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Abstract: There is a need for improved understanding of how climate-change driven rises in sea
level and increased ocean temperatures will affect fish assemblages in rocky shore tidal pools. Rising
sea levels are predicted to alter habitat availability and increasing ocean temperatures will drive
tropicalisation, both of which are likely to alter tidal pool fish assemblages. Consequently, we
examined changes in fish assemblages in tidal pools at four sites in Coffs Harbour, Australia, using
baited video sampling. Data were collected seasonally at each site, in pools at differing tidal elevations.
We identified significant differences in tidal pool fish assemblages among elevations and found that
assemblages exhibited cyclic seasonal patterns. Modelling identified that ocean temperature was
the most powerful factor for explaining variations in assemblages, followed by pool area and pool
elevation. Results highlight that distinct fish assemblages occur in tidal pools at different elevations
and indicate that assemblages at higher elevations could be squeezed out by rising sea levels and
by increased competition from tropical fish species. Future conservation assessments are needed
to determine whether latitudinal and vertical range shifts for tidal pool fishes are possible, with
facilitation of these range shifts needed to address displacement of tidal pool fishes by rising sea
levels and ocean temperatures.
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1. Introduction

Intertidal species will be severely impacted by climate change, due to the combined ef-
fects of increasing air and water temperatures and rising sea levels. Increasing temperatures
will drive poleward range shifts in species distributions [1,2], while rising sea levels will
drive landward retreat for intertidal species, where coastal morphology allows this [3–5].
These factors will potentially lead to local extinctions where these poleward range shifts
or landward retreats are not possible, or where range shifting species out-compete those
already present. Consequently, there is a pressing need for improved understanding of
how intertidal species will respond to climate-induced increases in water temperatures and
sea levels.

Of particular concern are those species found on intertidal wave-cut rock platforms,
due to the variable potential for landward retreat on these platforms [6] and the geographic
isolation of platforms inhibiting poleward range shifts. In these habitats, species assem-
blages typically vary according to tidal elevations, creating zonation, due to the severe
environmental gradients that occur with increasing elevation above the spring low-tide
mark [7,8]. Consequently, species distributions on rock platforms are likely to be severely
affected by rising sea levels, especially species living in tidal pools (hereafter referred to
as pools), which occur on many platforms. Sea level rise will change the duration of pool
connectivity to the ocean and increasing air and water temperatures are likely to affect
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the abiotic dynamics within pools. Pools provide important shelter from predation and
harsh environmental conditions, for a wide range of species including fish [9,10] and inver-
tebrates [11]. They also provide important nursery areas for juvenile fish [12–14] and can
shelter species of conservation importance, including endemic species [9] and threatened
species [15].

Previous research has identified that fish assemblages in pools are sensitive to changes
in environmental factors (e.g., temperatures) and tide levels [16] and research examining
seasonal variations has demonstrated that pool fish assemblages shift, identifying changes
in ocean temperatures and seasonal recruitment of tropical species as drivers of seasonal
patterns [13,16,17]. Similarly, research indicates that fish assemblages in pools vary with
elevation, due primarily to environmental gradients (biotic and abiotic) across rock plat-
forms [18,19]. However, limited data are available examining whether seasonal shifts in
fish assemblages occur across pools at different tidal elevations, with increased knowledge
needed in this area, to better understand how rising temperatures and sea levels are likely
to influence pool fish assemblages.

The major objective of the current study was to assess how fish assemblages in pools
vary with temperature and tidal elevation, using responses to seasonal temperature varia-
tions and differing pool elevations as surrogates for assessing the likely effects of future
changes to ocean temperatures and sea levels. We examined whether seasonal variations
in pool fish assemblages occurred consistently at three tidal elevations. We hypothesised
that seasonal variations in assemblages would occur across all elevations, with increased
abundance of tropical species during periods with higher ocean temperatures; and that
higher species richness would occur in pools at lower elevations, due to their greater con-
nectivity to the ocean. Distance-based linear modelling was applied to the fish assemblage
data to determine the factors having the greatest influence on tidal pool fish assemblages,
examining the relative influence of ocean and air temperatures, tidal elevation, pool area,
and pool depth.

