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ABSTRACT: Most predictions for the future climate in temperate ecosystems show longer periods
of drought followed by more extreme precipitation events. These changes in flow regimes can
strongly affect riverine fish populations; therefore, assessing the recovery of populations following
these episodic events provides important information to help guide species management. This
study investigated the dynamics of 5 spatially distinct riverine populations of the nationally
endangered Macquarie perch Macquaria australasica in southeastern Australia from 2007-2018,
a period that included the tail end of a decadal long drought followed by extreme fluctuations in
river flow. Modelling catch rates and size trends, we found that 4 of the 5 populations showed
some synchrony and underwent a slow recovery that was undetectable for several years. The
largest increases in population size were driven by the survival of new recruits. Despite this gen-
eral trend, we could only find a weak association between annual flow extremes and annual pop-
ulation change. This suggests intermediate variations in river flows may have a negligible influ-
ence on annual population change or are idiosyncratic in their effect within each waterway or on
different life stages. The one population which did not follow this trend occurred in the largest
waterway and was subject to legal recreational fishing, suggesting the magnitude of impacts of
disturbance on populations occupying larger systems are reduced, and/or that recreational fishing
hinders recovery rates following episodic disturbance events such as drought. Our results suggest
that forecasting and management of long-lived freshwater fish must incorporate multi-year plan-
ning to include factors such as the maintenance of refuges, connectivity and increased protection
of mature fish to aid recovery.

KEY WORDS: Drought - Endangered species - Macquarie perch - Recruitment - Recovery -
Episodic disturbance - Long-lived fish - Climate change

1. INTRODUCTION

Episodic climatic events which extend across large
regions can have profound effects, both positive and
negative, on ecosystems and their populations
(Labbe & Fausch 2000, Vincenzi et al. 2016). The
impacts of these events may be exacerbated where
there is human-mediated habitat alteration (Bond &
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Lake 2003, Driver & Hoeinghaus 2016), and the fre-
quency and severity of such events are predicted to
increase due to climate change (e.g. Beniston et al.
2007, Balcombe et al. 2011, White et al. 2016). As
such, the recovery of populations in the wake of such
events need investigation to inform management
strategies (Likens et al. 2009, Baumgartner et al.
2017).
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Riverine fishes represent some of the most threat-
ened taxa on the planet, due to one or a combination
of anthropogenic threats including habitat degrada-
tion, altered hydrology, migration barriers, fisheries
exploitation, introduction of invasive species and cli-
mate change (Cooke et al. 2012). Riverine fish popu-
lations can also be strongly influenced by episodic
events such as extreme droughts and flood, by modi-
fying important habitat or influencing survival of
early life stages (e.g. Magoulick & Kobza 2003, Béche
et al. 2009). The life history of many riverine fish are
evolutionarily adapted to a system's flow regime, re-
sulting in strong links between specific flow attrib-
utes and population processes (vital rates; Wootton
1998, Milner et al. 2003, Harris et al. 2013). These links
range from the most basic requirement of fishes—
that is, water of adequate quantity and quality for
survival (e.g. Bradford & Heinonen 2008, Béche et al.
2009)—to more complex interactions between flow
variability and habitat, and subsequent links to indi-
vidual growth (Junk et al. 1989, Tonkin et al. 2017a),
migration (Koster et al. 2017) and spawning (Dudley
& Platania 2007, King et al. 2016).

For many Australian riverine fish species, knowl-
edge of the links between aspects of river flows and
vital rates governing populations has improved
markedly over the last decade, thereby improving
planning and implementation of restoration actions
(Koehn et al. 2014, King et al. 2016, Koster et al.
2017). Despite these advances, investigations of sub-
sequent population changes are limited (but see
Zampatti & Leigh 2013, Tonkin et al. 2014). This is
particularly the case for long-lived, late-maturing
and dispersal-limited (K-selected) species, which
require data collected over long time periods, and
ideally, for multiple populations given the gradual
rates of population change (Hutchings et al. 2012,
Vincenzi et al. 2016). As a result, the development of
suitable management strategies for population out-
comes for such species remains challenging.

