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Abstract 1 

Understanding the impact of multiple stressors on ecosystems is of pronounced importance, 2 

particularly when one or more of those stressors is anthropogenic. Here we investigated the role of 3 

physical disturbance and increased nutrients on reefs dominated by the canopy-forming kelp 4 

Ecklonia radiata. We combined experimental kelp canopy removals and additional nutrient  at three 5 

different locations in a large embayment in temperate southeastern Australia. Over the following 6 

winter recruitment season, Ecklonia recruitment was unaffected by increased nutrients alone, but 7 

tripled at all sites where the canopy had been removed. At one site, the combination of disturbance 8 

and increased nutrients resulted in more than four times the recruitment of the introduced kelp 9 

Undaria pinnatifida. Six months after disturbance, the proliferation of the Undaria canopy in the 10 

canopy removal and nutrient addition treatment negatively influenced the recovery of the native 11 

kelp Ecklonia. Given the otherwise competitive dominance of adult Ecklonia, this provides a 12 

mechanism whereby Undaria could maintain open-space for the following recruitment season. This 13 

interplay between disturbance, nutrients and the response of native and invasive species makes a 14 

compelling case for how a combination of factors can influence species dynamics. 15 
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Introduction 16 

As ecosystems come under pressure from both natural and anthropogenic stressors there is a 17 

pressing need to understand how multiple stressors interact. A stressor is defined here as the impact 18 

of any factor that adversely affects individual performance and impairs population growth rate 19 

through reduced survival, growth and/or reproduction (Wahl et al. 2011). Physical disturbance has 20 

long been recognised as a powerful driver of species diversity and community assemblages (Connell 21 

1978; Sousa 1984; Dayton and Tegner 1984). Disturbances cause mortality, free up resources, allow 22 

ephemeral or opportunistic species to take advantage of the resultant conditions and allow for local 23 

changes in community structure, sometimes to different community states (Connell et al. 1997; 24 

Mumby et al. 2007).  In temperate marine environments, physical disturbances play an important 25 

role on rocky reefs (Dayton et al. 1992, Reed et al. 2011), particularly when they alter the abundance 26 

of habitat-forming species.  27 

Nutrient inputs are an important anthropogenic stressor in coastal environments (Worm et al. 2000, 28 

Berger et al. 2004, Korpinen et al. 2007a). Anthropogenic nutrient inputs or other changes in the 29 

nutrient regime can substantially alter ecosystem dynamics. These effects can stem from influences 30 

on recruitment (Steen 2004, Steen and Scrosati 2004), competitive and trophic interactions (Hemmi 31 

and Jormalainen 2002, Korpinen et al. 2007b). This can be facilitated, for example, by a negative 32 

response from a dominant species (Littler and Murray 1975; Brown et al. 1990; Doblin and Clayton 33 

1995), positive responses by ephemeral and competitive species (Worm and Sommer 2000, Lotze 34 

and Worm 2002, Russell and Connell 2005), or a combination of these (Bellgrove et al. 1997, Steen 35 

2004, Kraufvelin et al. 2006, Bulleri et al. 2012).  36 

While single stressors can have important effects on their own, they often do not occur in isolation. 37 

Indeed, synergies between multiple stressors are of increasing concern (Hughes et al. 2003; Mora et 38 

al. 2007; Shears and Ross 2010; Falkenberg et al. 2012). Multiple stressors can influence species and 39 

community dynamics in a range of ways (Gross et al. 2005; Massad et al. 2013, Falkenberg et al. 40 



2013; Ross et al. 2013). These impacts can include changes in species diversity (Worm et al. 1999, 41 

Worm et al. 2002, Korpinen et al. 2007b, Valdivia et al. 2008, Korpinen et al. 2010), the bloom of 42 

ephemeral species (Lotze and Worm 2002, Steen and Rueness 2004, Eriksson et al. 2007) or by 43 

changing top down and/or bottom up dynamics (Korpinen et al. 2007b, Korpinen and Jormalainen 44 

2008). Despite recent increasing knowledge in this area, a recent review by Crain et al. (2008) 45 

highlighted the lack of field experiments testing multiple stressors in marine environments.  46 

