Rutherford et al., 2004; Morrill
et al., 2005; Taniwaki et al., 2017). Freshwater ecosystems are
also predicted to be sensitive to climate change, due to its
effects on water temperature, aquatic primary production,
dissolved oxygen concentrations and litter decomposition
(Durance and Ormerod, 2009; Patrick et al., 2019). In
particular, water temperatures in freshwater ecosystems are
predicted to increase with some records indicating changes
have already occurred (Chessman et al., 2009; Durance and
Ormerod, 2009; Settele et al., 2014). However, much of the
information on climate change and ecosystem relationships to
water temperature are based on modelling, which has high
levels of uncertainty due to the complexity of aquatic
ecosystems (Arismendi et al., 2014; Settele et al., 2014).
Validation of biotic responses to elevated temperatures by
monitoring ecosystem responses is one way to improve
confidence in modelled predictions (Settele et al., 2014).

Investigation of the potential ecological responses to any
stressor, such as temperature, can be undertaken by laboratory
or field experiments or by field observation of ecosystem
responses along a gradient of stressor levels (Dobbie and
Negus, 2013). Field investigations of biological responses to
changing water temperatures are limited and more research has
been recommended, particularly for tropical streams where the
sensitivity of aquatic ecosystems to water temperature stress
associated with predicted climate change is likely to be high
(Settele et al., 2014; Taniwaki et al., 2017). Sensitivity of
tropical streams to changing water temperatures is due their
naturally higher water temperatures, low seasonal variation in
temperature, high amounts of organic matter and higher
biodiversity compared to temperate streams (Settele et al.,
2014; Taniwaki et al., 2017).

All organisms have a temperature range within which they
maintain optimal growth, reproduction and activity (Vannote
and Sweeney, 1980; Ward and Stanford, 1982; Dallas, 2008).
Aquatic organisms respond to water temperature physiologi-
cally and behaviourally and will be absent from systems
outside of their temperature tolerance. At the upper extreme,
few multicellular aquatic organisms survive above 40 °C and
none of these species are known to survive at 50 °C. Only algae
and microbes survive water temperatures above 50 °C (Glazier,
2012). These algae and microbes are hyperthermophiles and
have been reported to survive temperatures above 80 °C
(Stetter, 1999).

Wetlands associated with outflowing water from springs
(i.e. rheocrene springs), particularly those associated with
artesian groundwater, are often characterised by their
constancy in environmental conditions including water
temperature (also ionic composition, turbidity, pH, nutrient
Page 2 o
concentrations and electrical conductivity) (McGregor and
Rasmussen, 2008; Glazier, 2012). The constancy in water
temperature results in many spring species having narrow
ranges of thermal tolerance (McGregor and Rasmussen, 2008).
For example, invertebrate richness has a significant negative
relationship with water temperature in many spring ecosys-
tems and the thermal tolerance limits of colonising taxa is
likely to be the factor limiting the presence of specific taxa
(Glazier, 2012). Rheocrene springs are those that have water
discharges that form flowing channels, and environmental
conditions, in particular water temperature, change with
distance downstream from the source vent (Spitale et al.,
2012a, 2012b). Therefore, with changing environmental
conditions occurring along the flow paths of rheocrene spring
outflow channels, their aquatic biota is expected to also
change.

Spring wetlands can be classified by water temperature:
ambient springs, which are those below or near mean annual
air temperature (Glazier, 2012; Cantonati et al., 2015); thermal
springs, which have higher temperatures than mean annual air
temperature; and hot springs, which are those with a minimum
temperature of 36.7 °C, the average healthy human body
temperature (Pentecost et al., 2003; McGregor and Rasmus-
sen, 2008; Glazier, 2012; Cantonati et al., 2015). Thermal or
hot rheocrene spring ecosystems therefore provide a unique
opportunity to investigate the influence of increasing water
temperatures on aquatic biota without the potentially
confounding influence of dispersal. This study utilises the
natural thermal gradient of a rheocrene, hot spring complex in
tropical Northern Queensland, Australia, to identify and
characterise changes in aquatic invertebrates and benthic
diatoms associated with increasing water temperature. This
represents a natural analogue for the ecological effects of
increasing water temperature resulting from climate change
and contributes much-needed empirical evidence of the
aquatic ecosystem responses to increasing temperature.
2 Material and methods

