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ABSTRACT: Disturbances often control community structure by removing large dominant species, allowing new species to colonize. Disturbances vary in intensity and extent, and their effects
on resident communities can depend on local environmental conditions. We tested the effects of
disturbance intensity and extent on different functional groups of understory species in kelp
forests at 4 locations along an ocean climate gradient in Western Australia. We hypothesized that,
compared to intact canopies, increasing disturbance intensities (50 and 100% of kelp removal)
and extents (2, 4 and 8 m diameter) would promote light-dependent competitors (turf, foliose,
articulated coralline and fucoid seaweeds) at the expense of less light-dependent functional
groups (invertebrates and encrusting seaweeds). We also hypothesized that these effects would
be most pronounced at warmer relative to cooler locations, where metabolic and ecological rates
are faster. The first hypothesis was supported; light-dependent understory groups (turfs, in particular) increased, while less light-dependent groups (crusts in particular) decreased with increasing
disturbance regimes. However, the second hypothesis was not supported; even though understory
communities differed between locations and turf covers were highest at the warmest location, we
found no significant interactions between locations and disturbance regimes. Importantly, our
results revealed that even small-scale partial canopy loss can have significant effects on kelpassociated communities. The implied community-wide, density-dependent effects have implications for the management and conservation of kelp forests, because restoration of ecological functions must also consider the density of kelp forests, not simply their presence or absence.
KEY WORDS: Disturbance · Facilitation · Ocean climate · Western Australia · Temperate reefs ·
Functional groups · Ecklonia radiata

1. INTRODUCTION
Natural and human-mediated disturbances modify
the structure and functioning of communities and
ecosystems (Grime 1977, Diaz-Pulido et al. 2009,
Wernberg et al. 2013a). Discrete weather events,
*Corresponding author: thomas.wernberg@uwa.edu.au

such as storms or heatwaves, are important drivers of
disturbances in marine systems, where they are
expected to increase in frequency and severity under
most future climate change scenarios (IPCC 2014,
Cai et al. 2015, Oliver et al. 2019). The response
of communities and ecosystems to disturbances de© The authors 2020. Open Access under Creative Commons by
Attribution Licence. Use, distribution and reproduction are unrestricted. Authors and original publication must be credited.
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pends on characteristics of the events, such as the
type, frequency, intensity and extent of disturbance
(McCabe & Gotelli 2000, Sousa 2001, BenedettiCecchi et al. 2006, Vaselli et al. 2008, Thakur et al.
2014, Čada et al. 2016). At the same time, disturbance effects can also vary dramatically according to
characteristics independent of the events, such as the
specific local biotic and abiotic context (Dudgeon &
Petraitis 2001, Wernberg & Connell 2008, Wernberg
et al. 2010, Kramer et al. 2014).
Disturbance intensity (proportion destroyed) and
extent (scale of destruction) can be particularly important drivers of changes in the abundance of individuals, species richness and diversity (Thrush &
Dayton 2002, Norkko et al. 2006, Granek & Ruttenberg 2008, Flukes et al. 2014, Wilby et al. 2015,
Bell et al. 2016, Cox et al. 2016). While there are
numerous studies documenting the individual ef fects of either disturbance intensity or extent
across a wide range of ecosystems (e.g. Sousa
1984, Englund & Cooper 2003, Schiel & Lilley
2011), few studies have tested their combined
effects on natural communities (e.g. Wernberg &
Connell 2008, Tuya et al. 2009). Indeed, most disturbance experiments have only simulated severe
pulse perturbations that compare completely denuded areas with undisturbed control plots (e.g.
Lison de Loma et al. 2000, Edgar et al. 2004,
Granek & Ruttenberg 2008, Ling 2008). Similarly,
most experiments testing the role of environmental
conditions on disturbance effects compare only 2
levels, such as sheltered and exposed locations
(e.g. Wernberg & Connell 2008). However, in natural systems, disturbances manifest as gradients of
intensities and extents across gradients in environmental conditions (Kennelly 1987a, Denny 1995),
potentially resulting in interactions and non-linear
threshold effects (Petraitis & Latham 1999, Pascual
& Guichard 2005, Schiel & Lilley 2007, Layton et
al. 2019) that binary, single-factor experiments
cannot identify. For example, disturbance extent
and intensity could produce non-linear interactions
through their effects on effective dispersal distance
and survival, respectively, of colonizing species or
their predators (e.g. Farrell 1989, Petraitis & Dudgeon 1999, Gagnon et al. 2003, Layton et al. 2019).
Environmental gradients, such as wave exposure
or temperature, could add a third dimension of
potential interaction by affecting metabolic and
ecological rates (e.g. dispersal, recruitment, growth,
reproduction, mortality) differentially, often in
non-linear ways (e.g. Gaylord et al. 2002, Wernberg et al. 2010, Kordas et al. 2011).