Our understanding of multiple stressors has also been limited in the range of species and ecosystems 47 

studied. Multiple stressors may have particularly strong consequences if they affect dominant 48 

species, which in turn influence a range of others.  We have little knowledge of the effects on such 49 

species - ecosystem engineers - species significant because they modify abiotic conditions, provide 50 

habitat structures or essential ecosystem functions (Jones et al. 1994, Olff et al. 2009). On many 51 

temperate reefs, one group of brown algae, the kelps, play this role by influencing light, 52 

sedimentation and water flow (Eckman et al. 1989, Kennelly 1989, Wernberg et al. 2005). Kelp 53 

forests are highly productive and diverse ecosystems that have been impacted heavily by human 54 

activities in the past and are predicted to come under continuing pressure in the future (Steneck et 55 

al. 2002). How kelps themselves respond to multiple stressors will ultimately have consequences for 56 

a whole suite of associated species and a range of ecosystem services.  57 

We tested how two stressors would influence kelp recruitment and recovery in southeastern 58 

Australia. Here, the native kelp Ecklonia radiata (hereafter Ecklonia) dominates the shallow sub-tidal 59 

reef assemblages and is an important ecosystem engineer; modifying both light and sedimentation 60 

to influence a range of algal species (Kennelly 1989, Wernberg et al. 2005, Smale et al. 2011). We 61 

tested the effects of disturbance and additional nutrients on kelp recruitment, and hypothesised 62 

that these two stressors would act synergistically to influence the native kelp recovery either directly 63 

or indirectly. We consider these two factors “stressors” as the disturbance itself causes direct 64 

mortality and subsequently this may influence Ecklonia recruitment through changed abiotic 65 



conditions. Nutrients can negatively influence brown algal reproduction (and therefore recruitment) 66 

or indirectly both factors have the potential to promote the proliferation of other species that 67 

negatively influence kelp recovery. We repeated the experiment at three sites specifically chosen for 68 

quite different background conditions, to see whether synergies were locally specific or consistent 69 

across a range of environments. 70 

Materials and Methods 71 

The range of environmental conditions exhibited on a relatively small spatial scale within Port Phillip 72 

Bay, a 2000 km2 embayment in southeastern Australia provides an ideal study area in which to test 73 

the spatial consistency of experimental outcomes. Three specific sites were chosen in Port Phillip 74 

Bay to test for spatial variation and consistency in the effects of disturbance and increased nutrients. 75 

These were St Leonards in the south west (38°9'13.53"S, 144°43'41.87"E), Beaumaris in the north 76 

east (37°59'55.91"S, 145°1'54.77"E) and Mornington in the south east (38°14'34.35"S, 77 

145°1'33.27"E). The reefs at these sites are between 3-5m depth and dominated by the kelp Ecklonia 78 

radiata. These sites differ in current speed, salinity (Lee et al. 2012) and aspect (which in Port Phillip 79 

Bay influences wave exposure), and were chosen to represent a known range of background 80 

environments in which Ecklonia canopy reefs occur, rather than to provide a random sample of 81 

Ecklonia reefs. 82 

The experimental design consisted of an Ecklonia removal treatment (full canopy removal or canopy 83 

control) crossed with nutrient treatment (nutrient addition or nutrient control) in a fully factorial 84 

design with five replicate 1m2 plots per treatment. This design was repeated at each site.  Only 85 

Ecklonia was cleared from the canopy removal plots.  ‘Clearing’ was achieved by cutting the stipe 86 

just above the holdfast, a technique used previously with no artefacts (Kennelly 1987b).  87 

Nutrients were added by attaching fine (0.5mm x 0.5mm) mesh bags containing 1kg of Osmocote 88 

PlusTM (Everris Australia Pty Ltd) 3-4 month release (17% N, 5% K, 8% P) to a star picket hammered 89 

into rock in the centre of the 1m2 plots. The nutrient bags hung 5cm from the rock surface and 90 



extended 20cm up the star picket. The nutrient bags were changed once after 3-4 months. After 91 

removing the nutrient bags, the amount of solid product that had not dissolved was dried and 92 

weighed to calculate an average release rate of nitrogen per day over the treatment period (Table 93 

1). This technique is in line with recommendations by Worm et al. (2000) and has been used in 94 

previous studies in which either lower volumes of fertiliser (Russell and Connell 2005) or more 95 

localised nutrient delivery techniques (Morris et al. 2007) resulted in elevated nitrogen levels (NO3, 96 