Management of the nationally endangered Mac-
quarie perch Macquaria australasica (Environmental
Protection and Biodiversity Conservation Act 1999,
Commonwealth; see https://www.legislation.gov.au/
Details/C2019C00275) is guided by data on a range
of factors, including information on growth (Apple-
ford et al. 1998, Tonkin et al. 2014), movement and
home range (Ryan et al. 2013, Thiem et al. 2013,
Koster et al. 2013), spawning (Cadwallader & Rogan
1977, Tonkin et al. 2016) and recruitment (Tonkin et
al. 2017b). A collective assessment of some of these
processes was used to explore the recovery by a
lacustrine population of Macquarie perch to a period

of lake refilling in the wake of the ‘millennium’
drought (Tonkin et al. 2014), which persisted from
1997-2010 and was associated with record low
streamflows in southeastern Australia (Murphy &
Timbal 2008). Unfortunately, information on sur-
vivorship of Macquarie perch recruits and subse-
quent population dynamics during the same post-
drought period for remnant riverine populations
remain limited. Given this lack of information, there
is a clear need to assess population trends to better
understand recovery rates of this threatened species.

This study investigated the population dynamics of
5 riverine Macquarie perch populations in southeast-
ern Australia from 2007-2018, a period which en-
compassed extreme fluctuations in river flows at both
landscape (during drought) and local scales. During
this period, the abundance of Macquarie perch which
recruited to young-of-year (YOY) varied consider-
ably (Tonkin et al. 2017b). Nevertheless, whether
these fish survived beyond this age to influence over-
all population growth and facilitate recovery in the
wake of the aforementioned drought is unknown.
Using data on relative abundance and size structure,
we tested the following hypotheses: (1) Macquarie
perch populations will show a general increasing
trend in abundance following drought, with this
response not occurring for several years due to the K-
selected nature of the species; (2) the largest in-
creases in abundance will be driven by new recruits
into the population; (3) annual patterns in river flows
will influence the magnitude of any such change due
to its influence on recruitment dynamics (e.g. Tonkin
et al. 2017b) and survival (e.g. Ruhi et al. 2016); and
(4) patterns in dynamics among the geographically
isolated populations will show some degree of syn-
chrony given the landscape-scale influence of cli-
mate cycles (e.g. La Nina events; Verdon et al. 2004)
in governing annual patterns of river flows and vital
rates of populations (e.g. Koenig 2002, Tonkin et al.
2017Db). Our results provide guidance for future man-
agement of this and other long-lived threatened
freshwater fish species.

2. MATERIALS AND METHODS
2.1. Study species

Macquarie perch Macquaria australasica are a
medium-sized (up to 465 mm total length [TL]; Lin-
termans 2007) percichthyid fish, once widespread
and abundant across the southeastern reaches of the
Murray-Darling Basin and several rivers of the east-
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ern seaboard (Tonkin et al. 2017b). This long-lived
species (up to 30 yr; Tonkin et al. 2018) reaches full
maturation at 3+ yr of age, being age- rather than
size-dependent (Appleford et al. 1998). Growth and
size at maturity of Macquarie perch vary within and
across habitat types, with food availability proposed
to be a likely driver (Appleford et al. 1998, Tonkin et
al. 2014, 2018). Recruitment to YOY is variable,
depending on the abundance of mature fish and
episodic high flow events during the spawning
period, the latter being associated with poor survival
of eggs and larvae (Tonkin et al. 2017b).

2.2. Study sites and survey methods

We explored the temporal patterns of Macquarie
perch abundance and size structure between 2007
and 2018 across 5 waterways in southeastern Aus-
tralia (Fig. 1). These populations have been routinely
monitored over the last 10 yr. Each waterway re-
ceived record low inflow during the millennium
drought (Murphy & Timbal 2008).

King Parrot, Hughes, Hollands and Seven creeks
are unregulated tributaries of the Goulburn or Broken
rivers. Details of these study systems and survey
methods can be found in Tonkin et al. (2017b); how-

ever, in brief: each has an annual average discharge
of 40-60 M1 d~!, with anthropogenic alterations to hy-
drology, connectivity and land-use resulting in highly
fragmented habitats and isolated Macquarie perch
populations (Pavlova et al. 2017, Tonkin et al. 2017b).