Kelp (Ecklonia radiata) forests dominate Australia’s
Great Southern Reef, including southwestern Australia (Bennett et al. 2016, Wernberg et al. 2019),
where they support diverse fish, invertebrate and
seaweed communities (Vanderklift & Kendrick 2004,
Coleman et al. 2007, Tuya et al. 2008, 2010, Smale &
Wernberg 2014). These kelp forests promote and
inhibit other species found in or around them by controlling processes such as frond abrasion, light penetration, sedimentation, water motion, habitat and
food provisioning (Kennelly 1987b, Toohey et al.
2004, Anderson et al. 2005, Wernberg et al. 2005, Irving & Connell 2006a, Layton et al. 2019). Since kelps
have a strong influence on their associated understory communities, disturbances to canopies are
likely to affect the entire kelp ecosystem (Ling 2008,
Byrnes et al. 2011, Wernberg et al. 2016a, Layton et
al. 2019).
In this study, we tested the interactive effects
of gradients in disturbance intensity, extent and
varying ocean climate regimes on kelp forest understory communities. We hypothesized that intensity
(50 and 100% kelp removal) and extent (unmanipulated controls, and 2, 4 and 8 m diameter circular
kelp removals) of disturbances would promote lightdependent functional groups (turf, foliose, articulated coralline and fucoid seaweeds), while suppressing understory organisms that are less
light-dependent (invertebrates and encrusting seaweeds). We also hypothesized that these effects
would be more pronounced at warmer locations,
where metabolic and ecological rates are higher
(Kordas et al. 2011, Wernberg et al. 2016b).

2. MATERIALS AND METHODS
2.1. Study locations and experimental design
Our study took place along the southwest coast
of Western Australia. This stretch of coast runs
north−south and is characterised by a gradual 2−3°C
increase in ocean temperature from Hamelin Bay
(Ham; 34.2° S) in the south to Kalbarri in the north
(Kal; 27.7° S) (Smale & Wernberg 2009). Subtidal
lime and sandstone reefs are found all along this
coastline. These reefs have a diverse algal flora,
dominated, in terms of cover and biomass, by the
kelp Ecklonia radiata (Wernberg et al. 2011). We
used a hierarchical design, where identical experiments were set up at 4 locations across this ocean climate gradient: Hamelin Bay (Ham; 34.2° S), Marmion
(Mar; 31.8° S), Jurien Bay (Jur; 30.3° S) and Kalbarri
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(Kal; 27.7° S). These locations are evenly spaced by
~2° of latitude (~200−300 km; Fig. 1) and encompass
a latitudinal gradient in ocean temperature, which is
not confounded or interrupted by other environmental drivers such as upwelling, wave exposure or
depth (Smale & Wernberg 2009, Wernberg et al.
2010) (Fig. 1).
Three reefs, separated by a minimum of 1 km, were
sampled within each location. At each reef, there
were 2 replicated plots of each experimental treatment; all plots were separated by at least 4 m from
edge to edge. All plots were set up on reef flats, between 8 and 12 m depth, in areas covered by 70−90%
E. radiata. We were limited to 2 replicate plots per
treatment because our plots were very large (up to
50.2 m2, see below). Since the plots were scattered
across a large reef area, and some plots were hard to
visually relocate (partial removal and recovered
clearings), we unfortunately were unable to resample
all plots within the available dive time restrictions. At
least 1 plot per treatment was relocated on each reef
and, consequently, we analysed disturbance effects
on reef-averaged treatments (i.e. n = 3 reefs location−1). This decision reflects our scope of inference,
because we were concerned with broad-scale, fixedfactor effects across latitudes and not small-scale, random variation across reefs within locations.
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2.2. Experimental treatments
Canopy algae were removed in orthogonal treatments combining 2 intensities (partial vs. complete:
~50 vs. 100% canopy cover removal) and 4 extents
(control, 2, 4 and 8 m of circular diameter; 0, 3.1,
12.5 and 50.4 m2, respectively). This design implies that we set up 2 identical types of control
plots, 2 untouched ‘control-partial’ plots for partial
canopy removal controls and 2 untouched ‘controlcomplete’ plots for the complete canopy removal
controls. These plots were treated as separate control plots in the factorial statistical analysis (as Cp
and Cc, respectively), but, because they represent
the same ecological condition (untouched canopy),
they were pooled in the graphs. The implemented
treatments represent ecologically relevant and
realistic disturbance regimes in contemporary Australian kelp forests, with the 8 m diameter extent
(50.4 m2) representing extreme wave-induced disturbances (Kennelly 1987a, Connell & Irving 2008,
Wernberg & Connell 2008, de Bettignies et al.
2015). Canopy algae were removed manually by
pulling each kelp from the reef, mimicking natural
canopy loss from waves. Treatments were implemented in late austral summer to early autumn
(March−April 2006) to coincide with the season of