2.1 Study site

Talaroo hot springs complex is situated in the Einasleigh
River catchment in North Queensland, Australia (Latitude:
18°0700900S; Longitude: 143°5704000E) (Fig. 1; McGregor and
Sendall, 2017). The complex is a terraced mound spring
composed of travertine with several active vents discharging
water at temperatures up to 62.7 °C (McGregor and Sendall,
2017). This is a rheocrene spring as the water flowing from its
vents cascades over the mound to wetlands and three
watercourses that discharge into the Einasleigh River
approximately 220m away. The mound is characterised by
the colonisation of bacteria on the wetted travertine that forms
conspicuous yellow/green biofilms, cyanobacteria of several
forms including floating colonies and stromatolites that form
terraces and barriers to the flow, and other aquatic microbial
structures (Fig. 2; McGregor and Sendall, 2017).

The three flowing watercourses meander through initially
palustrine wetlands before flowing through grasslands on a
relatively flat floodplain area to the banks of the Einasleigh
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Fig. 1. Location of Talaroo Station (and springs) in Queensland, Australia.

Fig. 2. Flow off the Talaroo springs travertine mound, which is
characterised by yellow/green biofilms of bacteria and terraces of
cyanobacterial stromatolites.
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River. Wallaby Creek has the highest discharge of the three
watercourses and has a variable wetted width up to 3m and
water depth up to 20 cm (Fig. 3). Wallaby Creek flows in a
northerly direction away from the mound and through a
palustrine wetland composed of paperbark trees (Melaleucas),
herbs, grasses and sedges. Extensive patches of the endangered
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salt-pipe wort (Eriocaulon carsonii F. Muell.) are interspersed
throughout the wetland. Wallaby Creek flows through this
wetland area for approximately 200m before entering the
grassy floodplain area. Goodaba Creek emanates from an open
water area on the northeast edge of the mound. Goodaba Creek
has a narrow wetted width and higher water velocity compared
to Wallaby Creek, it flows through a treed area, and is thickly
lined with an undergrowth of herbs and grasses. A third creek,
Pool Creek, results from the overflow out of a man-made
swimming pool on the eastern side of the mound. Pool Creek is
shallow with less than 10 cm water depth but has a wetted
width up to 3m.

Eleven locations were sampled for aquatic invertebrates
during 2013; of these sites ten were also sampled for
environmental attributes. These locations were situated along
the three outflow watercourses (Wallaby Creek, Goodaba
Creek and Pool Creek) and a bacterial fan on the travertine
mound. Environmental attributes collected during this initial
sampling were used to assess if there were any confounding
variables to a water temperature gradient. A second sampling
occasion during 2015 collected further aquatic invertebrate
and water temperature samples from the six locations along
Wallaby Creek, the largest watercourse.

2.2 Water physio-chemical measurements

During May 2013 water temperature, water depth, stream
width, water velocity, conductivity, total dissolved solids and
pHwas measured at each location except for the spring outflow
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Fig. 3. Comparison plots of environmental variables from sites
sampled during 2013. No measured environmental variable is
collinear or consistent with the gradient in water temperature.
W1-6 denotes locations on Wallaby Creek; D1-3 denotes locations on
Dunny Creek; P1 denotes the location sampled on Pool Creek.
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fan at the same time as the collection of biological samples.
During May 2015, measurements were limited to water
temperature at the six locations along Wallaby Creek. All
measures of water temperature, conductivity, total dissolved
solids, and pHwere taken using a Hanna multi parameter meter
(HI98129) and water depth and width were recorded using a
measuring tape. All sampling was undertaken between the
hours of 2 pm and 5 pm.

