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Spatial and temporal variability in fish community 
structure in Mediterranean climate temporary streams

Nick S. Whiterod 1, Michael P. Hammer 1, 2 and Lorenzo Vilizzi 3

With 4 figures and 4 tables

Abstract: Temporary streams naturally experience flow intermittence and hydrologic discontinuity that act to 
shape fish community structure. Yet, alteration of the flow regime of temporary rivers may lessen the resilience 
of fish communities to tolerate hydrologic change imposed by droughts. This long-term study (2001–2013) pre-
dicted spatial structuring (across catchments and amongst reaches) in fish community composition and abundance 
across a hydrologically-altered Mediterranean-type region dominated by temporary streams. Shifts from freshwater 
specialist and diadromous species to more generalist and tolerant species (i.e. freshwater generalist, aliens and 
estuarine species) were anticipated as the region experienced low flows (2001–2006) and critical water shortage 
(2007–2010) associated with a most severe drought. It was anticipated that changes in composition and abundance 
would be revealed during flood (2011) and post-flood (2012–2013) periods after the drought. Contrary to these 
predictions, fish community structure was broadly consistent across catchments, despite varying climatic and hy-
drologic (mainly, flow intermittence) regimes. As expected, significant spatial variability was revealed at the reach 
scale, with significant differences between upper reaches and terminal wetlands, and with a clear transition in fish 
community structure between these reach types. Significant temporal variability was also revealed with the reduced 
abundance of diadromous species (although Pseudaphritis urvillii did increase) and increases in the abundance of 
aliens and surprisingly freshwater specialists over the period of critical water shortage relative to antecedent low 
flows. This was followed by mixed reach-dependent responses of fish during the flood and post-flood periods. The 
differential responses of fish communities across reaches and temporal periods must be considered as part of the 
management of threatened species in hydrologically-altered regions dominated by temporary streams.

Key words: functional fish groups; threatened species; flow alteration; millennium drought; Murray-Darling  
Basin.

Fundam. Appl. Limnol.  Vol. 187/2 (2015), 135–150� Article
published online 19 November 2015, published in print December 2015

Introduction

Freshwater fish communities are highly dynamic, with 
their distribution, composition, abundance, recruit-
ment and resilience changing markedly across space 
and time (Matthews 1998). This spatial and temporal 
variability is regulated by a myriad of interrelated fac-
tors operating at multiple scales (Schlosser 1987; Poff 
et al. 1997; Bunn & Arthington 2002), but with flow 

regime considered the overarching influence (Poff et 
al. 1997). For this reason, alteration of flow regimes 
(e.g. through river regulation and water abstraction) 
can detrimentally impact aquatic ecosystems through 
changes to resource and habitat availability, hydro-
logic connectivity and its influence on the dispersal 
of organisms, exchange of energy and materials and 
magnitude of disturbance (Petts 1984; Poff et al. 1997; 
Bunn & Arthington 2002; Sponseller et al. 2013). This 
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in turn affects fish communities by disrupting species’ 
life histories, movements and distribution (Bunn & 
Arthington 2002). Unsurprisingly, the impacts of flow 
alteration are not constant in time and space, but rather 
vary complexly.

Temporary streams, which represent the most com-
mon and hydrologically dynamic of all freshwater 
systems, are particularly susceptible to the impacts of 
flow alteration (Tooth 2000; Larned et al. 2010). These 
streams are characterised by recurrent flow cessation 
leading to hydrologic discontinuity, fragmentation and 
persistence of refuge pools before reconnection as 
flows recommence (Tooth 2000; Acuña et al. 2014). 
Flow regime governs these processes by defining the 
degree of intermittency and, therefore, the extent and 
quality of habitat available (Poff et al. 1997; Stanley 
et al. 1997; Larned et al. 2010). The influence of flow 
alteration is a function of the mode of alteration, and 
in temporary systems impacted by water abstraction 
the extent and severity of flow intermittency typically 
increases as connectivity is reduced (see McMahon 
and Finlayson 2003; Bunn et al. 2006; Larned et al. 
2010). These impacts are being increasingly realised 
in regions of the world affected by regulation, cli-
mate change and droughts (Hughes 2005; Larned et 
al. 2010).