Annual fish surveys of the King Parrot and Hol-
lands creeks were conducted between February and
May from 2007-2018. Each year, between 5 and 7
sites were sampled in the King Parrot Creek using
1000-1200 s of backpack electrofishing (Smith-Root®
Model 12 or 20b; Table 1, see Tonkin et al. 2017b). In
Hollands Creek, 8 sites were surveyed each year
using 1200 s of backpack electrofishing (Smith-
Root® Model 12 or 20b). Backpack electrofishing sur-
veys of Hughes and Seven creeks were conducted
between January and May during 8 (Hughes: 5-12
sites) and 10 (Seven: 10-12 sites) of the years be-
tween 2006 and 2018. All fish captured were weighed
(to the nearest g) and measured for TL (nearest mm)
before release.

Unlike the other systems surveyed, the Yarra River
is a coastal stream approximately 240 km in length,
draining a catchment of approximately 3766 km?
(DWR 1989). Boat- (Smith-Root® Model 5 GPP) and
bank-mounted (Smith-Root 7.5 kVa) electrofishing
surveys have been conducted at multiple sites be-
tween January and June during 10 of the 12 years from
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Fig. 1. The 5 waterways in Victoria, Australia subject to population monitoring of Macquarie perch
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2007-2018 (Table 1). Electrofishing at each site was
undertaken by using a standardised protocol devel-
oped for the Sustainable Rivers Audit (Murray Dar-
ling Basin Commission 2004). Briefly, at each site, 12
replicate 90 s electrofishing shots were conducted
across all habitats within the river channel. Two of
the sites were often sampled using bank-mounted
(Smith-Root 7.5 Kva) electrofishing using 10 x 150 s
shots (Sustainable Rivers Audit protocol) due to low
flow periods.

2.3. Data and site covariates

As data were collated from various projects, data
filtering processes were performed to control for
potential sources of variation. First, to help control
variation due to varying sampling efforts, total sam-
pling time (using electrofishing seconds) was calcu-
lated for each event. Second, only sites that were
sampled in 4 or more years were included in the
analyses to help control for spatial variation. King
Parrot Creek, Seven Creeks and Yarra River had sev-
eral sites that sampled in 3 or fewer years and were
therefore not used in the analysis. Third, most sites
had annual visits around the same month to help con-
trol for seasonal sources of variation (e.g. tempera-
ture, annual population cycles; Table 1).

Daily discharge (Ml d™!) data were available for all
rivers and the mid-reach of the Seven Creeks. As
flow discharge are not comparable across water-
ways, data were standardised within each stream by
dividing daily discharge data by the median value for
the study period across all years. Thus, standardised
flow data <1 indicates below median flow and vice
versa for values >1. As sampling events occurred
roughly annually, 3 flow metrics were developed to
summarise the flow data between sampling events
(using a single annual sampling event closest tempo-
rally to the median sampling month for that river;
Table 1). They were low, median and high flow,
defined as the 10", 50 and 90 percentile of mean
daily discharge between sampling events, with these
flow variables positively correlated (see Fig. 2).

2.4. Analysis

All Macquarie perch that were captured were
assigned an estimated age using the published
length—age relationships for riverine populations
(Tonkin et al. 2017b). The population model was
then performed for all Macquarie perch captured

Table 1. Electrofishing sampling events for each river used

in the analysis, including the number of sites using elec-

trofishing, number of distinct years sampled, and median
month of the sampling event

River No. of No. of Year Median

sites  sampling range month
years

Hollands Creek 8 11 2008-2018 Jan

Hughes Creek 7 10 2006-2018 Mar

King Parrot Creek 5 9 2008-2018  Apr

Seven Creeks 10 10  2007-2018 Mar

Yarra River 5 10  2007-2018 Mar

which were estimated to be >1 yr of age (age 1+).
All catches across all sites from a river were then
summed together and the catch per unit effort (CPUE;
in hours) was calculated. A state-space model was
subsequently built to assess population trends over
time across the 5 waterways (Kéry & Schaub 2012).
Using a state-space model allowed us to model both
process and observation error variances. Ignoring
process error has been shown to bias model selec-
tion such that covariates are often incorrectly
selected (Maunder & Watters 2003). Furthermore,
state-space population models provide a more
mechanistic process than other methods such as
generalised additive models, which have been com-
monly used to analyse population count trends but
rely on relatively arbitrary smoothing and do not
partition process error from observation error. Log-
linear models have also been extensively used to
estimate changes between time periods but these
do not link temporal steps nor do they handle miss-
ing abundance estimates.