Fig. 1. The Australian west coast showing our 4 experimental locations: Hamelin Bay (34.2° S), Marmion (31.8° S), Jurien Bay
(30.3° S) and Kalbarri (27.7° S) and corresponding sea surface temperatures in the years prior to and during the experiment.
Annual means of sea surface temperatures are represented with dashed lines for each location. We used monthly NOAA
Optimum Interpolation Sea Surface Temperature Version 2 data (https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.html)
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maximum natural canopy loss (Kirkman 1989, de
Bettignies et al. 2013) and minimum understory
development (Wernberg & Goldberg 2008). The
experiment was set up and sampled out of spatial
order (Jur, Ham, Mar, Kal) to avoid confounding
the latitudinal gradient with time of experimental
initialisation and sampling.

2.3. Sampling
The percent cover of organisms was visually estimated for each of 6 common types of functional
groups (Table 1), 8 mo after plots were established,
within 3 replicate 0.25 × 0.25 m quadrats (Wernberg
et al. 2003) haphazardly positioned within the centre 1 m radius of each plot. This duration captured
the main seasonal dynamics of Australian kelp
forests (Wernberg & Goldberg 2008) and was sufficient for species to respond, and generate detectable community-level responses, to physical disturbances (Wernberg & Connell 2008). Moreover, in
this system, seasonal variation in community structure (Wernberg & Goldberg 2008) is much smaller
than spatial variation between regions (Wernberg et
al. 2003, Smale et al. 2010). Consequently, consistent with our main focus on understanding differences between climate regimes, this sampling
design emphasised effects of locations across latitudes as a proxy for differences in environmental
conditions, but did not allow inferences about trajectories of recovery or long-term effects. Visual
estimates of cover are equal, or even superior, to
point-intercept methods, especially in layered communities (Benedetti-Cecchi et al. 1996). In addition,
all data collections were made by the same SCUBA
diver (T. Wernberg), minimising potential observer
bias (Benedetti-Cecchi et al. 1996).

2.4. Statistical analyses
The percent cover of each functional group was
analysed by factorial ANOVA to test for significant
effects among locations (‘Lo’; fixed factor, 4 levels:
Ham, Mar, Jur, Kal), disturbance extent (‘Ex’; fixed
factor, 4 levels: control, 2, 4 and 8 m), and disturbance intensity (‘In’; fixed factor, 2 levels: partial and
complete canopy removal). The design also included
3 a priori contrasts comparing control plots to all disturbed plots (contrast 1: Cp, Cc vs. 2, 4 and 8 m) and
disturbed plots of increasing size (contrast 2: 2 vs. 4
and 8 m; contrast 3: 2 and 4 m vs. 8 m).
Factorial ANOVAs were analysed with the PERMANOVA package in PRIMER v.6 with 9999 permutations of the raw data. We used Euclidean distance
matrices for percent cover of each functional group
and Bray-Curtis dissimilarity matrices for multivariate community structure. Initially, all data were
square root transformed to down-weight the prevalence of abundant groups. A posteriori pairwise comparisons were used to resolve differences between
treatment levels following significant effects of fixed
factors. We also tested for homogeneity in dispersion
for each functional group and the multivariate community structure, using the PERMDISP routine. Principal coordinates ordination (PCO) was performed to
visualise similarities in community structure according to disturbance regimes (= fixed factors). The
PRIMER package and analyses are described in
detail in Anderson et al. (2008).

3. RESULTS
The multivariate structure of the understory community differed dramatically among locations (Lo,
p = 0.0001; Table 2, pairwise tests: Ham ≠ Mar ≠ Jur ≠

Table 1. Functional groups of understory organisms, including the most common taxa found in the study area on the southwest
coast of Western Australia
Functional group Common taxa
Kelp
Fucoid algae
Foliose algae

Crusts
Invertebrates
Articulated
coralline algae
Turfs

Ecklonia radiata
Scytothalia dorycarpa, Sargassum spp.
Caulerpa spp., Codium spp., Ulva sp., Hennedya crispa, Rhodymenia sonderi, Pterocladia lucida, Dictyomenia sonderi, Callophycus oppositofolia, Zonaria turneriana, Lobophora variegata, Dictyopteris
australis
Encrusting corallines algae and encrusting non-coralline algae: Mesophyllum spp., Lithophyllum spp.
Sponges, ascidians, bryozoans
Amphiroa anceps, Metagoniolithon stolinifera, Haliptilon roseum, Corallina spp., Rhodopeltis australis, Halimeda cuneata, Jania spp.
Filamentous turfs: Polysiphonia spp., Heterosiphonia spp., Champia spp., Acanthophora sp.