Droughts represent major hydrologic disturbances 
that exert significant influence on aquatic ecosystems 
(Lake 2003) including changes in fish species richness 
and composition, spawning and recruitment and, ulti-
mately, population structure (Magalhães et al. 2007; 
Martinho et al. 2007; Bond et al. 2008; Wedderburn 
et al. 2012). During periods of drought the responses 
of fish communities are governed by both ‘resistance’ 
and ‘resilience’ mechanisms (Hershkovitz & Gasith 
2013). These involve species-specific responses to 
drying events and refuge pool conditions (resistance) 
and the ability of species to disperse upon habitat re-
connection and expand their distribution (resilience) 
(Magoulick & Kobza 2003; Bunn et al. 2006; Davey 
& Kelly 2007; Datry et al. 2014). The responses of fish 
communities are equally complex, with some studies 
highlighting limited resilience (Bêche et al. 2009) but 
with others suggesting that impacts  may not neces-
sarily be lasting (Matthews & Marsh-Matthews 2003) 
as fish species often recover quickly when favour-
able conditions return (Magoulick & Kobza 2003). 
Consistently, the impacts of droughts on temporary 
streams are anticipated to be diminished compared to 
faunas of perennial streams (Poff et al. 1997; Magou-
lick & Kobza 2003). For example, fish communities in 
Mediterranean temporary streams of southwest Portu-

gal have been shown to recover following multi-year 
(prolonged) drought, but with significant differences 
in the rate of recovery between reaches (Magalhães et 
al. 2007). Yet, the impact of drought will be exacer-
bated by human-induced flow alteration, which may 
lessen the resilience of fish communities to hydro-
logic change (Matono et al. 2014; Bunn & Arthington 
2002). Thus, fish communities are anticipated to re-
spond in complex ways to the potential interactive ef-
fects of drought and flow alteration (and, likely, other 
stressors) in Mediterranean-type temporary streams 
(Boix et al. 2010; Matono et al. 2012, 2014; Godinho 
et al. 2014).

The Eastern Mount Lofty Ranges (EMLR) is a 
heavily-altered Mediterranean-climate region domi-
nated by temporary streams at the terminal end of the 
expansive Murray-Darling Basin (MDB) in south-
eastern Australia (Hammer 2004). The region main-
tains a diversity of stream and wetland habitats along 
with connectivity to the Coorong estuary through the 
lower River Murray and the Lower Lakes (namely, 
lakes Alexandrina and Albert). Despite the region be-
ing small (accounting for only 0.5 % of area of the 
MDB), considerable climatic and hydrologic (i.e. flow 
regime and degree of intermittence) variation is expe-
rienced and extensive water abstraction (> 8000 farm 
dams) also has differentially reduced water availabil-
ity and made many of the streams of the EMLR more 
temporary in nature (CSIRO 2007). Furthermore, 
between 1997 and 2010 the MDB was impacted by 
one of the most severe droughts in recorded history 
(the millennium drought: van Dijk et al. 2013), with 
critical water shortage experienced regionally as the 
drought intensified from 2007 to 2010 (Mosley et al. 
2012). Fish communities in nearby regions (e.g. the 
Coorong and Lower Lakes) were impacted over this 
period, with reductions in species richness, shifts from 
specialist (diadromous and threatened species) to gen-
eralist salt-tolerant species as well as species expira-
tion (Zampatti et al. 2010; Wedderburn et al. 2012). 
Only mixed recovery has been observed regionally as 
freshwater flows have improved significantly over re-
cent years (Bice et al. 2012; Wedderburn et al. 2014).

The present study investigated variability in fish 
community structure in the EMLR across several spa-
tial scales and temporally over periods of low flow 
and critical water shortage associated with the drought 
and subsequent flood and post-flood periods. It was 
hypothesised that fish communities would vary sig-
nificantly between catchments and also reaches of the 
region, guided by distance from the Murray estuary 
(fewer species, namely diadromous species with dis-
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tance from estuary) and longitudinally from headwa-
ters to the terminal wetlands (greater species richness 
with distance downstream). Temporally, it was antici-
pated that decreases in streamflow and connectivity 
associated with drought (low flow and critical water 
shortage periods) would result in shifts toward salt-
tolerant species, whereas limited recovery would be 
experienced similar to those of comparable nearby re-
gions. The findings of the study are discussed in the 
context of the management of heavily-altered tempo-
rary streams.