For the state-process model, we used the log-linear
population growth equation:

log(Ni1) = log(Ny) +1; )

where 1; ~ Normal(T, 6%). N; is the population metric
(CPUE) at time t. r1; is the stochastic population
growth rate and r and c% are the mean growth rate
and the residual variation in population growth. As r
likely differs by river, we allowed each river to have
its own average growth rate. We also tested for the
effect of flow covariates on average annual growth
rate. Due to strong correlations between metrics (0.7
to 0.9), we developed 4 models: (1) no flow variables;
(2) low flow; (3) median flow; and (4) high flow. Since
the effect of flow is likely nonlinear, we included a
quadratic relationship between the flow metric and
growth rate. The flow metrics were adjusted so that
they were for the time between t and t + 1, thus
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Fig. 2. Temporal plot for each flow metric for each waterway. Different line colours indicate a different flow metric. Low, median,
and high flow are 10, 50" and 90™ percentile for standardised flows for the previous 12 mo. Flow metrics have been transformed
by alog(x + 0.01) transformation. Note that each metric is on a different scale

reflecting our objective of assessing survival, including
new recruits, entering the population. The growth rate
equation for the high flow variable (flowy;q,) was the
following:

= — 2
Triver = Hriver + ﬂowhigh X Bl,n’ver + flow high X BZ,ﬁver (2)

where [ iS the average population growth rate for
the river and By sivers P2 river are the model coefficients
for the linear and quadratic effect of high flow.

For the observation model, we assumed that log-
normal stochastic model:

YZ,river ~ Normal (109 (Nt,n'ver )r 0)2/) (3)

The model was solved by Markov chain Monte Carlo
(MCMC) using R2jags (Su & Yajima 2015). Uniform
priors were used for all variance variables and non-
informative normal priors for covariate variables. All
models were checked for convergence using graphi-
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cal analyses and Gelman-Rubin measure of conver-
gence. Posterior predictive checks were performed to
assess model fit by comparing the discrepancy in the
observed data with simulated data. Models were com-
pared using deviance information criterion (DIC) and
the best model(s) are presented below (see Table S1
in the Supplement at www.int-res.com/articles/suppl/
n040p257_supp.pdf for DIC values). Significant vari-
ables were defined as the highest posterior density
not overlapping with zero.

The model performed here was a single age-
structure model and focuses just on population growth
for this one age group. Thus, population growth re-
flects recruitment (both birth and migration) and sur-
vival. Thus, increasing population size could be due
to increased recruitment and/or increased survival
(assuming some recruitment). Breaking apart these
processes would require a multiple age-structure
model to allow for recruitment and different survival
rates for each age. Whilst advances have been made
in using stage-structured models with unmarked
populations (Zipkin et al. 2014), it is essential to get
estimates of detection probabilities for each stage
(e.g. age), as survival estimates become confounded
with varying detection rates across stages. Given the
threatened status of the species, we refrained from
collecting annual age structure data, which requires
sacrificing many fish for otolith samples. Instead,
temporal patterns in fish length were modelled to
enable an exploration of annual changes in popula-
tion size structure in relation to any change in rela-
tive abundance (i.e. CPUE). This provides some indi-
cation on the contribution of juvenile fish recruiting
into the population versus survival or immigration of
existing larger fish in or into the sampled population.
For example, a large increase in population size that
was accompanied by a reduction in mean fish length
within the lower size range reflects recruitment of
YOY fish into the population (fish >1 yr of age). Con-
versely, an increase in population size but with no
reduction in the lower size range is more likely to
reflect no change in recruitment rates but rather an
increase in survival of fish already accounted for in
the population, or immigration of fish into the sample
sites. To obtain these estimates, a quantile regression
analysis was performed to model the 20%, 50" and
80" percentile lengths for fish estimated to be >1 yr of
age (based on Tonkin et al. 2017b) assuming an
asymmetric Laplace distribution. The quantile regres-
sion was performed using a Bayesian framework
with the ‘brms’' package (Birkner 2017). We built a
model in which year-by-river was the categorical
variable and length was the response variable.

Default non-informative priors were used. Conver-
gence metrics and posterior predictive checks were
assessed and found to meet the assumptions of the
model. All analyses were performed using R v.3.3
(R Core Team 2017).