Kal). At the same time, after 8 mo, there
were strong effects of disturbance extent
and intensity on understory communities (In and Ex, p = 0.0001, Ex × In, p =
0.0043; Table 2). At all locations, the
community structure in disturbed plots
(2, 4 and 8 m) differed from controls
(Table 2). There were, however, no differences in understory community structure
between disturbances of varying extent
for both partial and complete canopy
clearings (pairwise tests: control ≠ 2 = 4 =
8 m for both partial and complete clearings). The PCOs showed that the cover
of turf and foliose algae typically were
associated with disturbances, whereas
crusts were associated with canopy cover
(controls plots) (Fig. 2). Results for fucoids,
however, were less clear-cut. Fucoids
were negatively associated with control
plots in Jur and Mar (Fig. 2B,C); this pattern was less clear for Ham (Fig. 2B),
while a weak positive association was
observed at Kal (Fig. 2A; this effect was
likely due to very low abundances of
fucoids on these reefs, see also Fig. 3
and Section 4.1).
Overall, the cover of turfs increased
after disturbance regardless of extent
(pairwise tests: control < 2 = 4 = 8 m;
Table 2, Fig. 3) and intensity (In, p =
0.0001; Table 2, Fig. 3). Differences
among levels of disturbance extent depended on disturbance intensity (Ex × In,
p = 0.0104; pairwise tests: Cc < 2 = 4 = 8 m;
Cp < 2 = 4 = 8 m; Table 2), but this interaction reflected a lack of differences
between disturbance controls (Cc = Cp)
and differences among partial and complete disturbances. Turf cover also differed significantly among locations, being
particularly high at Kal (Lo: p = 0.0001;
Table 2, Fig. 3; pairwise tests: Ham =
Jur < Mar < Kal). Finally, differences
between partial and complete clearings
depended on location; Kal showed a
large increase in turf cover between
the control and the partial clearings,
whereas the 3 southern sites had large
increases between the partial and the
complete clearings (Lo × In, p = 0.0427;
pairwise tests: Ham, Mar, Jur: P < C; Kal:
P = C; Table 2).

df

3 10574 29.17
0.0001
3 5005
13.81
0.0001
1 14802 44.13
0.0001
1
71.8
0.21
0.8522
1 −13.8 −0.04
0.9322
1 8461
23.34
0.0001
9 96.85 0.267
0.9965
3 −95.4 −0.28
0.9998
3 149.4
0.43
0.8974
3 317.3
0.96
0.4913
3 −364 −1.003
1
3 986.1
2.72
0.0043
1 2478.9 7.39
0.0001
1 177.1
0.51
0.6938
1 496.6
1.51
0.2304
9 196.2 0.541
0.9499
3
−5.2
−0.02
0.9945
3 229.3
0.66
0.7407
3 329.5
1.00
0.4597
64 362.5
Ham ≠ Mar ≠ Jur ≠ Kal
P: Cp ≠ 2 = 4 = 8 m
C: Cc ≠ 2 = 4 = 8 m

Source

Lo
Ex
Contrast1
Contrast2
Contrast3
In
Lo×Ex
Lo×Contrast1
Lo×Concotrast2
Lo×Contrast3
Lo×In
Ex×In
Contrast1×In
Contrast2×In
Contrast3×In
Lo×Ex×In
Lo×Contrast1×In
Lo×Contrast2×In
Lo×Contrast3×In
Res
Pairwise tests

Community structure
MS Pseudo-F p(perm)
42.9
19.17
0.0001
55.3
24.74
0.0001
163.1 73.17
0.0001
0.7
0.27
0.6057
0.8
0.31
0.5714
72.1
32.25
0.0001
1.26
0.562
0.8248
0.1
0.05
0.9852
1.2
0.46
0.7102
3.6
1.47
0.2341
5.92
2.646
0.0427
9.39
4.2
0.0104
23.4
10.48
0.0019
2.8
1.09
0.297
4.3
1.75
0.1953
2.48
1.111
0.3720
2.0
0.88
0.4529
2.3
0.91
0.4458
1.4
0.58
0.6391
2.24
Ham = Jur < Mar < Kal
Ham, Mar, Jur: P < C
Kal: P = C
P: Cp < 2 = 4 = 8 m
C: Cc < 2 = 4 = 8 m

Turfs
MS Pseudo-F p(perm)

Fucoids
MS Pseudo-F p(perm)

Articulated corallines
MS
Pseudo-F p(perm)