2.3 Aquatic invertebrates

Samples of aquatic invertebrate specimens were collected
at each location using a 250-mm mesh triangular dip net. All
microhabitats (e.g. macrophyte beds, edges, leaf packs)
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possible were targeted for sampling using multiple short
sweeps (approximately 50 cm in length) of the net along a total
stream distance of 5m. This technique aims to obtain
specimens of each invertebrate group present at the location
defined by the 5m stream length (including species living in or
on the sediment like snails and species swimming at or near the
water surface such as true bugs and beetles). The sample
contents collected in the net were then transferred into buckets
for live processing. At the spring outflow fan, the depth of
water and the fragile nature of the travertine mound at this
location prevented a dip net being used. Sampling here used in-
situ ‘picking’, which involved handpicking specimens using
tweezers and a plastic pipette, directly from the shallow
flowing habitat on the hard travertine surface of the spring
mound.

A portion of sample from a bucket was tipped into a white
tray, and ‘picked’ through using forceps and pipettes to obtain
specimens of each invertebrate taxon available. The tray was
emptied and refilled from the bucket until the entire sample
was examined. The picked invertebrates were curated in
labelled plastic vials, using 100% ethanol for transportation to
the laboratory.

Picked invertebrate specimens from the curated vials were
identified in the laboratory using a stereomicroscope. Picked
specimens were identified to the taxonomic level of family,
except for Chironomidae, which were identified to subfamily,
and Acarina, Copepoda, Cladocera, Ostracoda, Nematoda,
Oligochaeta, and Collembola, which were identified no further.
Presence of invertebrate taxa were recorded for statistical
analyses (Supplementary Tab. S1).
2.4 Benthic diatoms

Benthic diatoms were collected by scraping submerged
surfaces (e.g. woody debris, rocky substrate, and aquatic
vegetation) and by pipetting soft surface sediments at each
location. The material collected from each location was
combined to form a composite sample for each location and
preserved with 100% ethanol. This sampling protocol provides
a good representation of the sample location (Negus et al.,
2019).

Diatom samples were prepared using a modified version of
Battarbee et al. (2001). This included 2–3 h treatments in 10%
HCl to remove carbonates and 10% H202 to remove organic
matter. Following each treatment, samples were washed three
times in distilled water with a minimum of 12 h between
washes to allow diatom valves to settle. Aliquots from the
prepared slurries were dried on coverslips, which were then
inverted and mounted on permanent slides using Naphrax®

mounting medium. Diatoms were identified to species level
where possible up to 1500� magnification on a Nikon Eclipse
E600 with differential interference contrast optics and using a
variety of taxonomic sources (e.g. Foged, 1978; Krammer and
Lange-Bertalot, 1986, 1988, 1991a, 1991b; Sonneman et al.,
2000).

Diatom taxa that could not be identified to known species
were given descriptive epithets or affinities where they had
strong affinities to known species but did not completely fit the
description. Diatom counting was undertaken along transects
across the coverslip with a minimum of 300 valves, or
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Fig. 4. Maximum daily water temperature at the Einasleigh River gauging station (Latitude: 18°30000.600S; Longitude: 144°05045.100E).
The average maximum daily temperature is 28.1 °C.
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a maximum of ten transects, counted from each slide. Raw
diatom counts were converted to relative abundance prior to
statistical analysis (Supplementary Tab. S2).

2.5 Data analyses

Diatom relative abundance was arcsine square root
transformed to stabilise variance in the dataset (Zar, 1998)
and the raw presence or absence of aquatic invertebrates at
each location was compiled for statistical analyses. Analyses
were undertaken using gradient-style assessments of the
relationships between temperature and the aquatic invertebrate
community structure and temperature and the benthic diatom
community structure. Taxonomic richness for both aquatic
invertebrate and diatom communities at each location was
calculated as a simple measure of diversity and used in the
univariate statistical analyses.

A correlation analysis on the environmental variables
collected during 2013 was undertaken to determine if there
were factors collinear with water temperature that were likely
to confound further analyses between water temperature and
the biota. The simple linear relationships between environ-
mental variables and water temperature and between water
temperature and taxonomic richness were undertaken using the
default lm function in the R statistical program (R Core Team,
2017). Correlations which had an adjusted R2 > |0.6| and
P < 0.05 were considered to represent strong and significant
relationships. Significant relationships between environmental
variables and water temperature would represent a potential
confounding factor in further analyses.