Study area

The EMLR is a small (4693 km2) region containing 17 catch-
ments, eleven of which maintain permanent surface water (Ham-
mer 2004) (Table 1, Fig. 1). In the present study, these eleven 
catchments were investigated, as was the nearby Inman River 
catchment (Western Mount Lofty Ranges) given similarity in 
threatened fish communities and climatic conditions (Hammer 
2006). The EMLR is influenced by a local Mediterranean-type 
climate with moderate Austral winter–spring dominated rain-
fall and stream flows (VanLaarhoven & van der Wielen 2009), 
but with clear spatial and inter-annual flow variability (CSIRO 
2007) (Fig. 2). For each of the permanent surface water catch-

Fig. 1. Location of sites (black dots) sampled for fish within the temporary streams (grey lines) of 12 catchments of the Eastern 
Mount Lofty Ranges (EMLR, black lines) at the terminal end of the Murray-Darling Basin (south-eastern Australia). Numbers 
relate to catchments shown in Table 1. The direction of the longitudinal transition between reach-types is provided, as headwaters 
(HW), upper pool-riffle channel (UC), mid pool-riffle channel (MC), gorge (GO), lowland (LL), and terminal wetland (TW).
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ments, distinct river reaches (representing key features such as 
major tributaries, changes in landform, distinct geomorphology 
and points of regulation) have been delineated (Hammer 2007; 
VanLaarhoven & van der Wielen 2009).

Across each of the study catchments, the headwater reach 
typically contains several small tributaries that subsequently 
flow into the main stream of that catchment. In turn, catchments 
progress through upper and mid riffle-pool reaches before en-
tering a confined gorge reach. Below the gorge reach, streams 
are low-gradient large channels (lowland reach) and finally en-
ter terminal wetlands, which are often under the influence of 
the River Murray channel and Lower Lakes (VanLaarhoven & 
van der Wielen 2009). As such, the following reach types were 
defined across the catchments investigated in this study: head-
water (HW), upper pool-riffle channel (UC), mid pool-riffle 
channel (MC), gorge (GO), lowland (LL), and terminal wetland 

(TW). Additionally, reaches influenced by springs were distin-
guished into upper (US), mid (MS) and lowland (LS) to reflect 
significant areas with groundwater expression to the surface, 
which are considered to be important hydrologic features of the 
EMLR (Hammer 2009) (Table 1).

According to the changes in water availability and stream-
flow experienced across the EMLR over the study period 
(Fig. 2), the millennium drought was defined as a low-flow 
period (2001−2006, mean annual streamflow over period at 
representative gauge, 2352 ML year–1) occurring before the 
period of critical period of water shortage (2007−2010, 836 
ML year–1), which resulted in reduced daily flows and a corre-
sponding drop in regulated Lower Lakes levels (≈ 0.75 m Aus-
tralian Height Datum: AHD) to 0.6 m below sea level. This was 
followed by significant regional inflows in late 2010, resulting 
in increased daily stream flows and lake levels over the flood 

Fig. 2. (a) Representative mean daily flow (ML day−1) for streams of the EMLR, and (b) main daily water level (m, Australian 
height datum: AHD) in Lake Alexandrina throughout the study period (2001−2013). Flow data from Angas River at Weir (station 
A4260503) gauge; water level data from Lake Alexandrina at Milang Jetty (station A4260524) (DEWNR, unpublished data). Water 
level where major habitat loss occurred (0.3 m AHD) represented by dashed horizontal line.
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period (2011, 12080 ML year–1), with lake levels maintained 
over the post-flood period (2012−2013, 7887 ML year–1). No-
tably, across the EMLR twelve emergency recovery actions (in-
cluding alien species control, environmental watering and spe-
cies re-introductions) were undertaken predominantly over the 
critical period (Hammer et al. 2013), but were not considered to 
influence significantly the broad outcomes of the present study.