89.04 44.949
0.0001
40
11.43
0.0001
114.1
55.64
0.0001
14.32 7.229
0.0002
1.2
0.349
0.787
0.7
0.336
0.805
42.8
21.91
0.0001
3.3
1.14
0.2887
1.9
1.08
0.2953
0.0 1.19 × 10−4 0.9909 0.03
0.01
0.9283 2.9 × 10−4 1.5 × 10−4 0.9924
0.1
0.05
0.8263
0.3
0.09
0.7584
0.1
0.07
0.7897
0.29
0.144
0.7002
0.6
0.178
0.6767
5.7
2.764
0.1032
0.98
0.494
0.8799
1.5
0.431
0.9126
1.7
0.845
0.5791
0.3
0.13
0.9393
3.8
1.29
0.2796
3.1
1.79
0.1555
2.3
1.18
0.3279
0.3
0.10
0.96
0.7
0.34
0.7945
0.5
0.26
0.85
0.1
0.02
0.9951
1.9
0.96
0.4143
1.32
0.664
0.5802
2.2
0.634
0.5888
0.9
0.417
0.7475
1.31
0.659
0.5772
0.6
0.172
0.9096
1.7
0.819
0.4866
0.1
0.06
0.8038
0.3
0.10
0.7531
3.8
2.17
0.1441
0.4
0.23
0.6402
1.2
0.36
0.5491
1.2
0.60
0.4449
3.7
1.77
0.1905
1.1
0.33
0.5659
0.5
0.25
0.6213
2.17
1.093
0.3792
1.2
0.334
0.961
0.7
0.356
0.953
0.6
0.32
0.8091
1.3
0.44
0.7183
1.7
0.94
0.416
5.2
2.70
0.0526
1.1
0.34
0.8007
0.2
0.08
0.9719
3.3
1.57
0.2187
1.1
0.35
0.7916
0.2
0.12
0.9481
1.98
3.5
2.05
Kal < Ham < Jur
Ham = Mar = Jur > Kal
Mar < Jur < Ham < Kal
Kal < Mar
Mar = Ham & Mar = Jur
C<2=4=8m

Foliose algae
MS Pseudo-F p(perm)

Crusts
Pseudo-F p(perm)

MS

Invertebrates
Pseudo-F p(perm)
4.16
1.978
0.1243
18.8
26.009 0.0001
85.22 40.476
0.0001
1.08
1.497
0.2246
250.9 125.20
0.0001
2.0
3.03
0.0824
4.2
1.98
0.1689
0.9
1.35
0.2483
0.1
0.07
0.7947 2.7 × 10−4 3.9 × 10–4 0.9837
170.4 80.938
0.0001
2.98
4.113
0.0426
1.60
0.759
0.6516
0.37
0.508
0.8674
1.7
0.83
0.4709
0.6
0.83
0.4774
0.5
0.23
0.867
0.3
0.41
0.7464
3.1
1.62
0.1881
0.2
0.25
0.8618
0.99
0.469
0.712
0.35
0.479
0.6941
17.45
8.287
0.0001
1.28
1.762
0.1609
50.9
25.38
0.0001
3.6
5.34
0.0233
4 × 10−3 1.9 × 10−3 0.9661
0.1
0.21
0.6464
0.01
0.9221
1.0
0.54
0.4604 6.3 × 10−3
1.63
0.774
0.6441
0.74
1.024
0.432
1.6
0.78
0.5061
0.8
1.17
0.3214
0.5
0.22
0.8732
0.6
0.81
0.4908
3.0
1.59
0.2054
1.2
1.74
0.1743
2.11
0.72
P: Cp > 2 = 4 = 8 m
Ham < Mar = Jur < Kal
C: Cc > 2 = 4 = 8 m
P>C
P: Cp = 2 = 4 = 8
C: Cc > 2 = 4 = 8

MS

Table 2. ANOVA results testing for differences in kelp understory community structure and percent cover of the 6 functional groups among locations (‘Lo’), extent (‘Ex’) and intensity (‘In’) of disturbances. Contrast 1: compared kelp canopy clearing control plots (P: partial; C: complete; Cp: control-partial; Cc: control-complete [unmanipulated]) to all disturbed plots (2, 4 and 8 m); contrasts 2 and 3: compared increasingly large disturbed plots (2 m vs. 4, 8 m and 2, 4 m vs. 8 m, respectively). Significant values (p < 0.05) are shown in
bold. Ham: Hamelin Bay; Mar: Marmion; Jur: Jurien Bay; Kal: Kalbarri

Wernberg et al.: Disturbance gradients modulate kelp communities
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Fig. 2. Principal coordinates ordination of community structure according to disturbance intensity (partial [P] vs. complete [C]
clearings) and extent (2, 4 and 8 m) at (A) Kalbarri, (B) Jurien Bay, (C) Marmion and (D) Hamelin Bay. Controls are unmanipulated plots with intact kelp canopies (here pooling the different controls set up separately for partial and complete clearings)