3. RESULTS
3.1. Environmental variables

The studied waterways exhibited similar patterns
in annual discharge through time, particularly the
creeks of the Goulburn-Broken catchments (Spear-
man correlation coefficients: 0.78-0.95; Figs. 2 &
S2a). All displayed a general trend of low annual
flows from 2007-2010, followed by 2 yr of high
flows. The years 2013-2016 and 2018 exhibited
average to low flows; 2017 was another period of
high flows. Nevertheless, the smaller waterways of
the Goulburn-Broken catchments exhibited more
extreme flow variability, including several cease-to-
flow periods for some systems (e.g. Seven Creeks in
2016).

3.2. Temporal trends in Macquarie perch
abundance

Macquarie perch abundance varied between and
within the waterways though time (Fig. S1). Total
catches across all years varied among the rivers, with
n = 328 for Hollands Creek, n = 491 for Hughes
Creek, n = 244 for King Parrot Creek, n = 958 for
Seven Creeks, and n = 278 for Yarra River. The tem-
poral patterns in CPUE were similar for all rivers
except the Yarra River. Specifically, fish abundance
was low (with a stable or reducing trend) from
2007-2011, followed by overall positive growth rates
in the period from 2013-2018 (Figs. 3, 4, & S1).

Overall, the model that excluded flow covariates
entirely, and the model that included just the high
flow variable were best supported by the data
(DIC < 1). In contrast, the low and median flow
models had less support (Table S1). The 2 models
with strong support showed the same temporal pat-
terns (as would be expected), but the high flow
model predicted stronger effects of high flows.
Therefore, we present the results from the high
flow model below and in the figures. After a similar
decline from 2007-2011, the Yarra River showed a
steady CPUE across the years (growth rate = —-0.07;
95% CI: -0.4, 0.27). The magnitude, and in some
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Fig. 3. Population trends for Macquarie perch (>age 1) for each waterway. Trends are presented as catch per unit effort (CPUE;

number of fish captured per hour electrofishing time). Shaded area: 95 % CI for the predicted CPUE; blue line: high flow pat-

tern (upper 90" percentile of mean daily flow); vertical dashed line: last summer of millennium drought. For reference in inter-

preting potential recruitment into the population, the CPUE of young-of-year recruits is shown as circles on the x-axis (with
larger circles indicating higher CPUE)

cases, direction of annual changes in CPUE within
the 2012-2018 period were variable between water-
ways and years. Most notably, Hughes Creek, King
Parrot Creek and Hollands Creek all underwent
steep reductions in CPUE in 2017 (Fig. 3), although
estimates remained well above the levels recorded
in the 2007-2011 period.

For the high flow model, the high flow variable, fit-
ted as a quadratic term, was significant for 2 rivers:
Hughes Creek and King Parrot Creek (Fig. 5). For
these waterways, population growth rates were lower
during extreme low (e.g. 2007-2010) and extreme
high flow years (2011, 2012, 2017; Fig. 6). Hollands
Creek showed a similar pattern, whilst the Yarra
River and Seven Creeks showed a slight positive

association between population growth and high
flows (albeit non-significant).

3.3. Temporal trends in Macquarie perch
size structure

Like trends in abundance, temporal patterns in fish
length showed some similarities across waterways
(Fig. 7). In general, the fish lengths in each of the size
groups increased slightly from 2011-2013, after
which time fish lengths declined within each of the
size groups, particularly the lower 20" percentile
(Fig. 7, Table S2). This pattern, when viewed in asso-
ciation with regular occurrence of YOY recruits after



264 Endang Species Res 40: 257-270, 2019
Hollands Creek Hughes Creek King Parrot Creek
3_
2_
A TIURNEY:
04 !
14
O 5
-oé -2
g Seven Creeks Yarra River AR S SUE 6 2l
Q 3-
(O]
2-
1- J
O_iu,l borll | oj1adl |
| | AR TH Y
-1
24

2008 2010 2012 2014 2016
Year

2008 2010 2012 2014 2016

Fig. 4. Predicted yearly population growth rates (log-linear scale) for Macquarie perch in each river over time. Grey circles: es-
timated growth rate from the raw data. Modelled growth rates for sampled years are shown; raw growth rates are only shown

when there were consecutive years of data. Error bars: 95 % CI

linear quadratic
2 -
®
Q ® ®
© 0+ »
£
@ ®
L ® ®
* )
—2
—4 -
T T T T T T T T T T
A/0// &’ Hin Vi J‘,?fr A/O// “ #in Sey, Jéfr
Mg e 9%, % Ry, 7 Veg R, s Ry,
C, e o7 "8g & > Y, “or e, &
ey 4 C’@e,q. £ ey % O,@@/r 4