Multivariate statistical analyses were conducted to
identify more complex relationships between the aquatic
invertebrate and diatom assemblage composition and water
temperature using functions in the ‘vegan’ (Oksanen et al.,
2018) packages on the R software platform (R Core Team,
2017). Both biological datasets were ordinated using a
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Bray-Curtis dissimilarity matrix and presented using the
metaMDS ordination function (non multi-dimensional scal-
ing; nMDS) with a dummy taxon included (with a presence
value of 1 for the invertebrate dataset; and a value of 0.01
relative abundance for the diatom dataset) to account for
locations with zero taxa (Clarke et al., 2006). The envfit
procedure was used to correlate water temperature with the
dissimilarity matrices (Oksanen et al., 2018). To check for
more complex relationships the ordisurf function (Oksanen
et al., 2018) was used to fit a general additive model (GAM)
of water temperature in the ordination space for both
biological datasets. The GAM relationships were plotted on
the two-dimensional ordination space for presentation and
interpretation. Individual taxa significantly correlated with
both ordinations were also identified using the envfit function
(Oksanen et al., 2018).

3 Results

Amaximum water temperature of 62.7 °C was measured at
a spring vent and this contrasts to that of the recorded (long-
term) maximum daily water temperature in the local riverine
ecosystem at 42.9 °C measured at a nearby river gauging
station (Einasleigh River at Einasleigh, Queensland
Government unpublished data) over 15 yrs from 2002 to
2017 (Fig. 4). Water temperatures along the spring outflow
watercourses ranged from 47.9 to 26.0 °C (Fig. 3). This lower
temperature is comparable to the long-term 28.1 °C average
daily maximum from the Einasleigh River gauging station.
None of the potentially confounding water chemistry or habitat
attributes was significantly correlated or consistent with the
gradient of water temperature (Fig. 3). The cooling of water to
an equivalent with air temperature as it flowed away from the
mound allowed for a gradient of water temperature (Fig. 3) to
be analysed with changes in invertebrate and benthic diatom
community assemblages.
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Fig. 5. Regression plot of invertebrate taxa richness with temperature
(Adjusted R2 = 0.6478; P= 0.00003).

Fig. 6. Regression plot of benthic diatom species richness with
temperature (Adjusted R2 = 0.7964; P= 0.00006).

Fig. 7. Ordination of aquatic invertebrate samples and water
temperature contours (as °C). Arrows show downstream longitudinal
samples taken from Wallaby Creek in 2013 (stress = 0.12).

Fig. 8. Ordination of benthic diatom samples and water temperature
contours (as °C). Arrows show downstream longitudinal samples
taken from Wallaby Creek in 2013 (stress = 0.11).
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Forty-one aquatic invertebrate taxa and 88 diatom species
were recorded across all samples with invertebrate taxon
richness ranging between 0 and 21 and diatom richness ranging
between 0 and 22. Few invertebrate taxa were collected above
45 °C and only one (Ostracoda) was collected at the hottest site
immediately downstream from Wallaby vent (47.9 °C). No
invertebrates were collected from the vent area, which had a
temperature of 62.2 °C. Diatom species richness was greater
than 10 at all locations up to those at 47 °C, and as with
invertebrates there were no individuals collected from the hot
vent area.

The linear relationships between water temperature and
richness of invertebrate taxa and benthic diatom species were
significant (Figs. 5 and 6). The distinct drop in the taxonomic
richness of aquatic invertebrates from 15 to 5 between 40 and
42 °C represents what may be a water temperature threshold.
The significant linear relationship with benthic diatom richness
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did not indicate a similar threshold but richness did drop to
zero between the 48 °C water temperature and the highest
water temperature within the vent (62.2 °C).

The ordinations of invertebrate taxa and benthic diatom
species further supported the simple linear relationships with
temperature and richness. This is indicated initially by the
samples taken from locations on Wallaby Creek showing a
distinct downstream pattern along axis 1 (Figs. 7 and 8). The
linear relationships between temperature and both ordination
patterns were also significant (invertebrate ordination:
r2 = 0.79, P = 0.001; benthic diatom ordination: r2 = 0.77,
P= 0.004). Generalised additive modelling of water tempera-
ture using ordination of the aquatic invertebrate community
showed that the relationship was more complex with a distinct
change to linearity between 40 °C and 45 °C (temperature
contour lines in Fig. 7) that matches the threshold observable in
the linear relationship in Fig. 5.
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Fig. 9. Vectors of significant invertebrate species correlated with the
ordination of aquatic invertebrate samples. The water temperature
contours are also included for interpretation (stress = 0.12).