2. Materials and Methods
2.1. Study Site

Surveys of fish assemblages were conducted at four sites in Coffs Harbour, Australia
(Arrawarra, Mullaway, Woolgoolga, and Woopi Point; Figure 1). These sites were selected
for their extensive and easily accessible intertidal rock platforms. Nine haphazardly selected
pools were sampled at each site, with the same nine pools sampled in each season. All
pools were selected to have a minimum depth of 0.20 m and a minimum surface area of
1 m2, to ensure pool volumes were adequate to sustain several fish, as per Harasti et al. [10],
with no maximum limits on depth or area applied. At each site, three pools were selected
at each of three tidal elevations, above lowest astronomical tide (low: 0.0–0.5 m, medium:
0.5–1.0 m, and high: 1.0–1.5 m), covering most of the tidal range in the study region (~2.0 m).
Elevation was calculated from the forecast tidal height at the time when pools first became
immersed by a rising tide. Sampling was conducted seasonally (every three months) from
Winter 2020 (July) until Autumn 2021 (April). Surveys were timed so that all pools were
naturally disconnected from the ocean when surveyed, to prevent fish entering or leaving
and to minimise wave impacts during sampling. The depth, length (L) and width (W) of
each pool was recorded, with the area (A) of pools estimated as A = L × W. Study pools
varied in area from 5.3–91.0 m2 with depths ranging from 0.20 to 0.89 m (Table 1).

Table 1. Tidal pool areas, depths, substrates, and dominant habitat types for survey sites in Coffs
Harbour, Australia.

Site Arrawarra Mullaway Woolgoolga Woopi Point

Area range (m2) 9.8–91.0 7.0–27.0 5.3–63.0 6.0–48.0
Depth range (m) 0.20–0.55 0.20–0.50 0.21–0.69 0.22–0.89
Pool substrates Rock, sand Rock, pebbles, sand Rock, pebbles, sand Rock, pebbles, sand

Dominant habitats Algae, seagrass Algae Algae, coral Algae
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Figure 1. (a) Study sites for tidal pool fish surveys in Coffs Harbour, Australia. (b) Typical rock
platform at Arrawarra.

2.2. Sampling Methods

Baited remote underwater video (BRUV) was selected for sampling fish in pools,
as this method causes minimal disruption and performs well in comparison to removal
methods [20]. BRUV sampling was conducted following the methodology applied by
Harasti et al. [10], with 15 min deployments used to maximise sampling efficiency [9,21].
All deployments were conducted within 2 h of low tide, between 06.00 and 18.00 hrs. Each
BRUV deployment used a GoPro HERO 4 camera facing along a 30 cm weighted arm
towards a mesh bag, with the bag holding 3 pilchards for bait. Cameras were set to record
a 170◦ field of view at a resolution of 1920 × 1080 pixels. A BRUV was positioned in
the deepest part of each pool, facing out into the pool. Post-processing was conducted
using SeaGIS 5.01 Eventmeasure software with fish abundance measured as the maximum
number of any species visible in a single frame (MaxN) as is commonly applied for BRUV
sampling [22,23].

A preliminary investigation, in Winter 2020, identified no significant differences in
pool temperatures among sites. Therefore, subsequent temperature data were collected for
a one-week period in each season, for pools at high and low elevations at the Mullaway
site, with air temperatures recorded in a nearby shaded location. Temperature data were
sampled at 30 min intervals, using Hobo MX2201 data loggers (hobodataloggers.com.au,
accessed on 20 July 2022). Ocean temperature data were extracted, for waters immediately
offshore from the Mullaway site, using the E.U. Copernicus Marine Service Information
(marine.copernicus.eu), based on the Global Ocean daily mean product (PHY_001_024).