Material and methods

Fish sampling and identification

Data from long-term and ongoing fish monitoring across the 
EMLR (including Hammer 2004; Hammer 2007; Hammer 
2009; Whiterod & Hammer 2014) were collated for this study. 
To account for the complexity of habitats from which fish were 
sampled (including varying depths and salinities) and for the 
sensitivity of threatened species present in the study region, a 
range of gear types (both active and passive: cf. Smith et al. 
2009; Wedderburn et al. 2012) and sampling effort was selected 
to estimate the relative abundance of all species in all prevail-
ing habitats. The range of gear consisted of: (i) fyke nets (large: 
6 m long wing, 4 mm mesh, 0.6 m opening; small: 3 m long 
wing, 4 mm mesh, 0.6 m opening; both with 50 mm rigid mesh 
grids on entrance to exclude turtles), which were set overnight 
in deep areas (> 1 m) with high dissolved oxygen concentra-
tions; (ii) seine nets (7 m long, 1.5 m deep, 5 mm half mesh), 
which were hauled along 10 m of bank in shallow (< 1 m) or 
drying habitats; (iii) dip nets (0.3 m diameter square head, 4 mm 
mesh); (iv) bait traps (0.4 m length  ×  0.24 m width  ×  0.24 m 
height, 30 mm opening), which were deployed in complex 
habitat with high conductivities; (v) backpack electrofishing 
(LR-24, Smith-Root Inc., Pulsed DC, 90−125 W, 150−250 V, 
60−80 Hz), which was employed in wadeable areas with dense 
habitat cover, lower conductivities and high clarity; and (vi) oc-
casional angling (Table 2).

All sampled fish were identified to species (McDowall 
1996; Lintermans 2007), except for the carp gudgeon complex 
Hypseleotris spp. owing to taxonomic uncertainty (Bertozzi et 
al. 2000; Vilizzi & Kováč 2014). All native species were re-
turned alive to the water at the point of capture, whereas alien 
species were killed as per requirements of research permits. 
Each sampled species was then ascribed to one of seven dif-
ferent functional groups (after Hammer 2007, Hammer 2009): 
freshwater stream specialists, wetland specialists, freshwater 
generalists, diadromous, estuarine, brackish, and alien species. 
For analytical requirements (see below), distinction was also 
made between large- and small-bodied species (after Linter-
mans 2007).

Data treatment

Although sampling occurred predominantly in autumn (70 % 
of the samples), the spring (16 %), summer (12 %) and win-
ter (3 %) samples were still retained in the dataset. This was 
because, despite the Mediterranean climate of the region (Csa 
type under the updated Köppen-Geiger climate scheme of Peel 
et al. 2007), the anomalous climatic conditions experienced in 
the study area (i.e. low-flow and critical periods followed by 
the flood) represented an overriding disturbance to historical, 
seasonally-related precipitation patterns. Also, from a statistical Ta
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perspective retention of the entire number of samples into the 
dataset  maximised ‘information content’ (see below).

To account for the active (i.e. seine and dip nets, electro-
fishing, angling) and passive (i.e. fyke nets, bait traps) gear 
types used throughout the study period and often in different 
combinations at the same sampling site (Table 2), fish catch-
per-unit-effort (CPUE) abundance (hereafter, ‘abundance’) was 
computed as the sum over the gear types used at any site and 
expressed as number of fish per square metre sampled per day 
(fish m−2 day−1). This approach, which has been used success-
fully in other studies (Vilizzi 2012), provides for an ‘aggre-
gated’ CPUE measure, which is critical to maximise the amount 
of information retrievable from a dataset.

Statistical analysis

Spatial variability

Hypotheses relating to spatial variability in fish community 
abundance and composition were investigated by a nested-
factorial survey design. This consisted of the fixed factors 
Catchment zone and Reach type and of the random factor 
Reach (nested within Catchment zone × Reach type). Catch-
ments (excluding those in which no fish were caught: Table 1) 
were grouped into zones, after preliminary analysis revealed 
that the total number (n = 12) of retained catchments in the data-
set would result in too large and problematic a number of a 
posteriori pair-wise comparisons. In addition, the grouping of 
catchments into zones was designed to reflect the broad pat-
terns of climatic and hydrologic conditions encountered across 
the EMLR. This consists of drier northern catchments (Marne, 
Reedy, Rocky Gully and Salt), which are located further from 
the Coorong estuary, and of moderately-wet (Angas, Bremer, 
Currency, Deep and Inman) and wet (Finniss, and Tookayerta) 
catchments with greater connectivity to the estuary (see Ham-
mer 2009).