Fig. 10. The water temperature ranges (maximum and minimum) of
the invertebrate taxa that were significantly correlated with the
community assemblage ordination. Central points represent mean
values.

Fig. 11. Ordination of benthic diatom samples and water temperature
contours in ordination space with vectors of benthic diatom species
significantly correlated with the ordination (stress = 0.11).
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The invertebrate species, which were significantly corre-
lated with the ordination pattern (P < 0.05), are indicated by
the vectors presented in Figure 9. Acarina, Chironominae,
Libellulidae, Culicidae, Ceratopogonidae and Oligochaeta
have vectors that are not aligned with the temperature contours
above 40 °C and are likely explaining variation in the
ordination as a result of other (unmeasured) explanatory
variables. Bithyniidae, Veliidae and Hydrochidae show vectors
aligned with the temperature contours above 40 °C indicating
that they are most likely related to water temperature. These
three taxa were collected at locations with moderate temper-
atures (i.e. below 44 °C; Fig. 10). Few taxa were caught at
locations with water temperatures above 45 °C with only
Gerridae, several Dipteran taxa, a small unidentifiable
Anisopteran, an Oligochaete, and a Hydrophilidae found.
Ostracoda that were recorded as abundant and obvious even in
the hotter locations sampled.
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Generalised additive modelling of water temperature using
ordination of the benthic diatom community assemblage
confirmed that the relationship was linear. Six benthic diatoms
species were significantly correlated to the ordination pattern
(Fig. 11). The species Achnanthes exigua, Gomphonema
parvulum and Lemnicola hungaricawere aligned differently to
the temperature gradient (i.e. temperature contours along the
nMDS axis 1) while the species Achnanthidium minutissimum,
Aulacoseira distans and Entomoneis alata were similarly
aligned as the temperature gradient. However, none of these
three species was present at locations with water temperatures
above 43 °C. Entomoneis alata was present at two locations at
approximately 40 °C and not present at the cooler locales
(Fig. 12).

More than a third of the benthic diatom species were found
to be present at localities with temperatures above 43 °C.
However, most of these species were found at low relative
abundances and in only one location above this temperature.
Three species (Brachysira brachysira, Diploneis parma,
Lemnicola hungarica) had a high relative abundance at one
location with water temperature above 43 °C. Rhopalodia
musculus was present at most sites across the whole
temperature gradient and was the only species consistently
present at high relative abundances above 43 °C.
4 Discussion

Water temperature decreased relatively consistently
over the distance from the spring vent to a point along
the water flow in all watercourses where it becomes
equivalent to ambient water temperature. This gradient of
change was not confounded by other measured environ-
mental variables. The aquatic invertebrate taxon richness
and the benthic diatom species richness significantly
increased with the decreasing water temperature gradient.
Significant relationships between water temperature and the
multivariate invertebrate and benthic diatom community
assemblages were also identified.
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Fig. 12. Scatterplots of water temperature and the relative abundance of significant benthic diatom species aligned with modelled water
temperature gradient in the benthic diatom ordination (a) Achnanthidium minutissimum; (b) Aulacoseira distans; and (c) Entomoneis alata.
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4.1 Benthic diatoms

Many benthic diatom species were present at locations
with water temperatures above 43 °C. However, few had high
relative abundances and only Rhopalodia musculus was
present at more than one of these hotter locations. All species
present at the locations with hotter temperatures were also
present at locations with low water temperatures and could
therefore be considered eurythermal generalists in terms of
their temperature sensitivity. The observation that many
species were present in low abundances and at only one
location highlights the potential problem of dispersal of dead
frustules to extreme habitats rather than a measure of the
diversity of the location. This has been identified as an issue
when investigating the presence of thermophilic diatoms
(Sterrenburg et al., 2007), but this is less likely in this
rheocrene spring, where flow is more likely to disperse diatoms
downstream, from hotter to cooler locations, than vice versa.
While diatoms are common in travertine springs including
thermal springs, the role of temperature in determining their
community structure in these types of ecosystems is relatively
unknown (Pentecost, 2005; Sterrenburg et al., 2007).
Culturing experiments are recommended as a means to
overcome this problem (Sterrenburg et al., 2007).