NH4) above the background levels. There was no difference in the amount of fertiliser released over 97 

the experimental period (dry mass of Osmocote weighed after retrieval) between sites 98 

(F(2,22)=0.79,p=0.47) or between canopy removal treatments (F(1,22)=2.16,p=0.16). 99 

Initial plot surveys were carried out in February-March 2012 of the Ecklonia canopy percentage 100 

cover and the number of juvenile and adult plants (stages 2 and 3, as defined by Kirkman 1981).  101 

These values varied between sites (Table 1, % cover: St Leonards>Beaumaris>Mornington 102 

(F(2,48)=33.23,p=<0.001), number: Beaumaris=Mornington>St Leonards (F(2,48)=12.92,p=<0.001)), but 103 

not between treatments (Nutrients: % cover, F(1,48)=0.52, p=0.473, number F(1,48)=1.61, p=0.211; 104 

Ecklonia Removal: % cover, F(1,48)=0.33, p=0.568, number F(1,48)=1.97, p=0.167),  or treatments 105 

assigned to plots at each site (% cover (F(2,48)=0.58,p=0.562), number (F(2,48)=1.17,p=0.319)).  The 106 

experimental manipulations were carried out in April 2012 (Austral autumn), just prior to the peak 107 

recruitment of Ecklonia sporophytes over winter (Kennelly 1987a). The experiment was monitored 108 

at three (July 2012) and six months (October 2012) post-treatment via photos for total Ecklonia 109 

percentage cover and counts of Ecklonia recruits (stage 1, as defined by Kirkman (1981)). Recruits 110 

and juveniles (at three months) and adults (6 months, sporophylls present) of the non-native kelp 111 

Undaria pinnatifida were also counted in plots where they appeared. Photographs were analysed for 112 

the percentage cover of Ecklonia and Undaria using the image analysis software Image J 1.45s 113 

(Abramoff et al. 2004). 114 



Analysis of the initial survey data and Ecklonia recruitment data was carried out using a factorial 115 

ANOVA, with three fixed factors; site, Ecklonia removal treatment and nutrient addition treatment.  116 

Sites were chosen specifically to reflect several very different environmental conditions (species 117 

assemblages and environmental variables) around Port Phillip Bay and were not a random sample of 118 

any “population” of sites.  As such, they were considered as a fixed, not a random effect. As Undaria 119 

only recruited into plots at Beaumaris, site was not included as a factor in this analysis, which was 120 

run as a two-factor ANOVA. Count data were log transformed and percentage cover data arcsine 121 

transformed to improve normality. 122 

Results 123 

At the three month survey (Austral winter), the recruitment of Ecklonia radiata stage 1 recruits 124 

varied markedly between sites and with the removal of the Ecklonia canopy (Table 2). There was 125 

much higher overall recruitment in plots at St Leonards (24.1+13.5) than Beaumaris (4.8+1.5) and 126 

Mornington (4.5+2.0). There was also an overall effect of the canopy removal treatment, with 127 

approximately three times more Ecklonia recruits in plots where all the Ecklonia had been removed 128 

previously (controls 5+4.0, removals 17.3+11.2). After six months (Austral Spring), the relationship 129 

was more complex, with  a significant interaction between site and canopy removal (Table 2), with a 130 

six-fold increase in recruitment at St Leonards when Ecklonia was removed, a five-fold increase at 131 

Mornington, and only a 60% increase over controls at Beaumaris (Figure 1).  At both time points 132 

Ecklonia recruitment was not influenced by nutrients, either alone or in combination with removals 133 

(Table 2).  134 

The introduced kelp Undaria pinnatifida recruited naturally into plots, but only at Beaumaris. No 135 

Undaria was observed within 2 km of the Mornington or St Leonards sites, but it was observed in 136 

low abundances on the reef at Beaumaris. There was a strong synergistic effect of kelp canopy 137 

treatment and nutrient addition, with much higher recruitment of Undaria into plots where Ecklonia 138 

had been removed and nutrients added, at both the three and six month time points at Beaumaris 139 