Analysis was by permutational multivariate analysis of 
variance (PERMANOVA). The resulting 423 × 7 (samples × 
functional groups) and 423 × 33 (samples × species) data matri-
ces were √-transformed (due to abundance values spanning two 
orders of magnitude) and a zero-adjusted Bray-Curtis dissimi-
larity measure (zero-adjusted because of blank samples: Clarke 
et al. 2006) was applied. In all cases, the samples were repre-
sented by the combinations of reaches within Catchment zone × 
Reach type, and with data from reaches pooled at the site level 
(the experimental unit in the design). Analyses were carried out 
in PERMANOVA+v1.0.1 for PRIMER v6.1.11 (Anderson et 
al. 2008), with probability values obtained with 9999 permu-
tations of the residuals under a reduced model (Anderson & 
Robinson 2001) and with the significance level set at α = 0.05.

Temporal variability

The hypotheses relating to temporal variability in fish commu-
nity abundance and composition were tested by min-max au-
tocorrelation factor analysis (MAFA: Solow 1994). In MAFA, 
axes are produced that have maximum autocorrelation with 
time lag k. The first MAF axis represents the main trend or un-
derlying pattern in the data associated with the highest auto-
correlation at lag 1, the second MAF axis has the second high-
est autocorrelation at lag 2, and so forth. Cross-correlations (or 
canonical correlations) between variables and trends are then 
computed and tested for significance.Ta
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Because in MAFA the number of time points (i.e. the 13 
years of sampling in this study) is constrained to be larger than 
the number of variables, the 33 fish species that were recorded 
in total were first divided into large-bodied and small-bodied 
(Table 3). The first 10 (out of the 12 in total) large-bodied spe-
cies and the first 11 (out of the 21 in total) small-bodied spe-
cies in abundance were then retained as the maximum number 
of species suitable for analysis, whereas all functional groups 
(n = 7) were included. Following √-transformation and cen-

tering of the abundance data, the first three MAF axes were 
estimated (corresponding to lags 1, 2 and 3: i.e. differences 
between two consecutive years, two years apart, and three 
years apart, respectively), and canonical correlations between 
individual variables (i.e. for the functional groups, large-bodied 
and small-bodied species) and the three MAF axes were tested 
for significance (α = 0.05). Analyses were carried out in R (R 
Development Core Team 2014) using code provided in Woillez 
et al. (2009).

Fig. 3. Proportion of total catch of (a) the functional groups and (b) most abundant species over reach types in the EMLR. For 
simplicity, the only brackish fish Hyperlophus vittatus sampled over the study period was removed. Reach type codes as in Table 1 
(HW marked by an asterisk to warn that sampling for this reach type mostly occurred in 2004).
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Results

In total, 130,348 fish were sampled consisting of 
seven functional groups and 33 species, of which 27 
were native (six large-bodied and 21 small-bodied) 
and seven alien (six large-bodied and one small-
bodied) (Table 3). Of these fish, the majority were 
small-bodied natives (72,754 fish, 55.8 %) and aliens 
(49,382, 37.9 %) whereas the large-bodied species 
comprised a smaller proportion (natives: 2094, 
1.6 %; aliens: 6118, 4.7 %). Based on raw abundance, 
the alien Gambusia holbrooki was by far the most 
abundant species, followed by natives Philypnodon 
grandiceps, Hypseleotris spp. and Atherinosoma 
microstoma; whereas Galaxias olidus, Nannoperca 
australis, Philypnodon macrostomus and the 

remaining 26 species accounted for < 10 % of the total 
catch. Amongst the rare species were Arenigobius 
bifrenatus, Mogurnda adspersa, Geotria australis and 
Hyperlophus vittatus (the latter two each sampled as 
only one individual).

