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Appendix 1 
Evaluating temperature manipulation 
A pilot study was done to determine whether the pumped water effectively increased the 

temperature at the surface of the tiles in each plot, to simulate an extreme but realistic, localised 

increase in temperature (IPCC, 2007, 2012, Woodward et al. 2011, Pearce and Feng 2013, 

Wernberg et al. 2013) of 5–6°C. To achieve this, water was pumped at an elevated temperature 

(40°C in the tank) to a number of plots for two hours, at different times, on three separate days. On 

each tile, tubes were attached at the base, with the flow directed upwards. To monitor temperature 

change, two data loggers (Thermocron™ iButtons™ with waterproof housing) were attached using 

cable ties (one at top and one at the bottom of the mesh which held the algal species) on each of ten 

tiles (five exposed to elevated temperature and five tiles not exposed) and set to record temperature 

at 5 min intervals over the exposure period. Tiles were randomly placed in plots at a minimum of 2 

m apart along the pontoons. The results showed that seawater temperatures in manipulated plots 

were increased on average by 5–6°C in comparison with the control plots over the three sampling 

days (Fig. A1). This method was therefore adopted for the main study. 
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Figure A1. Water temperature data (°C) sampled using data loggers placed above and below tiles in 

plots at Malahide marina. Plots were experimentally exposed to elevated temperature for 120 min 

on three separate days (day 1, 2 and 3) prior to the start of the main experiment. Also shown are 

data from background temperature (controls) sampled at the same time. Water temperature was 

logged every 5 min (n = 5 for all time-points, across all treatments). 
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Net Primary productivity: methodology of measurements 
To ensure that productivity measurements were taken at appropriate time points, a linearity test was 

undertaken to determine how long it took the volume of water to reach oxygen saturation/depletion. 

Dissolved oxygen concentration was measured every two minutes over an hour to ensure that there 

was a linear increase (NPP) of oxygen concentration in the water, thus avoiding taking 

measurements during oxygen depletion.  On the basis of this test oxygen measurements were taken 

after 10 and 20 min for NPP. Measurements for NPP were only taken when the light intensity was 

above 1500 µmol photons m-2 s-1, so as to avoid confounding of productivity measures between 

assemblages and fluctuations in irradiance levels (Nielson 2001, Noël et al. 2010). Rates of change 

in oxygen concentration were then derived on a per minute basis for each individual plot using the 

equation: y = ∆ [O2] /	∆𝑡 and expressed as (mgO2 l-1 min-1). 

 

Impacts of temperature and nutrients on species biomass and variation in effects due 

to density  
Dry weight biomass 

Overall the addition of nutrients had an effect on the dry weight biomass of algal species, which 

varied depending on the identity and density of species, but was not modified by elevated 

temperature (Table A1, Fig. A2). For Ulva intestinalis, there was a negative effect of nutrients at 

low density (Fig. A2, Table A1, SNK; A: N–> N+, p < 0.01). In contrast, at higher densities there 

was no effect of nutrients. For Fucusvesiculosus there was a positive effect of increased nutrients at 

both low density (Fig. A2, Table A1, SNK; B: N+ > N–, p < 0.05) and at higher density (Fig. A2, 

Table A1, SNK; BB: N+ > N–, p < 0.05). For F. serratus there was a positive effect of increased 

nutrients, but only at high density (Fig. A2, Table A1, SNK; BB: N+ > N–, p < 0.01).  

In addition temperature had a positive effect on F. serratus, which did not vary across 

densities (Fig. A2, Table A1, SNK; C and CC: T+ > T–, p < 0.01). There was no effect of 

temperature on the other two species (Fig. A2, Table A1). 
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Table A1. Analysis of dry-weight data (g) of Low density (20 grams initial weight – A, B and C) 

and High density (40 grams initial weight - AA, BB and CC) treatments of monocultures of selected 

algal species experimentally exposed to temperature  and/or nutrient increase (n = 4 plots; data are 

transformed: Ln(x); Cochran’s test: ns). 

Source of variation df MS F p  
Temperature = Te 1 0.044 0.03 0.87  
Nutrients = Nu 1 1.817 31.10 0.03 * 
Treatment = Tr 1 6.997 35.95 0.03 * 
Identity = Id 2 6.112 155.54 0.00 *** 
Te×Nu  1 0.310 5.45 0.14  
Te×De  1 0.085 1.04 0.41  
Te×Id  2 1.371 34.88 0.00 *** 
Nu×De  1 0.079 0.49 0.56  
Nu×Id  2 0.058 1.49 0.23  
De×Id  2 0.195 4.95 0.01 ** 
Te×Nu×De 1 0.033 0.40 0.59  
Te×Nu×Id 2 0.057 1.45 0.24  
Te×De×Id 2 0.081 2.06 0.13  
Nu×De×Id 2 0.163 4.14 0.02 * 
Te×Nu×De×Id 2 0.081 2.07 0.13  
RES  72 0.039    

* denotes significance at p < 0.05, ** denotes significance at p < 0.01, *** denotes significance at p < 0.001 
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Figure A2. Dry-weights (g) of Low density (20 grams initial weight – A, B and C) and High density 

(40 grams initial weight - AA, BB and CC) treatments of monocultures of selected algal species 

(where A = U. intestinalis, B = F. vesiculosus and C = F. serratus). Monocultures at both densities 

were experimentally exposed to elevated temperature (T+ = exposed and T– = not exposed) and/or 

nutrient increase (N+ = exposed and N– = not exposed) (n = 4 plots; data are transformed: Ln(x); 

Cochran’s test: ns). Significant differences between means after post hoc tests are indicated by 

letters; non-italicised letters indicate effects of nutrients; italicised letters indicate effects of 

increased temperatures. 