(Figure 2, Table 3). At three months, the recruits and juveniles in the Ecklonia removal plots were 140 

recorded at average densities of 33.6 ± 8.2 m-2 in the nutrient addition, compared to 8.2 ± 2.3 m-2 in 141 

the nutrient control. Numbers were lowest in the Ecklonia canopy control plots with 1.6 ± 0.5 plants 142 

m-2 in nutrient control plots and 1.8 ± 1.5 m-2 in nutrient addition plots. Undaria recruits grew rapidly 143 

and many were mature by 6 months. 144 

The percentage cover of Undaria at six months also demonstrated a strong synergistic response, 145 

dominating plots where Ecklonia removal and nutrient additions were combined (Fig. 3b, Table 3). 146 

Conversely, for Ecklonia the combined treatment effect resulted in the lowest percentage cover. 147 

(Fig. 3a, Table 3).   148 

Discussion 149 

Recruitment of the native kelp Ecklonia radiata was enhanced by the removal of adult plants at all 150 

sites, but was unaffected by additional nutrients.  Initially, Ecklonia responded in a similar way at all 151 

three sites, but differences between Beaumaris and the other sites emerged after 6 months.  The 152 

surprising result was that the introduced kelp Undaria pinnatifida recruited in substantial numbers 153 

at one site, with highest densities and cover in plots that experienced both the loss of native kelp 154 

canopy and the addition of nutrients. This is one of only a handful of cases to clearly demonstrate 155 

how the synergistic effects of two separate stressors can lead to the proliferation of an invasive 156 

species. Moreover, the pattern was observed at the time of recruitment of Undaria (three month 157 

survey) and when the plants themselves became reproductive (six month survey). Importantly, an 158 

intact Ecklonia canopy appears to have few Undaria recruits, which is consistent with other work 159 

(Valentine and Johnson 2003). However, while there was some increase in Undaria recruitment 160 

where Ecklonia had been removed, it was only in the presence of additional nutrients that Undaria 161 

became dominant.  162 

Three months after the initial physical disturbance, the recruitment of Ecklonia varied between sites 163 

and with the removal of the Ecklonia canopy. While the recruitment of Ecklonia and other kelps can 164 



be highly variable, particularly between sites and regions (Kennelly and Underwood 1993), our 165 

pattern of increased recruit numbers in cleared patches is concordant with a number of previous 166 

studies (Kennelly 1987a; Kennelly 1987b). Dense kelp canopies are able to reduce light levels low 167 

enough to reduce understorey gametogenesis and growth (Dayton et al. 1992). Ecklonia 168 

gametophytes require a daily quantum dose of at least 40 cE M-2 to reproduce(Novaczek 1984), but 169 

under a canopy receive roughly 1-5% of available light (Wernberg et al. 2005). Thus, the loss of a 170 

kelp canopy and resultant spike in light levels can then stimulate kelp gametogenesis and growth 171 

(Luning 1980, Luning and Neushul 1978). However, despite this effect of light, increased recruitment 172 

post-disturbance is not always observed.  173 

Based on a considerable body of work across temperate Australia, the variability in recruitment 174 

between sites or studies is believed to be due to a complex relationship between the negative 175 

impact of turf forming algal species (Kennelly 1987a; Gormon and Connell 2009; Connell and Russell 176 

2010), and the net positive or negative effect of the adult kelp canopy on recruits (Irving and Connell 177 

2006; Toohey and Kendrick 2007). The substantially higher recruitment of Ecklonia seen at St 178 

Leonards suggests that while the treatment effects were consistent, a site-specific factor resulted in 179 

higher recruitment overall at St Leonards.  180 

The difference in response of Undaria (positive) and Ecklonia (neutral) to additional nutrients could 181 

result from the difference in ammonium uptake between the two species (Paling 1991, Campbell 182 

1999). Interestingly, additional nutrients in conjunction with canopy removal did not influence 183 

Ecklonia recruitment in the way that has been shown elsewhere (Russell and Connell 2005). A 184 

negative response was expected, because turf-forming species that inhibit kelp recruitment 185 

(Kennelly 1987a; Connell and Russell 2010) respond positively to both disturbance and nutrients 186 

(Russell and Connell 2005; Falkenberg et al. 2012). However, in the present study, while various turf 187 

species were present (unpublished data), they obviously did not proliferate enough to cause a 188 

difference between nutrient treatments at the sites studied.  189 



Importantly, six months after initial disturbance, Mornington and St Leonards continued to exhibit 190 

higher recruitment of Ecklonia into plots cleared of the canopy than controls, a trend that was 191 

weaker at Beaumaris. The disappearance of a strong canopy clearance effect at Beaumaris by six 192 

months seemed to stem from the fact that recruit numbers remained stable in removal plots at 193 