Spatially, Gambusia holbrooki was the only 
species that occurred across all catchments, 
although Pseudaphritis urvillii, Galaxias maculatus, 
Hypseleotris spp., Philypnodon macrostomus, 
Retropinna semoni (amongst the native species) and 
alien Cyprinus carpio and Perca fluviatilis were found 
in more than seven of the 12 catchments investigated. 
Conversely, Geotria australis and Mogurnda 
adspersa occurred only in the Finniss, Hyperlophus 
vittatus in the Bremer, and Melanotaenia fluviatilis 
in the Rocky Gully catchment (Table 3). Temporally, 

Fig. 4. Min-max autocorrelation factor (MAF) trends and corresponding canonical correlations for the abundance (CPUE: fish 
m−2 day−1) of functional groups, large-bodied species and small-bodied species of fish (codes in Table 3) sampled across the 
Eastern Mount Lofty Ranges (EMLR) from 2001 to 2013. For the trends, indication of the flow periods (see Table 1) is provided. 
Trends associated with significant (α = 0.05) canonical correlations in black, otherwise in grey. Functional groups and species with 
significant canonical correlations marked by an asterisk and with corresponding bar highlighted in black.
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Pseudaphritis urvillii, Galaxias olidus, Hypseleotris 
spp., Nannoperca australis, Philypnodon grandiceps 
and Philypnodon macrostomus amongst the native 
species and Perca fluviatilis and Gambusia holbrooki 
amongst the aliens were recorded in all years of 
sampling (Table 3).

Spatial variability

For both functional groups and species, there were 
statistically significant differences in abundance and 
composition amongst reach types, but not amongst 
catchment zones. Also, there was significant (random) 
variation at the reach level (Table 4). The LS and TW 
(codes in Table 1) were the only reach types where 
all functional groups were found, and this was due 

to the occurrence of freshwater wetland specialists 
(but also of the brackish-water Hyperlophus vittatus 
in the Bremer River terminal wetland), which were 
absent elsewhere. Diadromous and estuarine species 
made up the largest proportion of the fish community 
in TW; freshwater generalists in US and MC (and, to 
some extent, also in GO and TW); freshwater stream 
specialists in MS and UC; whereas alien species 
dominated the fish community across the majority of 
reach types, but with higher abundances in HW, GO 
and LL (Fig. 3a). Statistically, there were significant 
differences between TW relative to UC/US and LL 
reach types (Table 4).

In total, eight species were identified to be mainly 
responsible for the observed patterns. Thus, Gadopsis 
marmoratus was more abundant in MS; Galaxias 

Fig. 4. Continued.
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olidus in UC and MS; Hypseleotris spp. in MC and, 
to some extent, TW; Nannoperca australis in MS; 
Philypnodon grandiceps in US and GO; Philypnodon 
macrostomus in MC and GO; Cyprinus carpio in LL 
and TW; whereas Gambusia holbrooki was abundant 
across all reach types except for MS (Fig. 3b). 
Statistically, TW and LL differed significantly from 
UC (Table 4).

Temporal variability

There were significant associations between functional 
group abundance and the first two MAF axes of 
variation (hence, trends) (Fig. 4). Trend 1 highlighted 
a significant increase from 2003 through to 2010 in 
the abundance of freshwater wetland specialists and 
alien species, followed by a decrease thereafter; Trend 
2 also was associated with an overall increase in the 
abundance of alien species, and especially so during 
the critical period (after a decline towards the end of 
the low-flow period). Conversely, diadromous species 
followed an opposite trend of decreasing abundance.

Significant associations were observed between 
large-bodied species abundance and all three MAF 
axes of variation (Fig. 4). Accordingly, throughout the 
study period there was a significant increase in the 
abundance of Pseudaphritis urvillii (and especially 
so from 2008 onwards), but also of Gadopsis marmo-
ratus (although this was not statistically significant) 
(Trend 1). An increase in abundance during the critical 
period was observed for Nematalosa erebi and for the 
aliens Cyprinus carpio and Carassius auratus, paral-
leled by a corresponding decrease in the abundance of 
Oncorhynchus mykiss (statistically significant), Perca 
fluviatilis and alien Salmo trutta (Trend 2). Finally, 
Trend 3 highlighted a statistically significant peak in 
the abundance of Cyprinus carpio and the other alien 
species Tinca tinca towards the end of the critical pe-
riod.

Finally, small-bodied species were significantly 
associated with the first two MAF axes of 
variation (Fig. 4). Specifically, Trend 1 indicated 
an increase in the abundance of Galaxias olidus 
(statistically significant) and Gambusia holbrooki, 
and a corresponding decrease in the abundance 
of Hypseleotris spp. Trend 2 was again related to a 
significant increase in the abundance of Galaxias 
olidus especially during the critical period.