Fig. 5. Estimates of high flow (linear and quadratic) on Macquarie perch annual population growth rate (log-linear scale) for

each river. Estimates are shown with 95 % CI



Tonkin et al.: Population dynamics of Macquarie perch following drought 265

Hollands Creek Hughes Creek King Parrot Creek
2 -
1 -
0+ ’_—_\
14
24
)
© 31 . ; .
<
"§' Seven Creeks Yarra River 0 10 20
o
O 24
1 -
0- / -
14
24
-34
0 10 20 0 10 20

Standardised high flow

Fig. 6. Relationship between Macquarie perch annual population growth rate (log-linear scale) and standardised high daily flow
(Ml1d ! transformed by a log[x + 0.01] to allow comparison across systems). Estimates are shown with 95 % CI

2013 (Figs. 3 & 7), indicates that increased recruit-
ment of juvenile fish into the population after 2013
was the main driver of the general increasing trends
in fish abundance.

For some waterways and years, patterns between
fish size and changes in abundance did not always fit
this general pattern. In 2013, Hollands Creek showed
a large increase in fish abundance; however, this was
not mirrored by any change in fish size within the
smaller size group, but rather by a large increase in
both the 50™ and 80" percentile size groups. This
likely reflects increased survival of fish and immigra-
tion into the sample sites (given the low catch of fish
in the upper size classes the previous year).

In 2017, several rivers experienced a decrease in
fish population size (Fig. 3); however, the trends in
size structure were not consistent across these rivers
(Fig. 7). For both Hollands Creek and Hughes Creek,
there was an increasing trend in all 3 size classes
during this time coupled with a low (or absence)
number of YOY recruits in both systems the previous
year. Conversely, King Parrot Creek, which also
underwent a large decline in CPUE in 2017 (also in
2016 and 2018), showed relatively stable patterns in

the lower size class of fish and a large number of
YOY recruits captured each year from 2013-2017.
For Seven Creeks, there were large decreases in
fish lengths for all 3 size classes during 2016 and
2017, also coupled with high numbers of YOY re-
cruits the preceding years (Fig. 7). This increase in
juvenile fish was not, however, reflected in CPUE
trends which were stable during this time (Fig. 3).
Similarly, the Yarra River also showed large reduc-
tions in fish lengths for each of the size groups from
2015-2017, yet CPUE remained relatively stable.

4. DISCUSSION

Knowledge of the drivers, pathways and rates of
population change form a crucial component of spe-
cies management (e.g. Vincenzi et al. 2016). Our
study documented the dynamics of 5 isolated popula-
tions of an imperilled riverine fish species. We col-
lected data over a decadal period across a number of
sites that were geographically isolated and encom-
passed extreme fluctuations in river flows at both
landscape and local scales. Hence, we were able to



266 Endang Species Res 40: 257-270, 2019

IENIES IS S Hughes Creek King Parrot Creek
500
400 4
300
200
Included
g 1004 o
E o
< 04
(o)) T T
5 Seven Creeks Yarra River 2010 2015
! var
*= 500 1
— 20%
— 50%
400 1
— 80%
300 8/ 7\5 8 © o
A
200 i O
s
)
[e]
100 o é °
3 x X %
x
0 -
2010 2015 2010 2015

Year
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explore the likely pathways, direction and rates of
such trends across a broad spatial scale.

Macquarie perch Macquaria australasica popu-
lations in all waterways, except the Yarra River,
showed similar trends in their dynamics. As hypothe-
sised, the abundance of Macquarie perch showed
an increasing trend in the years following the mil-
lennium drought, with population increases in most
waterways not evident until 2—-3 yr after drought con-
ditions had subsided. Considering that our abun-
dance estimates included fish 21 yr of age, the recov-
ery rates of adult fish, which reach full maturation at
3+ yr (Appleford et al. 1998), is likely to extend well
beyond this time frame, with such gradual rates of
recovery adhering to K-selected nature of the species
(Hutchings et al. 2012, Whiterod et al. 2018). Of
course the true extent of the impacts of the drought,
and subsequent progress towards recovery, remain
unknown, which unfortunately requires population

data that preceded any impacts by the disturbance
(e.g. Detenbeck et al. 1992).