Similar to turfs, the cover of foliose algae increased
overall in disturbed plots relative to controls (Table 2,
Fig. 3). The cover of foliose algae also differed among
locations, being much lower at Kal than the other
locations (Lo: p = 0.0001; Table 2, Fig. 3). However, in
contrast to turfs, the cover of foliose algae was similar
between the different disturbance intensities.
The cover of fucoids was, as for foliose algae, much
lower at Kal than at the other locations (Lo, p =
0.0001; Table 2, Fig. 3). This result was reflected in
the PERMDISP analysis which showed significant

differences in the magnitude of variation of their
cover among locations (Lo: p = 0.0001; Table 3).
Graphical analysis suggested that in Mar and Jur,
fucoids had higher cover in the complete clearings
compared to control plots (irrespective of extent,
cover values in complete clearings were more than
twice the values of unmanipulated controls, see
Fig. 3). However, due to high variability (and lack of
disturbance effects at Ham and Kal), these locationspecific differences were not statistically significant
(Table 2).

Wernberg et al.: Disturbance gradients modulate kelp communities
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Fig. 3. Mean (+ SE) percent cover of the 6 functional groups 8 mo after disturbances of varying intensity (partial vs. complete
clearings) and extent (2, 4 and 8 m); controls are unmanipulated plots with intact kelp canopies (here pooling the different
controls set up separately for partial and complete clearings)
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Table 3. PERMDISP results, testing for variances homogeneity in kelp understory community structures and the percent cover
of the 6 functional kelp understory groups among locations (‘Lo’), extent (‘Ex’) and intensity (‘In’) of disturbances. Significant
values (p < 0.05) are shown in bold
Source df

Lo
Ex
In

3
3
1

Community
structure
F
p(perm)
2.2167 0.1242
3.1378 0.0606
13.085 0.0023

Turfs

Foliose algae

F

p(perm)

F

0.689
1.920
2.321

0.6310
0.1332
0.1320

2.021
0.632
0.234

p(perm)

Fucoids
F

p(perm)

0.1175 10.926 0.0001
0.6274 0.642 0.6174
0.6254 3.036 0.0931

The cover of articulated corallines also differed
among locations, being much higher at Kal than the
3 southern locations (Lo, p = 0.0001; Table 2, Fig. 3;
pairwise tests: Mar < Jur < Ham < Kal). At the only
location where articulated corallines were relatively
common (i.e. 16% cover in control plots in Kal; Fig.
3), their cover was twice as high in disturbed plots,
irrespective of disturbance intensity or extent (Fig.
3). However, as for fucoids, no significant effects
were detected in the statistical analysis (Table 2),
most likely because of differences among locations.
In contrast to the other understory groups, crusts
did not vary between locations (Lo: p = 0.1243; Table
2), and responded consistently to disturbances. Thus,
crusts dominated the understory community at all
undisturbed control plots (mean cover ~47%, Ex: p =
0.0001; Table 2, Fig. 3) and had significantly higher
cover (21% more) in partial than complete clearings
(In, p = 0.0001; Table 2, Fig. 3). As in the other functional groups, the cover of crusts did not vary between
plot sizes (pairwise tests: control > 2 = 4 = 8 m). In addition, PERMDISP analysis documented differences
in the magnitude of variation in crust cover among
disturbances of varying extent and intensity (Table 3).
Finally, we found that the cover of sessile invertebrates was lower in complete than partial clearings
(In: p = 0.0426; Table 2, Fig. 3). Differences between
control plots and larger gap sizes depended on the
level of disturbance intensity (Table 2). We also
found that the cover of sessile invertebrates differed
widely among locations, increasing along the temperature gradient by 2 orders of magnitude, from ca.
0.08% in Ham to ca. 8% in Kal (Lo: p = 0.0001; Table
2, Fig. 3; pairwise tests: Ham < Mar = Jur < Kal).

4. DISCUSSION
Using identical clearing experiments in kelp
forests along a latitudinal gradient, we demonstrated that disturbance intensity (complete versus

Articulated
corallines
F
p(perm)
7.275
1.237
2.042

Crusts
F

p(perm)

0.0003 1.622 0.1952
0.5033 6.244 0.0008
0.2350 19.012 0.0002

Invertebrates
F

p(perm)

14.125
0.710
2.051

0.0001
0.5664
0.1541

partial canopy removal) had much greater effects
on understory communities than disturbance extent
(2, 4 or 8 m diameter impact). Thus, although we
found strong effects between undisturbed control
plots and disturbed plots, we found no major differences in understory communities associated with
different spatial scales of disturbances. Irrespective
of location, turfs and encrusting algae responded
consistently to disturbance along the ocean climate
gradient, increasing and decreasing in cover, respectively, in response to increasing disturbance
regimes. By contrast, the 4 other understory functional groups showed more complex, locationdependent responses to disturbance intensity, possibly linked to their relative initial abundances at
different latitudes.