 

Influence of temperature and nutrients on interactions between species 
Dry weight biomass 

For U. intestinalis, elevated nutrients caused an increase in biomass of this species (Fig. A5, Table 

A4, SNK: N+ > N–, p < 0.01). In contrast elevated temperature caused a general decrease in its dry-
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weight biomass (Fig. A5, Table A4, SNK: T+ > T–, p < 0.01).  Those effects were not modified by 

the presence of another species or by an increase in density of the species itself (Fig. A5, Table A4). 

 

Table A2. Analysis of dry-weight data (g) of U. intestinalis, in both low and high density 

monocultures and in different combinational pairs with the two other species (F. vesiculosus and F. 

serratus) experimentally exposed to elevated temperature and/or nutrient increase (n = 4 plots; data 

are transformed; Ln(x) Cochran’s test: ns) 

Source of 
variation 

 
df MS F p 

 

Temperature = Te 1 6.9465 8.85 0.0046 ** 
Nutrients = Nu 1 24.6823 31.43 0 *** 
Identity = Id 3 0.6925 0.88 0.4572 

 

Te×Nu 
 

1 0.2469 0.31 0.5776 
 

Te×Id 
 

3 1.3483 1.72 0.176 
 

Nu×Id 
 

3 1.1514 1.47 0.2355 
 

Te×Nu×Id 3 0.7785 0.99 0.4049 
 

RES 
 

48 0.7853 
   

** denotes significance at p < 0.01, *** denotes significance at p < 0.001 

 

Figure A3. Dry-weights (g) of U. intestinalis, showing treatments exposed to elevated temperature 

(T+ = exposed and T– = not exposed) and nutrient increase (N+ = exposed and N– = not exposed) 

both in monoculture and on the interactions in different pairs (where A = U. intestinalis, B = F. 

vesiculosus and C = F. serratus), (n = 4 plots; data are transformed; Ln(x) Cochran’s test: ns). 

Significant differences between means after post hoc tests are indicated by letters; non-italicised 

letters indicate effects of nutrients; italicised letters indicate effects of increased temperatures.  
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For F. vesiculosus, at ambient conditions (T– N–), there were no differences in dry weight biomass 

amongst algal treatments. With the addition of nutrients (T– N+) there was a negative effect of 

increased nutrients on the dry-weight biomass of this species except when this  species was at low 

density (Fig. A6, Table A5, SNK: B >BB = AB = BC, p < 0.01). That same pattern also occurred 

when algal treatments were subject to increased temperature only (T+ N–) (Fig. A6, Table A5, 

SNK; B >BB = AB = BC, p < 0.05). When the local and global stressors were combined (T+ N+) 

that negative effect only occurred at high intensity and when in a mixture with F. serratus (Fig. A6, 

Table A5, SNK: B >BB = AB = BC, p < 0.05).  

 

Table A3. Analysis of dry-weight data (g) of F. vesiculosus, in both low and high density 

monocultures and in different combinational pairs with the two other species (U. intestinalis and F. 

serratus) experimentally exposed to elevated temperature and/or nutrient increase (n = 4 plots; data 

are transformed; Ln(x); Cochran’s test: ns) 

Source of variation 
 

df MS F p 
 

Temperature = Te 1 0.0659 1.13 0.2925 
 

Nutrients = Nu 1 0.6311 10.85 0.0019 ** 
Identity = Id 3 0.2906 5 0.0043 ** 
Te×Nu 

 
1 0.1804 3.1 0.0846 

 

Te×Id 
 

3 0.0969 1.67 0.1868 
 

Nu×Id 
 

3 0.0823 1.41 0.2502 
 

Te×Nu×Id 3 0.2071 3.56 0.0209 * 
RES 

 
48 0.0582 

   

* denotes significance at p < 0.05, ** denotes significance at p < 0.01 
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Figure A4. Comparison of dry–weights (g) of F. vesiculosus, in both low and high density 

monocultures and in different combinational pairs with the two other species. All algal treatments 

were exposed to elevated temperature (T+ = exposed and T– = not exposed) and nutrient increase 

(N+ = exposed and N– = not exposed) (where A = U. intestinalis, B = F. vesiculosus and C = F. 

serratus), (n = 4 plots; data are transformed; Ln(x); Cochran’s test: ns). Letters indicate significant 

differences between means/groups after post hoc tests. 