Rhopalodia musculus is potentially a thermophile as its
relative abundance increases in the hotter localities. The
autecology of this species and its varieties in Australia is
relatively unknown and it can be collected in a wide variety of
water types, but it is a common species of high conductivity
and high pH waters (John, 2012, 2016) and has been given an
Australian sensitivity score of 53 (out of a possible high of
100) indicating that it isn’t highly sensitive to anthropogenic
stresses (Chessman et al., 2007). Elsewhere, it is also known
from brackish waters (Guiry, 2020). Further autecology studies
on Rhopalodia musculus are needed to confirm its status as a
thermophile.

4.2 Invertebrates

The aquatic invertebrate taxonomic groups collected
across the spring complex were diverse, with several relatively
rare or geographically restricted to spring ecosystems (e.g.
aquatic snails of the family Bithnyiidae). This assemblage is
largely comparable to the assemblages that are commonly
collected from riverine ecosystems within the region except for
some Decapoda and Mollusca (e.g. Atyiidae, Palaemonidae
and Ancylidae; Queensland Government unpublished data),
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which were absent from spring samples. The invertebrate taxa
that correlated with the thermal gradient were not limited to
these rare and restricted taxa or to taxa with an expected
sensitivity to temperature. Many of the groups could be
considered habitat generalists (Kneitel, 2018) because they are
insensitive to many habitat stressors, for example, water mites
(Acarina), dragonflies (Odonata), mosquitoes (Culicidae) and
midges (Chironominae and Tanypodinae), and therefore
responsiveness to water temperature is likely to indicate that
the spring invertebrate community will be significantly
affected by increasing temperatures.

The non-linear relationship between the multivariate
invertebrate community and water temperature indicates a
potential temperature threshold where specific taxonomic
groups are removed from the community assemblage as
temperature increases. An upward swing of contours along
axis 1 (MDS1) in the ordination space between 40 °C and 42 °C
indicates a change in invertebrate community composition
(Fig. 7). A distinct drop in aquatic invertebrate richness can
also be observed at approximately the same temperature
(Fig. 5). This suggests that water temperature above 40–42 °C
poses a limiting threshold to aquatic invertebrate assemblages
in this region.

A maximum water temperature of 47.9 °C was recorded at
the sampling location closest to the spring vent. This
temperature is outside of the biologically tolerable temperature
range for invertebrates (sensu Glazier, 2012). It was therefore
surprising to find invertebrates from several taxa at the
locations over 45 °C. The adult Gerridae and Hydrophilidae
have the ability to fly away from environmental conditions that
are not favourable and so these are potential ‘itinerants’ at the
hottest of locations, and likely to be using the hotter water for
collecting food (such as dead invertebrates) and thenmoving to
the margins of the flow where temperatures are cooler.

Dead adult dragonflies were conspicuous in the areas with
the hottest water surrounding the spring vents (Fig. 13) and
carbonate encrusted dragonfly adults were observed in the
travertine (Fig. 14). These observations indicate that adults are
regularly attempting to oviposit in the hot shallow waters and
are overcome by hot temperatures and die. Adult dragonflies
have been known to oviposit in unsuitable habitat and are
therefore most likely to be in this area due to the presence of
water and any eggs or nymphs at these hot locations may not
survive (Foster and Soluk, 2004).

Ostracods were consistently collected across the tempera-
ture gradient in Wallaby Creek and Goodaba Creek, including
the hottest locations. Thermophilic ostracods have previously
f 11



Fig. 13. Dead dragonfly adults in the hot water of the spring vents.

Fig. 14. Calcified adult dragonflies in travertine mound spring,
Talaroo springs, North Queensland.
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been found in hot springs with temperatures up to 50 °C
(Wickstrom and Castenholtz, 1985; De Jong et al., 2005). They
are also common as fossils in travertine deposits (Pentecost,
2005) that are similar to the mound structure at Talaroo.
Ostracod life history characteristics in unvegetated, bare hot
springs are relatively unknown (Pentecost, 2005) and these
specimens observed at Talaroo appear to be the first record of
thermophilic ostracods from Australia.