4.1. Regional-scale drivers and regional
modification of disturbance effects
Broad-scale climatic and oceanographic drivers,
such as temperature, day length and ocean currents,
affect the structure and functioning of kelp forests
and associated communities (Connell & Irving 2008,
Wernberg et al. 2010, 2016a, Tuya et al. 2011). With
the exception of temperature, our 4 widely separated
locations were characterised by similar types of kelp
forests in terms of percent cover and kelp density,
with relatively similar kelp sizes and morphologies, as
well as relatively similar environmental conditions
(e.g. depth, nutrients, water clarity and wave exposure; Wernberg et al. 2010, 2011). Still, we found surprisingly different understory communities. For example, the northern location (Kal, warm) had much
less foliose and fucoid algae, but more sessile invertebrates and articulated coralline algae compared to the
southern location (Ham, cool), which had virtually no
sessile invertebrates. These differences could likely
be caused by different temperature regimes and different large-scale oceanographic processes that un-
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derpin distinct biogeographical regions (Wernberg et
al. 2013b). For example, Kal is likely too warm for
some species, such as the common fucoid Scytothalia
dorycarpa and the foliose red alga Pterocladia lucida
(Smale & Wernberg 2013, Coleman & Wernberg
2017), both of which were common in southern locations. Furthermore, articulated coralline algae were
only found in very low abundances at the 2 mid regions (Mar and Jur). Importantly, these regional differences are in accordance with the (lack of) capacity
of local understory communities to respond to disturbances, particularly for groups with limited propagule
and dispersal traits. For example, the absence of invertebrates in the intact kelp forest at Ham, articulated corallines at Mar and Jur and fucoids at Kal resulted in no detectable effects of kelp clearing on
these groups at these locations, possibly because
there were simply too few propagules within the kelp
forest to respond to the manipulated disturbances. By
contrast, although turf forming algae were only found
in very low background densities, high dispersal
and rapid colonization traits (Hay 1981, Wernberg
2006, Wernberg & Connell 2008, Antoniadou et al.
2010, Wernberg et al. 2016a) still allowed turfs to respond rapidly to perturbation and colonize disturbed
plots. Thus, we highlight that any responses to disturbances (cf. sections below) should be interpreted
within the context of the existing local understory
community (species pool) and their dispersal and colonization traits.

4.2. Local-scale disturbance effects: functional
groups expected to increase following kelp
removal
We hypothesized that in our system, most algae
that are smaller than kelp are often light-limited and
sensitive to abrasion and whiplash from kelp fronds,
and therefore will increase in cover following kelp
removals. In support of this hypothesis, after 8 mo we
found consistent density-dependent promotion of filamentous turfs associated with kelp loss across all
locations: complete removal of kelp canopies resulted in a ca. 30% increase in turf cover and partial
canopy loss also increased turfs, but to a lesser
extent. Previous studies have shown that increases in
resource availability, such as light, nutrients and
space, promote rapid colonization by turf (Johnson &
Mann 1993, Worm et al. 2001, Connell 2005, Wernberg 2006, Russell 2007, Antoniadou et al. 2010).
However, in contrast to our findings, and those of
Wernberg & Connell (2008) in South Australia where
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turfs also increased in partial clearings, turfs only
increased after complete kelp removal in Tasmania
(Flukes et al. 2014). Our results help reconcile these
discrepancies, because we found that turfs at the
‘warm’ location (Kal) increased following any disturbance regime, whereas at the ‘cool’ location (Ham),
increases only occurred following full disturbances
(as in Flukes et al. 2014). The apparent greater
expansion potential of turfs at warmer locations
could be related to higher metabolic activity. Alternatively, differences between studies could be
related to initial canopy density and/or to kelp morphology and composition (Kennelly 1989, FowlerWalker et al. 2005, 2006, Layton et al. 2019), including kelp surface area/volume ratio and measures of
stipe width, which influence light penetration and
whiplash from fronds.
Foliose algae also increased following kelp removal, but generally much less than turf algae, and
without any density- or scale-dependent effects. Like
turfs, foliose algae generally require high light conditions and available space and can be negatively
affected by kelp abrasion (Toohey et al. 2004, Wernberg et al. 2005). However, the relatively small effect
sizes, compared to turfs, could be due to generally
lower colonization, slower growth, mismatch with
reproductive season, increased competition from the
faster responding turfs or the potential of foliose
algae to photo-acclimatize under canopies (Toohey
et al. 2004), reducing the net benefit of change in
canopy cover. Although the duration of our experiment captures the main seasonal dynamics of Australian kelp forests (Wernberg & Goldberg 2008), a
longer duration of the experiment could have
resulted in a stronger effect on this functional group.
Furthermore, foliose algae is a very broad functional
group, which could include both high-light and lowlight tolerant species (Wernberg et al. 2005).
In contrast to turfs and foliose algae, fucoids and
articulated corallines were not significantly affected
by disturbances, possibly because they only occurred
at low or variable initial cover at some locations (and,
hence, these statistical tests had low power). Thus, at
2 locations where fucoids were common (Mar and
Jur), covers appeared to be higher in cleared plots
(Fig. 3), despite high variability between reefs obscured the tendency of fucoids to follow the same
patterns as other light-limited functional groups
(Flukes et al. 2014). The lack of a positive response of
fucoids to disturbances is unlikely to have been a
consequences of mismatch with reproductive timing,
as many common fucoids on this coastline have peak
reproduction and recruitment between late autumn
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and early spring (Kendrick & Walker 1994, Andrews
et al. 2014). At the warmest location, the lack of
response could partly be explained by low propagule
supply (there were no fucoids in the control plots)
and partly be related to competition from rapidly colonizing turfs. Other studies have shown rapid colonization of turf into disturbed plots and subsequent
inhibition of fucoid settlement, survival and growth
(Isæus et al. 2004, Wernberg 2006). It is, of course,
possible that fucoids, over time, eventually would
establish into these plots (Edwards 1998, Worm et al.
2001, Eriksson & Johansson 2003). Similarly, articulated corallines did not show any response to disturbances, although at Kal, the only location with a relatively large cover of this functional group in control
plots (Wernberg et al. 2011), articulated corallines
appeared to increase following kelp removals (Fig.
3). Inhibition of articulated corallines by kelps has
previously been reported from South Australia
(Melville & Connell 2001, Irving & Connell 2006a).