Beaumaris, in contrast to St Leonards and Mornington where they continued to increase. This 194 

indicates a site-specific change in the abiotic or biotic influence on recruits in the removal treatment 195 

at Beaumaris between three and six months. Intriguingly, this time frame coincides with the 196 

proliferation of the Undaria canopy at this site. However, without testing specifically for the effect of 197 

an Undaria canopy on Ecklonia recruits, we cannot separate this explanation from other factors that 198 

might cause this effect. 199 

The lower recruitment of Ecklonia into cleared plots at Beaumaris has potentially significant 200 

implications for the invasion dynamics of Undaria on this reef. In general, a perennial life history 201 

should favour the competitive dominance of Ecklonia compared to the annual Undaria.  Valentine 202 

and Johnson (2003) found that while disturbance to the native canopy resulted in increased levels of 203 

the Undaria sporophyte, the native canopy at one site but not the other was able to recover 204 

sufficiently in the following years to exclude Undaria. However, while Ecklonia showed significant 205 

signs of recovery six months after removal in our nutrient control treatment (16% cover), this was in 206 

stark contrast to where nutrients were added (2% cover). Given that the final survey was at the end 207 

of spring (the highest growth period) and that Ecklonia growth slows dramatically over summer 208 

(Kirkman 1984), we would expect the percentage cover of Ecklonia to be similar at the time of 209 

winter recruitment the following year. This open space would then allow for the recruitment of 210 

Undaria the following year.  Our data suggests that where disturbance and additional nutrients are 211 

combined, this could tip the balance in favour of Undaria, by dramatically increasing Undaria 212 

recruitment and growth, slowing Ecklonia recovery.  213 



Our result does raise two interesting questions about the sudden appearance of Undaria.  First, why 214 

did Undaria appear in such numbers at Beaumaris, but was not observed at Mornington or St 215 

Leonards? In general, Undaria is more common in the northern half of Port Phillip Bay (Primo et al. 216 

2010) which, despite its high reproductive output (Schiel and Thompson 2012), could reflect its poor 217 

natural dispersal potential (Forrest et al. 2000) or alternatively, result from unsuitable recruitment 218 

conditions elsewhere in the bay.  This means that sites with no adults are much less likely to receive 219 

propagules, let alone in large numbers. We were therefore surprised by the proliferation of Undaria 220 

at Beaumaris given its apparent absence in preceding years (Primo et al. 2010).  221 

The second interesting question centres on the requirement of a substantial nutrient spike to 222 

promote high recruitment of Undaria.  As a water body, Port Phillip Bay receives substantial nutrient 223 

inputs but also exhibits high denitrification efficiency, so levels of dissolved nutrients are generally 224 

low and algal blooms rare (Heggie et al. 1999, Murray and Parslow 1999).  The ability of Undaria to 225 

maintain canopy space at Beaumaris may depend not only on its ability to suppress Ecklonia, but 226 

also conditions favouring its own recruitment and growth. Morelissen et al. (2013) recently 227 

demonstrated in a lab setting how both higher light levels and increased nutrients were important 228 

for development and growth of young Undaria sporophytes, supporting the results from our field 229 

study. High nutrient levels may occur only briefly and in certain areas after big rainfall events; we 230 

therefore speculate that the coincidence of these events with high Undaria propagule numbers 231 

might be important for the persistence of this annual species across years.  232 

This study and others that have experimentally added nutrients into marine systems are providing a 233 

much clearer picture of both individual species and system responses to elevated nutrients (Russell 234 

& Connell 2005; Korpinen et al. 2007a, Korpinen et al. 2007b, Morris et al. 2007; O’Brien et al. 2010). 235 

It is now clear that the combination of disturbance and increased nutrient levels have the ability to 236 

alter community dynamics in a number of different ways (O’Brien et al. 2009, Massad et al. 2013). 237 

This can manifest by altering the dynamic between herbivores and algae (Hemmi and Jormalainen 238 



2002, Bulleri et al. 2012), or encouraging the proliferation of species that can either inhibit or 239 

decrease ecosystem recovery from disturbance (Russell and Connell 2005; Kraufvelin et al. 2006, 240 