2.3. Statistical Analysis

Distance-based linear modelling (DistLM) was used to examine relationships among
environmental explanatory variables and fish assemblages [24]. Potential alternate models
were examined using the “BEST” procedure, with the Akaike information criteria (AIC)
used to select the most parsimonious model. Six explanatory variables were selected for
testing in models, ocean temperature, air temperature, pool temperature, tidal elevation,
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pool area, and pool depth, with these variables chosen for their ecological importance to
tidal pool fish assemblages. Temperatures influence physiology and regulate (among others)
reproductive cycles, tidal elevation influences physico-chemical variability during emersion
periods, while larger and deeper pools typically provide higher microhabitat and food
availability. Correlations among explanatory variables were examined, prior to modelling,
to determine whether excessive correlations existed (i.e., |r| > 0.7) as recommended by
Dormann et al. [25]. The highest correlation occurred between air temperature and pool
temperature (|r| = 0.95) and, as this was above the threshold, only pool temperature was
included in subsequent testing in models.

Permutational analysis of variance (PERMANOVA), using PRIMER 7 PERMANOVA+
software Version 7.0.21 [24], was used to test for differences in fish assemblages (i.e., mul-
tivariate data on abundances of all fish species), among seasons and elevations, using
square-root transformed data and the Bray–Curtis similarity index. Analyses were con-
ducted using a three-factor design with the factors, seasons (4 levels, fixed), elevations
(3 levels, fixed) and site (4 levels, random). PERMANOVA analyses were also conducted to
test for differences in fish species richness and abundance among seasons, pool elevations,
pool areas and pool depths.

The RELATE module was used to examine Spearman’s rank correlations between
assemblage patterns and modelled distance matrices representing a seasonal cycle (cyclicity
test) and a progressive change with elevation (seriation test) [26]. Non-metric multi-
dimensional scaling (nMDS) analyses were used to visualise differences among boot-strap
averaged fish assemblages, among seasons, and among elevations. Similarity percentages
(SIMPER) analyses were conducted to identify those species making the largest contribu-
tions to differences among seasons and among elevations. The thermal distributions of
fish species were used to determine whether species were temperate or tropically affili-
ated, with species preferred thermal distributions determined from the Fishbase database
(www.fishbase.se, accessed on 10 May 2022). Species with a mean preferred temperature >
24.8 ◦C (i.e., mean annual water temperature in Coffs Harbour +2 S.D.) were deemed to be
tropical immigrants.

3. Results

A total of 3454 fishes from 66 species (27 families) were detected over the four sampling
periods in the 36 pools examined (see Supplementary Table S1). The most common species
were Microcanthus strigatus (Cuvier, 1831), Myxus elongatus (Günther, 1861), and Istigobius
decoratus (Herre, 1927), which accounted for 62% of all fish observed. The most species-rich
families were Labridae (8 species), Pomacentridae (7 species), and Muraenidae (7 species).
Average species richness was 6.48 ± 0.29 species per pool and average relative abundance
was 24.0 ± 1.7 fish per pool.

3.1. Influence of Explanatory Variables on Pool Fish Assemblages

Modelling identified significant relationships between all explanatory variables and
variations in fish assemblages (Table 2), with the best overall model for predicting variations
in fish assemblages (i.e., lowest ∆AIC) using all variables and explaining 20.6% of the
variation among samples. Ocean temperature was found to have the greatest influence on
explanatory power, followed by pool area, elevation, pool depth, and pool temperature
(Table 2).

3.2. Seasonal Patterns in Pool Fish Assemblages

PERMANOVA analyses of variations in fish assemblages among seasons and eleva-
tions showed significant differences among seasons (p = 0.003), among elevations (p = 0.023),
and among sites (p < 0.001). No significant interactions existed among seasons and ele-
vations (p = 0.376), indicating that the differences among seasons occurred consistently
across all elevations. RELATE testing for a cyclic pattern (seasonality) in fish assemblages
identified a significant cyclic pattern across all sites (p < 0.001, ρ = 0.18, Figure 2). Four

www.fishbase.se
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species accounted for >40% of the differences in fish assemblages among seasons, with
greater abundances of temperate M. strigatus in spring and summer, temperate M. elongatus
in autumn and winter, tropical I. decoratus in winter and spring, and tropical Abudefduf
vaigiensis (Quoy and Gaimard, 1825) in summer and autumn. Seasonal cyclic variations
were also driven by increased species richness and an increased proportion of tropical
species in Autumn, compared with other seasons (Figure 3a), with species richness sig-
nificantly higher in Autumn than in all other seasons (p < 0.001, all tests). No significant
differences in species richness were found among the remaining seasons (p > 0.332, all tests,
Figure 3a). Contrastingly, there was no significant difference in fish abundances among
seasons (p = 0.701). However, there was a significant increase in tropical fish abundance in
Autumn, compared with other seasons (p < 0.001 all tests) and a concomitant significant
reduction in temperate fish abundance during this period (p < 0.043 all tests, Figure 3b).