4.3. Local-scale disturbance effects: functional
groups expected to be inhibited by kelp removal
We hypothesized that functional groups with low
or no light requirements would be negatively
affected by kelp removals, because they grow slowly,
which result in poor competitive abilities compared
to more light-dependent and fast-growing species
facilitated by kelp removals. In support of this
hypothesis, we found that encrusting algae and sessile invertebrates were negatively affected by kelp
removals. Encrusting algae showed the clearest spatially consistent pattern, being a dominant understory space occupier in all control plots across the latitudinal gradient. Across the 4 regions, crusts
became less abundant due to overgrowth, with
increasing disturbance regimes from partial to complete kelp removal. Positive associations between
crusts and kelps have been described from several
Ecklonia radiata studies (Melville & Connell 2001,
Irving & Connell 2006b, Wernberg et al. 2011, 2013a,
Flukes et al. 2014), and experiments have documented that kelps facilitate crusts by providing
shade and decreasing sedimentation, as well as by
reducing competition from other seaweeds (e.g. turfs
and foliose algae) through abrasion, which crusts
resist (Kennelly 1989, Irving et al. 2004, Toohey et al.
2004, Connell 2005). However, patterns of inhibition
were less clear for sessile invertebrates. Sessile
invertebrates appeared to be inhibited by kelp at the
warmest location (Kal), the only location where

invertebrates were relatively common in control
plots. Like crusts, sessile invertebrates, in particular
filter-feeders (i.e. sponges, ascidians and bryozoans),
can be relatively resistant to abrasion but susceptible
to sedimentation and increases in light following
kelp removals (Kennelly 1991, Connell 2003, Lemloh
et al. 2009, Smale & Wernberg 2013). Furthermore,
following kelp removals, sessile invertebrates could
be more exposed to competition from foliose and turf
algae and predation by mobile invertebrates and fish
(Salter et al. 2010). Lack of similar inhibition following kelp removals from other locations could be
attributed to low initial cover values, particularly evident for the coldest location (Ham).

4.4. Conclusions
We have demonstrated the importance of both
regional and local drivers in controlling understory
community structure of kelp forests in Western Australia and their short-term responses to a broad
range of disturbances. On local scales, disturbance
intensity generally had greater effects on the understory communities than disturbance extent. Functional groups with relatively high light requirements — particularly turfs, but also foliose algae,
fucoid algae and articulated corallines — generally
increased in cover following kelp loss. Conversely,
less light-limited groups, such as encrusting algae
and sessile invertebrates, typically were suppressed
following kelp loss. The cover of turfs and encrusting algae varied across gradients in both disturbance intensity and extent (with density-dependent
kelp inhibition and facilitation, respectively), with
consistent effects across a broad-scale climatic gradient. However, for the other functional groups, responses to disturbances were modified by local conditions and, therefore, were less predictable. These
broad-scale and density-dependent effects clearly
illustrate how responses of kelp forests to disturbances are not ‘binary’ (either present or absent).
This insight has consequences for both conservation
and prospective restoration of damaged kelp forests,
as it implies both the regional environmental context and kelp forest density needs to be considered
against specific objectives (e.g. restoration success)
for biodiversity and ecological function.
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