 

At ambient conditions, the dry weight biomass of F. serratus was not modified by either an increase 

in the density of itself or by its pairing with either of the other species (Fig. A7). Although there 

appeared to be some positive effects of increased nutrients in some treatments, these were not quite 

significant (Fig. A7, Table A6; Nu×Id; p = 0.0697). In contrast, elevated temperature alone (T+ N–) 

and the elevated temperature combined with increased nutrients  (T+ N+) had a positive influence 

on the biomass of this species in comparison with increased nutrients  only treatment and the 

controls (Fig. A7, Table A6; SNK: T+ N– = T+N+ > T– N+ > T– N–, p < 0.01) with no differences 

between assemblages. 
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Table A4. Analysis of dry-weight data (g) of F. serratus, in both low and high density monocultures 

and in different combinational pairs with the two other species (U. intestinalis and F. vesiculosus) 

experimentally exposed to elevated temperature and/or nutrient increase (n = 4 plots; data are 

transformed; Ln(x); Cochran’s test: ns) 

Source of variation  df MS F p  
Temperature = Te 1 138.2241 50.28 0 *** 
Nutrients = Nu 1 2.5981 0.95 0.3359  
Identity = Id 3 6.3226 2.3 0.0892  
Te×Nu  1 28.4689 10.36 0.0023 ** 
Te×Id  3 2.0866 0.76 0.5227  
Nu×Id  3 6.9044 2.51 0.0697  
Te×Nu×Id 3 4.4129 1.61 0.2005  
RES  48 2.7492    

** denotes significance at p < 0.01, *** denotes significance at p < 0.001 

 

 

Figure A5. Comparisons of dry-weights (g) of F. serratus, showing treatments exposed to elevated 

temperature (T+ = exposed and T– = not exposed) and nutrient increase (N+ = exposed and N– = 

not exposed) both on the monoculture and on the interactions in different pairs (where A = U. 

intestinalis, B = F. vesiculosus and C = F. serratus), (n = 4 plots; data are transformed; Ln(x); 

Cochran’s test: ns). Letters indicate significant differences between groups after post hoc tests. 
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Relative interaction index 
For U. intestinalis, across all conditions, when it was paired with itself at higher densities 

facilitation occurred (Fig. A6). However, when paired with different species that positive 

interaction changed to a neutral interaction across all treatments with the exception of the nutrients 

only treatment where there was a slight change to competitive interaction for this species (Fig. A6). 

For F.vesiculosus, facilitation again was evident for this species in the intra-specific interactions 

across all treatments but that was somewhat reduced in strength in the temperature only treatment 

(T+ N–, Fig. A7). In contrast, when paired with other species the interactions changed to 

competitive interactions. In particular competition was greatest when combined F. vesiculosus was 

with U. intestinalis in the temperature only treatment (T+ N–); that interaction reduced in strength 

with the addition of increased nutrients such that there was an almost neutral contribution for this 

species in the interaction (T+ N+, Fig. AS7). 

In the case of the other fucoid (F. serratus), as with the other species (Fig. 6, 8), there was 

facilitation between individuals of this species at high density with minimal variation across stressor 

treatments and controls (Fig. A8). When paired with other species, in general the interaction shifted 

to one of increased competition, irrespective of the stressor treatment, with the exception of its 

pairing with the other fucoid in the control treatment (T– N–) where there was a near neutral 

contribution of this species (Fig. A8). As with the findings for F. vesiculosus, when paired with U. 

intestinalis competition was greatest in the temperature only treatment (T+ N–) but again that 

competitive interaction was reduced in strength by the addition of increased nutrients (T+ N+, Fig. 

A8). 
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Figure A6. Changes in strength of relative interaction index for U. intestinalis in monoculture and 

different pairs (where A = U. intestinalis, B = F. vesiculosus and C = F. serratus), showing effects 

of exposure to elevated temperature (T+ = exposed and T– = not exposed) and nutrient increase (N+ 

= exposed and N– = not exposed). In all pairings in all treatments plots were replicated (n = 4). RII 

values for this species to the left of dashed lines in each panel are the result of intra-specific 

interactions, RII values to the right are inter-specific interactions. 
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Figure A7. Changes in strength of Relative Interaction Index for F.vesiculosus in monoculture and 

different pairs (where A = U. intestinalis, B = F. vesiculosus and C = F. serratus), showing effects 

of exposure to elevated temperature (T+ = exposed and T– = not exposed) and nutrient increase (N+ 

= exposed and N– = not exposed). In all pairings in all treatments plots were replicated (n = 4). RII 

values for this species to the left of dashed lines in each panel are the result of intra-specific 

interactions, RII values to the right are inter-specific interactions. 
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Figure A8. Changes in strength of Relative Interaction Index for F. serratus in monoculture and 

different pairs (where A = U. intestinalis, B = F. vesiculosus and C = F. serratus), showing effects 

of exposure to elevated temperature (T+ = exposed and T– = not exposed) and nutrient increase (N+ 

= exposed and N– = not exposed). In all pairings in all treatments plots were replicated (n = 4). RII 

values for this species to the left of dashed lines in each panel are the result of intra-specific 

interactions, RII values to the right are inter-specific interactions. 
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