Table 2. Distance-based linear modelling marginal tests for significant relationships (p) be-
tween explanatory variables and variations for fish assemblages (significant values in bold).
Prop. = proportion of variation explained by each variable.

Variable S.S. Pseudo-F p Prop.

Elevation (m) 13,455 5.469 0.001 3.71%
Ocean temperature (◦C) 33,127 14.269 0.001 9.13%
Pool temperature (◦C) 10,444 4.209 0.001 2.88%

Pool depth (m) 12,426 5.036 0.001 3.43%
Pool area (m2) 15,776 6.455 0.001 4.35%
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Figure 2. Non-metric multidimensional scaling plot showing relative similarity of average fish
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assemblages; summer (blue triangle), autumn (red inverted triangle), winter (green square), and
spring (magenta diamond). Ellipses indicate 95% confidence intervals for averages obtained by
bootstrap averaging.
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Figure 3. Seasonal variations in tidal pool fish (a) average species richness and (b) abundance, for
pools in Coffs Harbour, Australia. Data collected using mini-baited remote underwater videos, with
abundance as total MaxN across all species.

3.3. Influence of Elevation, Pool Area, and Pool Depth

RELATE testing for a progressive shift in fish assemblages with increasing elevation
identified a significant shift (seriation) in fish assemblages among elevations across all
sites (p < 0.001, ρ = 0.102, Figure 4). However, no accompanying significant variations
in tropical and temperate species richness (p = 0.845, Figure 5a) or abundance (p = 0.785,
Figure 5b) occurred among elevations. Rather, examination of the species driving the
shifts in assemblages, among elevations, identified that these shifts were primarily driven
by changes in the abundance of four common species, with increased abundances of M.
strigatus and I. decoratus at medium and high elevations, compared to low pools; increased
numbers of M. elongatus at the medium elevation, compared to high and low pools; and
increased numbers of A. vaigiensis at the low elevation, compared to medium and high pools.
These four taxa accounted for >40% of the differences in fish assemblages among elevations.

Ecologies 2022, 3, FOR PEER REVIEW 7 
 

 

pools. These four taxa accounted for >40% of the differences in fish assemblages among 
elevations. 

Examining the effects of pool area and depth on assemblages identified that, across 
all pools, significant increases in species richness (p < 0.001) and abundance (p < 0.001) 
occurred with increasing pool area (Figure 6a,b). Contrastingly, no significant effects of 
pool depth on species richness (p = 0.809) or abundance (p = 0.798) were detected. Across 
all pools the average species richness per unit pool area was 0.40 ± 0.04 species per m2 and 
the average relative abundance per unit area was 0.64 ± 0.07 fish per m2. 

 
Figure 4. Non-metric multidimensional scaling plot showing relative similarity of average fish as-
semblages at different elevations in tidal pools at four sites in Coffs Harbour. Symbols indicate mean 
assemblages for elevations above lowest astronomical tide; Low (Blue triangles, 0.0–0.5 m), Medium 
(red inverted triangle, 0.5–1.0 m), and High (green square, 1.0–1.5 m). Ellipses indicate 95% confi-
dence intervals for averages obtained by bootstrap averaging. 

 
Figure 5. Effects of elevation on tidal pool fish (a) average species richness and (b) abundance, for 
fish in tidal pools in Coffs Harbour, Australia. Data collected using mini-baited remote underwater 
videos, with abundance as total MaxN across all species. Low = 0.0–0.5 m, Medium = 0.5–1.0 m, and 
High = 1.0–1.5 m above lowest astronomical tide. 