Falkenberg et al. 2012). While the impact that additional nutrients can have is clear, it is also 241 

apparent that the effect between sites or studies can be inconsistent (Morris and Keough 2003, 242 

Bulleri et al. 2012). By continuing to build upon this body of work, we will be able to start to 243 

generalise species and community responses to nutrient inputs. 244 

While this study provides evidence on how disturbance and nutrients can have unexpected 245 

consequences, in this case favouring an invasive species, we are now building up an increasing 246 

number of experimental studies on a range of factors that facilitate invasive species. Whether this is 247 

through increased propagule pressure (Clark and Johnston 2009), heavy metal pollution (McKenzie 248 

et al. 2012; Piola and Johnston 2008) or physical disturbance itself (Valentine and Johnson 2003), as 249 

ecosystems come under more and more pressures we are seeing their resilience become eroded. 250 

Understanding if and how multiple stressors act synergistically is an urgent concern, particularly as 251 

most systems are often dealing with multiple environmental and anthropogenic stressors. 252 
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Table 1 Data on initial site surveys of Ecklonia percent cover and initial density. The calculated average daily 

release of Nitrogen from the nutrient bags post retrieval is also presented. Values are means +SEM 

Site Average initial  

% cover of Ecklonia  

Average initial Ecklonia  

sporophytes m
-2 

Average N release  

per day (g) 

St Leonards 92.9+1.9 13.5+2.0 1.21+0.18 

    

Beaumaris 83.0+4.3 20.3+1.5 1.24+0.12 

    

Mornington 69.7+4.8 19.8+2.1 1.08+0.13 

  



Table 2 Three way ANOVA table of the effect of Site, Ecklonia Removal and Nutrient Addition on the natural log 

transformed number of Ecklonia recruits 

 3 months 6 months 

Source of variation df MS P df MS P 

Site (S) 2 7.634 0.000 2 5.103 0.002 

Ecklonia Treatment (ET) 1 12.842 0.000 1 26.431 0.000 

Nutrient Treatment (NT) 1 0.032 0.823 1 0.003 0.947 

S * ET 2 0.934 0.238 2 2.526 0.036 

S * NT 2 0.246 0.680 2 0.335 0.625 

ET * NT 1 0.103 0.688 1 1.678 0.130 

S * ET * NT 2 0.491 0.465 2 1.024 0.245 

Error 48 0.631  48 0.706  

  



Table 3 Two way ANOVA table of the effect Ecklonia removal treatment and nutrient addition at Beaumaris on: 

the natural log transformed number of Undaria recruits and juveniles at 3 months; Undaria adults at 6 months; the 

arcsine transformed percentage cover of Undaria at 6 months; and Ecklonia at 6 months 

  3 M # Undaria 6 M # Undaria 6 M % Undaria 6 M % Ecklonia 

Source df MS P MS P MS P MS P 

Ecklonia Treatment (ET) 1 19.712 0.000 10.806 0.000 1.296 0.002 3.441 0.000 

Nutrient Treatment (NT) 1 1.450 0.135 2.512 0.031 0.248 0.117 0.089 0.017 

NT *ET 1 3.328 0.030 2.120 0.045 0.425 0.046 0.094 0.015 

Error 16 0.587  0.446  0.090  0.013  

  



Fig. 1 The mean (+ SEM) natural logged number of the native kelp Ecklonia radiata recruits m
-2

 at the three 

experimental sites and Ecklonia removal treatment (Control or Removal) at 6 months post treatment. Open bars 

= canopy control, shaded bars = canopy removal 

 

Fig. 2 Abundance of Undaria pinnatifida at Beaumaris after 6 months, showing synergistic effect of canopy 

removal and nutrient addition (shaded).  The bars show the mean (+ SEM) natural logged number of adults m
-2

. 

Open bars = ambient nutrients, shaded bars = nutrient addition 

 

Fig. 3 Percentage cover of a Ecklonia radiata and b Undaria pinnatifida at Beaumaris after 6 months in the 

Ecklonia removal treatments and nutrient addition treatments. The bars show the mean (+ SEM) percentage 

cover. Open bars = ambient nutrients, shaded bars = nutrient addition 
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Fig. 3 
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