Patterns in fish lengths indicated the survival of
YOY recruits (identified in Tonkin et al. 2017b) was
the key vital rate contributing to the largest increases
in Macquarie perch abundance, occurring 2-3 yr
post-drought. Furthermore, the trajectory of recovery
was similar for 4 of the 5 isolated populations, particu-
larly in the first 5 yr following drought (Spearman cor-
relation coefficients: 0.26-0.89 for population change
respectively; Fig. S2b). These populations were also
the closest spatially and had the highest synchrony in
river discharge (Fig. S2a). This trend was also compa-
rable to that shown for a lacustrine population of Mac-
quarie perch over the same time period (Tonkin et al.
2014). While the small number of waterways and their
close proximity prevented any formal analysis, these
results do provide some support for environmental
synchrony (also known as the Moran effect; Moran
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1953, Koenig 2002), which predicts biotic and abiotic
values co-vary across the landscape (Rossi et al. 1992,
Liebhold et al. 2004). Such synchrony can be useful
for managers to identify the regional-scale drivers of
population variation of other freshwater species (e.g.
Cattanéo et al. 2003, Tedesco et al. 2004, Bunnell et al.
2010). Regional-scale population synchrony is also
likely to increase the vulnerability of isolated popula-
tions to simultaneous declines, therefore increasing
the risk of regional populations becoming imperilled
(e.g. Chevalier et al. 2015).

While there was a general increasing trend in Mac-
quarie perch abundance for several years following
drought in 4 of the 5 waterways, the magnitude, and
in some cases, direction of annual change varied
among waterways and years. This was despite pat-
terns in river flow being highly correlated across
waterways. As such, our hypothesis of annual pat-
terns in river flows influencing the magnitude of pop-
ulation change was only partially supported by the
analysis. There was some support for our model
which included high flows, indicating reduced popu-
lation growth the year following extreme low and
also extreme high flow years. This finding is not in
itself surprising. First, recruitment of some riverine
fishes, including Macquarie perch, is affected by
extreme changes in river flows during critical repro-
ductive periods (e.g. Freeman et al. 2001, Nicola et
al. 2009, Tonkin et al. 2017b). Second, very low flow
rates can increase mortality of larger fish, particu-
larly in smaller streams which are subject to rapid
declines in water quality (e.g. Ruhi et al. 2016).

The weak association between annual flow and
annual population change beyond the aforemen-
tioned extremes (i.e. flood and drought) suggests that
intermediate variations in river flows may have a
negligible influence on annual population change or
are idiosyncratic in their effect within each waterway
or on different life-stages. River flows interact with
many other attributes including groundwater, geo-
morphology and biotic factors (e.g. predators) to
influence the vital rates of a population (Humphries
et al. 2019). Furthermore, the specifics of these attrib-
utes and their interactions are likely unique to a
waterway or reach within. The role of flows in gov-
erning each vital rate may also differ. For example,
while extreme high flows during spawning nega-
tively impact Macquarie perch recruitment to YOY
(Tonkin et al. 2017b), the same flows may provide an
abundance of food for fish =1 yr of age, thereby
enhancing their growth, condition, survival and
future reproductive output over extended timeframes
(e.g. Gray et al. 2000, Tonkin et al. 2014).

The uncertainty in our models may also be due to
variations in the detection of fish by our sampling
regime, given that detection was not accounted for
in our analysis. The sampling detection probability
of fish can vary across environmental and biological
gradients (Bayley & Austen 2002, Speas et al. 2004,
Lyon et al. 2014). While every effort was made to
keep sampling consistent during our monitoring pro-
gram (during low flow periods at a similar time of
year), the uncertainty in our population models is
likely to have been influenced by changes in sam-
pling conditions or annual changes in Macquarie
perch size and age structure.

The recovery pathway of populations following
disturbance occurs through one or a combination of
reproduction of surviving individuals and recolonisa-
tion (Béche et al. 2009, Oliver et al. 2013). Given the
isolated nature of the populations in the current
study, the vital first step towards the recovery of
Macquarie perch in each waterway was the local
availability of refuges for the survival of fish through-
out the drought period. While our study did not quan-
tify the number of refuges in each system during
extreme low-flow periods, the capture of fish in sub-
sequent years does reflect the presence of these crit-
ical habitats. Such refugia are a vital attribute for
population persistence in disturbed environments,
particularly where rivers become disconnected, leav-
ing fish vulnerable to a multitude of stressors (Lake
2003, Davey & Kelly 2007).