Discussion

The present study distinguished the EMLR as an 
altered region dominated by temporary streams yet 

capable of maintaining diverse freshwater fish com-
munities (33 species present, of which 27 were na-
tive) compared to nearby freshwater regions (McNeil 
et al. 2011; Wedderburn et al. 2012; 2014) and to 
other regions of temporary streams worldwide (Ma-
tono et al. 2014). Across the region, significant spa-
tial patterns in the structure of the fish community 
were revealed. In partial support of our prediction of 
fewer species with increasing distance from the Mur-
ray estuary, northern catchments supported the least 
number of species (11 species). However, the pattern 
was not held with mid-catchments supporting more 
species than the catchments closest to the estuary. Re-
gardless, the differences in fish species composition 
were not significant, with almost half of all species 
being present in more than 50 % of the catchments 
therein. The broad homogeneity observed at this scale 
is somewhat surprising given the variation in flow 
intermittency driven by climatic and hydrologic dif-
ferences, and also influenced by the degree of flow al-
teration that prevails across the EMLR (CSIRO 2007; 
VanLaarhoven & van der Wielen 2009). Yet, greater 
understanding of the patterns of flow intermittency 
across the region may reveal finer scale responses of 
fish communities to hydrologic regimes (see Matono 
et al. 2014).

Spatial differences were best described at the reach-
type scale, with the mid and upper reaches supporting 
significantly different fish communities than those of 
terminal wetland reaches, but with a gradual transition 
between these reach types. This transition reflected 
changes from an assemblage of freshwater stream 
specialists dominated by Galaxias olidus in the upper 
pool-riffles to mid reaches (mid pool-riffle and gorge) 
characterised by freshwater generalists, and with alien 
species most abundant in the lower reaches—a pattern 
that has been observed in other comparable regions of 
temporary streams (Matono et al. 2014). The presence 
of diadromous (i.e. Pseudaphritis urvillii and Gal-
axias maculatus) and estuarine species differentiated 
the terminal wetlands, which supported a more diverse 
fish community (all functional groups and 25 species 
sampled over the study period), hence with a compo-
sition more aligned to that of the nearby Lower Lakes 
(Wedderburn et al. 2012; Wedderburn et al. 2014).

Impact of low flows and critical water 
shortages

Antecedent conditions help to determine ecological 
responses to drought (Rolls et al. 2012), and the 
long history (i.e. 80 years: CSIRO 2007) of water 
abstraction and altered stream flows ensured that 
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fish communities in the EMLR were already highly 
stressed prior to the millennium drought (see Hammer 
2004; Hammer et al. 2009). Several native species, 
for instance, have already disappeared from the 
EMLR (including Murray cod Maccullochella peelii 
and silver perch Bidyanus bidyanus), whilst others 
have declined in range and abundance and seven 
alien species have established (Hammer 2004). The 
millennium drought was severe in its duration and 
magnitude but decline was initially gradual and fish 
communities were broadly maintained over the low-
flow period (as revealed by the MAFA trends of the 
present study).

As the millennium drought intensified over 2007, 
significantly diminished regional inflows and critical 
water shortages resulted in flow cessation, habitat 
disconnection and drying of (once refuge) habitats 
across the EMLR (Hammer 2009; Hammer et al. 
2013). The transition from low-flow to critical periods 
corresponded with sharp declines in the overall 
abundance of fish species, but with increased relative 
abundance of species with broader habitat requirements 
and environmental tolerances, such as alien species 
(i.e. Gambusia holbrooki, Cyprinus carpio and Tinca 
tinca). The diadromous Pseudaphritis urvillii also 
increased over this time, despite regional declining 
trends (Zampatti et al. 2010; Wedderburn et al. 2012), 
highlighting the possibly that the lower reaches of 
the EMLR may have acted as a refuge in the face of 
critical water shortage and broad-scale habitat loss in 
nearby lake and estuary environments (see Zampatti et 
al. 2010; Wedderburn et al. 2012; Bucater et al. 2013). 
To a lesser extent, the abundance of the estuarine 
Atherinosoma microstoma and the Craterocephalus 
fluviatilis, a freshwater wetland specialist that 
possesses a high salinity tolerance (Wedderburn et 
al. 2007) increased initially over this period, which 
is consistent with shifts to more salt tolerant species 
observed not only regionally (Zampatti et al. 2010; 
Wedderburn et al. 2012; Bucater et al. 2013) but also 
in other Mediterranean-climate regions following an 
extreme drought (Martinho et al. 2007).