There are few published papers on the feeding ecology of
ostracods, but they are mostly generalist feeders, consuming
detritus, algae, and dead animals (Karanovic, 2012). The
thermophilic ostracods at Talaroo were consistently observed
in the hottest areas of bare travertine to be voraciously feeding
on dead insects that had succumbed to the hot water (see video
in Supplementary information). It is likely there were multiple
species of ostracod collected along the gradient of water
temperature that were not differentiated at the level of
taxonomic identification used in this study, and this topic is
something to be investigated further.
Page 9 o
4.3 Effects of climate change

Water temperature increase (in freshwater) is a confidently
predicted outcome of climate change and these increases are
proposed as a significant threat to the biodiversity of
freshwater ecosystems (Wallace et al., 2015; Knouft and
Ficklin, 2017). These results provide field evidence that
predicted warming can directly influence the aquatic inverte-
brate and benthic diatom community assemblages of tropical
streams. Extrapolating these results to riverine ecosystems that
have been used in climate modelling assumes a similar
biological response. Hot springs such as Talaroo have existed
in Queensland for millions of years (Walter et al., 1996), so our
results may underestimate the impacts of water temperature
rises because taxa in hot spring ecosystems may have evolved
greater tolerances to warm water temperatures that those living
under ambient temperatures. In addition, water temperatures in
this study were often higher than those used in modelling under
climate change (see Morrill et al., 2005; Settele et al., 2014).

Temperature modelling under changing climate scenarios
for several riverine waterholes in the same region of tropical
Queensland, showed that water temperatures increased by
approximately 60% of the predicted air temperature increases
(Wallace et al., 2015). While not as large as air temperature
increases, the increases in water temperatures were still
predicted to have significant effects on riverine biota,
especially those with critical thresholds between 28 and
35 °C. Outside of this range the effect of a warming climate on
temperature thresholds was determined as minimal (Wallace
et al., 2015). In contrast to these previously recorded and
modelled temperatures (Wallace et al., 2015), water tempera-
ture in the adjacent Einasleigh River has been recorded as
reaching levels equivalent to the those analysed in the spring
watercourses and on two occasions in the record have reached
over 40 °C (Fig. 4).

Water temperatures at these recorded levels of 40 °C
correspond to the potential threshold identified in the
relationships with aquatic invertebrate community assem-
blage, which is characterised by severely reduced taxonomic
richness and distinct changes in the community assemblages.
The increased probability of extreme heat waves under climate
change will make such extreme water temperature episodes
more frequent in the future, with possible biodiversity loss
consequences. At times where water temperatures in the
river are consistently elevated beyond this threshold those
species without the ability to disperse to thermal refugia in the
river (i.e. deeper pools, shaded habitats and other areas partially
protected from increasing temperatures) would likely perish.

However, climate driven increases in water temperature of
many groundwater dependent ecosystems such as artesian
spring wetlands are likely to be buffered by consistent and
stable discharge of water from aquifers not affected by climate
patterns.

In conclusion, the water temperature at Talaroo springs
gradually drops to ambient conditions as it flows away from
the source vents at the top of the spring mound. This natural
thermal gradient provided us with a unique opportunity to
study the biological community responses to altered tempera-
ture regimes. We did find the aquatic invertebrates and benthic
diatom communities were strongly related to this water
temperature gradient. In addition, a temperature of between
f 11
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40 and 42 °C was identified as a critical threshold for aquatic
invertebrate distributions. Nearby riverine locations are
already reaching this threshold and under climate change
predictions it will be reached more frequently. This indicates
the possibility of severe consequences to the aquatic
invertebrates in tropical river ecosystems that have consistent-
ly increased temperature regimes at these levels. Further
detailed understanding of the biological community responses
and responses of individual species to increasing water
temperature will benefit from targeted laboratory experimen-
tation.
Supplementary Material

Table S1. The presence of aquatic invertebrates within each
sample (X denotes presence).

Table S2. The relative abundance of benthic diatoms within
each sample.

The Supplementary Material is available at https://www.kmae-
journal.org/10.1051/kmae/2020042/olm.
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