Figure 4. Non-metric multidimensional scaling plot showing relative similarity of average fish
assemblages at different elevations in tidal pools at four sites in Coffs Harbour. Symbols indicate
mean assemblages for elevations above lowest astronomical tide; Low (Blue triangles, 0.0–0.5 m),
Medium (red inverted triangle, 0.5–1.0 m), and High (green square, 1.0–1.5 m). Ellipses indicate 95%
confidence intervals for averages obtained by bootstrap averaging.



Ecologies 2022, 3 516

Ecologies 2022, 3, FOR PEER REVIEW 7 
 

 

pools. These four taxa accounted for >40% of the differences in fish assemblages among 
elevations. 

Examining the effects of pool area and depth on assemblages identified that, across 
all pools, significant increases in species richness (p < 0.001) and abundance (p < 0.001) 
occurred with increasing pool area (Figure 6a,b). Contrastingly, no significant effects of 
pool depth on species richness (p = 0.809) or abundance (p = 0.798) were detected. Across 
all pools the average species richness per unit pool area was 0.40 ± 0.04 species per m2 and 
the average relative abundance per unit area was 0.64 ± 0.07 fish per m2. 

 
Figure 4. Non-metric multidimensional scaling plot showing relative similarity of average fish as-
semblages at different elevations in tidal pools at four sites in Coffs Harbour. Symbols indicate mean 
assemblages for elevations above lowest astronomical tide; Low (Blue triangles, 0.0–0.5 m), Medium 
(red inverted triangle, 0.5–1.0 m), and High (green square, 1.0–1.5 m). Ellipses indicate 95% confi-
dence intervals for averages obtained by bootstrap averaging. 

 
Figure 5. Effects of elevation on tidal pool fish (a) average species richness and (b) abundance, for 
fish in tidal pools in Coffs Harbour, Australia. Data collected using mini-baited remote underwater 
videos, with abundance as total MaxN across all species. Low = 0.0–0.5 m, Medium = 0.5–1.0 m, and 
High = 1.0–1.5 m above lowest astronomical tide. 
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fish in tidal pools in Coffs Harbour, Australia. Data collected using mini-baited remote underwater
videos, with abundance as total MaxN across all species. Low = 0.0–0.5 m, Medium = 0.5–1.0 m, and
High = 1.0–1.5 m above lowest astronomical tide.

Examining the effects of pool area and depth on assemblages identified that, across
all pools, significant increases in species richness (p < 0.001) and abundance (p < 0.001)
occurred with increasing pool area (Figure 6a,b). Contrastingly, no significant effects of
pool depth on species richness (p = 0.809) or abundance (p = 0.798) were detected. Across
all pools the average species richness per unit pool area was 0.40 ± 0.04 species per m2 and
the average relative abundance per unit area was 0.64 ± 0.07 fish per m2.
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4. Discussion

Variations in both temperature and elevation were found to significantly influence
pool fish assemblages, indicating the susceptibility of these assemblages to climate change
induced rises in ocean temperatures and sea levels. This raises serious conservation con-
cerns for pool fishes and their associated ecosystems, particularly as pools play important
roles as nursery areas, feeding grounds, and places of shelter for endemic and threatened
fish species [9,14,15,27].

Our examination of temporal variations in pool fish assemblages demonstrated that
assemblages varied seasonally across all elevations, supporting our hypothesis of the
presence of seasonal cyclicity. Modelling also demonstrated that the observed shifts in
assemblages were most strongly correlated with seasonal variations in ocean temperature.
These findings are consistent with previous research, which also identified that pool assem-
blages shift seasonally [13,16,17]. Generally, we found fish species richness and abundance
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were highest in autumn, coincident with warmer ocean temperatures, with the highest
species richness primarily attributable to increased diversity of tropical species. These
increases were accompanied by greater tropical fish abundance, with an accompanying
decline in the numbers of temperate fishes. Similar patterns have been observed in other
studies, which have identified higher species richness and higher abundance of tropical
species when waters were warmest, during summer and autumn [17,28,29]. This shift in
the ratio of temperate to tropical fishes, over summer and autumn, potentially indicates
that tropical species out-compete temperate fishes in pools when ocean temperatures are
at their warmest, with competition for resources among tidal pool fishes known to be
influenced by environmental conditions [30]. Alternatively, tropical fishes have a greater
natural affinity with the warmer conditions in pools that occur over this period and may
actively enter pools seeking warmer water, while temperate species may actively depart,
seeking cooler water. Concerningly, permanent shifts from temperate to tropical ecosystems
(tropicalisation) have been observed in sub-tidal fish assemblages in the study region [31],
raising apprehensions that this may also occur in tidal pools under future climate condi-
tions. Globally, tropicalisation of temperate marine ecosystems is occurring, driven by
warming oceans [32], with this trend set to accelerate in south-eastern Australia where
ocean temperatures are increasing at a rate 2–4 times greater than the global average [33].