An interesting observation of the present study 
was the increase in the abundance of freshwater 
specialists revealed over the period of drought. This 
pattern largely reflected Galaxias olidus, which has 
been shown to tolerate hypoxic conditions (as low as 
< 1.0 mg L–1) often through aquatic surface respiration 
and to possess strong dispersal ability (Closs & Lake 
1995; McMaster & Bond 2008; Dexter et al. 2014). 
This suggests that the species would have been able 
to move to and persist in refuge pools that were 

maintained in the upper reaches of the EMLR during 
the drought. In sharp contrast, another freshwater 
specialist, Nannoperca obscura, was lost from the 
drying terminal wetlands of the EMLR and the broader 
region, over the critical period (see also Wedderburn 
et al. 2012). Consistently, limited recruitment and 
localised extinctions of some populations of freshwater 
specialists were observed (Hammer 2009), suggesting 
that the long-term resilience of this functional group 
was tested during the critical period.

Responses to flooding and post-flood periods

In the EMLR, the response of fish communities 
following the critical period was mixed, with 
differential patterns between species and functional 
groups and also amongst reaches (Magalhães et 
al. 2007). The diadromous Pseudaphritis urvillii 
benefited from improved flows and connectivity with 
abundant catches in the terminal wetlands and lowland 
reaches of the EMLR streams as well as in the Lower 
Lakes (Wedderburn et al. 2014), largely explained by 
significant recruitment in the Coorong estuary (Bice 
et al. 2012). Conversely, the relative abundance of 
Galaxias maculatus declined in the study region over 
the flood and post-flood periods, but this may have 
reflected the greater availability of preferred habitat 
in the nearby Lower Lakes over the time. Reflecting 
broader recovery, the freshening of the lower reaches 
corresponded with declines in the relative abundance 
of estuarine species, most notably Atherisnosoma 
microstoma – an expected outcome given the species’ 
intolerance to low salinities (Wedderburn et al. 2008).

The flood period was characterised by continued 
increase in the abundance of alien species, reflecting 
large numbers of juveniles of Perca fluviatilis 
in the terminal wetlands as well as in the Lower 
Lakes (Wedderburn et al. 2014). This response may 
contribute to heighten predation of threatened native 
species across the EMLR as this species rapidly 
transitions to diets dominated by fish (Wedderburn 
et al. 2015). As the region moved into the post-
flood period, aliens became less common with the 
exception of Gambusia holbrooki, which increased 
in prevalence over the study period to the extent that 
it now dominates habitats across all reaches of all 
catchments of the EMLR. In the region, widespread 
impacts of Gambusia holbrooki are anticipated (see 
Pyke 2008) and targeted removals, where populations 
of key threatened species persist, may be warranted.

The conservation of threatened freshwater 
specialists was of considerable management interest 
over the critical period (see Hammer et al. 2013), so 
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the responses of these functional groups as hydrologic 
conditions improved were pertinent. Galaxias olidus 
was well placed to readily respond as refuge pools 
expanded during the flood period and, given its good 
dispersal ability (Dexter et al. 2014), gradually re-
colonised previously dry habitats across the mid to 
upper reaches. The present study revealed contrasting 
patterns for other freshwater specialists: Nannoperca 
obscura were not detected and only low numbers 
of Craterocephalus fluviatilis have been recorded 
since peaks in the abundance of this salt-tolerant 
species during the critical period. This is in spite 
of re-introductions of the these two species into the 
lower reaches of the EMLR and Lower Lakes (Bice 
et al. 2013; Ellis et al. 2013; Hammer et al. 2013). 
However, in the Lower Lakes short-term survival 
and, possibly, recruitment in the wild of these two 
species have been witnessed (Bice et al. 2014), 
highlighting a regional presence that may facilitate 
re-establishment in the EMLR. Overall, the findings 
of this study emphasise that the differential responses 
of fish communities across reaches and temporal 
periods must be considered as part of the management 
of fish community in hydrologically-altered regions 
dominated by temporary streams.
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