The one system which did not adhere to our first
prediction was the Yarra River. Like the other water-
ways, changes in the size structure of Macquarie
perch in the Yarra River indicated that successful
recruitment occurred from 2013-2015, yet the change
in abundance since this time remained stable. We
propose 2 hypotheses for this deviation from trends
observed in the other systems. Firstly, discharge in
the Yarra River is much less variable than the other
systems (see Tonkin et al. 2017b). This may safe-
guard the population from episodic events such as
extreme drought, whereby the magnitude of impacts
are reduced compared to smaller, more variable sys-
tems (e.g. Lintermans 2013, Tonkin et al. 2017b).
Nevertheless, we detected a declining trend in the
last years of the drought which, like the other popu-
lations, suggests the drought period still had some
impact on the Yarra River population.

Recovery is likely to be impaired if population de-
cline exceeds critical intrinsic thresholds such as ge-
neticloss (e.g. Pavlova et al. 2017) and/or Allee effects
(Courchamp et al. 2008), or if existing management
practices such as fishery regulations are inadequate
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(e.g. Whiterod et al. 2018). Whilst the rates of decline
in the Yarra River did not appear to exceed those in
the other study waterways, the latter pathway impair-
ing recovery is plausible. The Yarra River is the only
waterway in our study where Macquarie perch can be
legally harvested (despite its conservation status). In-
deed, the number of adult fish has reduced over the past
5 yr, with this trend likely to have flow-on effects on
recruitment (Tonkin et al. 2017b). A recent investiga-
tion of a K-selected crayfish species highlighted how
population recovery rates following major disturbance
were severely reduced if existing harvest levels re-
mained (Whiterod et al. 2018). As such, we suggest fur-
ther investigation is needed to quantify recreational
fishing levels and its potential impacts on recovery rates
in the Yarra River population following episodic distur-
bance events such as drought (e.g. Hunt et al. 2011).

The results of our study also showed one example
(Hollands Creek) in which total fish abundance was
associated with an increase in the abundance of larger
sized fish. This pattern may be due to the aforemen-
tioned variation in detection of these cohorts of fish
the previous year or by immigration of larger fish into
our sample sites. The latter, reflective of within-pop-
ulation redistribution, has been well documented in
other studies, with fish movement shown to influence
patterns in abundance within or between metapopu-
lations (e.g. Palmer et al. 1997). Indeed, the move-
ment of fish from refuges following disturbance
events is particularly pertinent for the results of this
study (e.g. Wootton 1998).

The findings of this study add to the increasing
knowledge being collated on the ecology and risks to
remaining populations of this threatened species.
The results presented by Tonkin et al. (2017b) sug-
gests most remnant populations of Macquarie perch,
which are now predominantly isolated within small
tributary systems characterised by highly variable
flows, face a heightened risk of poor recruitment
periods. These smaller systems are also more likely
to experience greater variability in adult abundance
as a result of increased vulnerability to stochastic
events such as extreme drought, flood and bushfire
(Kearns et al. 2011, Lintermans 2013). It could there-
fore be expected that with the loss of connectivity to
larger rivers and the fish they once supported (True-
man 2011), Macquarie perch occupying these small
tributary systems now exhibit less stable recruitment
patterns (e.g. Tonkin et al. 2017b), population dynam-
ics (this study) and a reduced resilience to environ-
mental extremes, particularly those which are likely
to be exacerbated by climate change (as predicted by
Balcombe et al. 2011).

.

This study has made significant progress towards
understanding the dynamics and drivers of popula-
tions of a nationally threatened riverine fish. Most
significantly, the recovery of Macquarie perch popu-
lations following extended drought was not de-
tectable for several years, with the largest increases
in population size driven by the survival of new re-
cruits. Our results indicate that future forecasting
and management of this and other long-lived threat-
ened freshwater fish species must incorporate multi-
year planning, including the maintenance of refugia
and connectivity (Crook et al. 2010). Further, the po-
tential for population synchrony, whereby simultane-
ous declines of isolated populations increases the risk
to species at a regional scale, should be considered
along with the protection of reproductively mature
fish (i.e. source populations). These strategies are all
likely to become more important with time, particu-
larly given the increased frequency and magnitude
of episodic disturbance events predicted under cli-
mate change.
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