Importantly, fish assemblages were also found to be influenced by tidal pool eleva-
tion at all the sites examined. This finding has important conservation implications, as it
indicates that pools at higher elevations contain distinct assemblages which may be lost as
sea levels rise, in locations where there are no opportunities for retreat. Unique fish assem-
blages associated with pool elevation have been reported from other locations around the
world, with environmental gradients across elevations (i.e., variations in physico-chemical
parameters, such as salinity, dissolved oxygen, and nutrients) found to be one of the drivers
of the variations in assemblages [18,19,34,35]. Salinity, in particular, tends to increase with
elevation and has been linked to increased species richness and abundance [19]. These
gradients govern the relative proportions of resident and transient fish species, with higher
level pools generally having a larger proportion of resident species, whereas low level
pools tended to shelter larger numbers of transient tropical species [19]. However, results
of the present study are contrary to this, with little difference in transient tropical fish
species richness and abundance occurring among pool elevations. Rather, differences
among elevations resulted from seasonal shifts in the presence and abundance of a range of
temperate and tropical species. This is consistent with observations reported by Davis [16],
who found that vertical migration of fish occurred among pools, in response to changes in
water level and environmental conditions.

Consequently, vertical migrations of fish are to be expected as sea levels gradually
rise with climate change, with the increased immersion of existing pools significantly
altering their environmental conditions and, potentially, reducing the ability of these pools
to support current fish assemblages. Fish from higher pools will be displaced by fish from
lower pools, as these need to move to more suitable habitats, leading to a cascade of vertical
species migrations, but only where opportunities for these retreats exist. Importantly, the
suitability of pools for facilitating these vertical migrations will depend on pool area and, to
a lesser extent, depth. Study results indicate that the size of pools has an important effect in
structuring fish assemblages, with larger pools generally supporting higher species richness
and abundance of fishes. Similar patterns have been observed in pools in other regions,
with fish species richness increasing with pool volume [36–38] and depth influencing pool
use [34]. The projected effects of sea-level rise on pool habitats at study sites were explored
in an earlier work by Thorner et al. [6], using LIDAR maps and high-resolution imagery to
project various sea-level rise scenarios. Results indicated that, with a projected one metre
sea level rise, there is likely to be a substantial decline in tidal pool habitat availability in
the study region, with this pattern also likely to occur in other regions where shoreward
retreat on rock platforms is restricted [6].
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5. Conclusions

Our results highlight the importance of considering the elevation and size of pools,
and the potential for the formation of new pool habitat, when considering protection of tidal
pools on intertidal rock platforms, particularly where mitigation of climate change effects is
required. Concerningly, the results of this study highlight the very real prospect that distinct
fish assemblages, occurring in pools at higher elevations, will be ‘squeezed’ out by rising
sea levels and by increased competition from tropical fish species. The continued existence
of these distinct assemblages will be reliant on the availability of newly formed pools, at
higher elevations, as sea levels rise, and on the ability of pool fishes to shift poleward
among rock platforms. Consequently, assessment of the potential for new pools to form
is of critical conservation importance, particularly in areas where pools shelter endemic
and threatened species. Future conservation planning assessments should consider both
the number and the size of existing and potential new pools and should evaluate whether
there will be enough new pools forming, to replace those submerged by rising sea levels.
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