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1  | INTRODUC TION

Sea grasses and seaweeds, including kelp species, provide important 
ecosystem services in coastal areas, and large‐scale losses of these 
macrophytes are a global concern (Araújo et al., 2016; Filbee‐Dexter 
& Wernberg, 2018; Harley et al., 2012; Krumhansl et al., 2016; 

Merzouk & Johnson, 2011; Müller, Laepple, Bartsch, & Wiencke, 
2009; Nyström et al., 2012; Waycott et al., 2009; Wernberg, Russell, 
& Moore, 2011). Increased eutrophication in coastal areas (Eriksson, 
Johansson, & Snoeijs, 2002; Gorman & Connell, 2009; Waycott et 
al., 2009), changes in key species, and interactions across trophic 
levels (Baden, Emanuelsson, Pihl, Svensson, & Åberg, 2012; Fagerli, 
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Abstract
The processes limiting the population recovery of the kelp Saccharina latissima after 
recent large‐scale loss from the south coast of Norway are poorly understood. 
Previous investigations do, however, suggest that the impacts of biotic interactions 
(epibiosis and competition) and increased water turbidity are important. We investi‐
gated the depth‐related patterns of growth, epibiosis, and mortality in two sample 
populations of kelp, from the south and the southwest coast of Norway. The investi‐
gations were performed over a period of seven months, in a crossed translocational 
study, where kelps were mounted on rigs at six depths (1, 3, 6, 9, 15, and 24 m). In a 
second experiment, the amounts of light blocked by different epibiont layers growing 
on the kelp frond were investigated. While growth decreased with depth in spring 
and summer, the kelp grew faster at 15 m than at shallower depths in fall. Survival 
was low both in shallow water and below 15 m depth. Epibionts covered the kelp 
growing at depths from 1 to 9 m, and the laboratory study showed that the coverage 
may have deprived the individuals of as much as 90% of the available light. Although 
the depth‐related results we present apply—in the strictest sense—only to kelp trans‐
located on rigs, we argue that the relative patterns are relevant for natural popula‐
tions. Growth and survival of S. latissima is likely to be reduced by heavy loads of 
epibionts, while depths where epibionts are sparse may be close to the lower limit of 
the kelps depth distribution along the south coast of Norway. This suggests that a 
vertical squeeze, or narrowing of the distribution range of kelp forests may be occur‐
ring in Norway.
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Norderhaug, Christie, Pedersen, & Fredriksen, 2014; Moksnes, 
Gullström, Tryman, & Baden, 2008; Pinnegar et al., 2000; Rinde 
et al., 2014; Sivertsen, 2006), climatic changes (Connell & Russell, 
2010; Hiscock, Southward, Tittley, & Hawkins, 2004; Wernberg et 
al., 2016, 2012), or additive and synergistic combinations of several 
of these factors (Baden et al., 2012; Burkepile & Hay, 2006; Filbee‐
Dexter, Feehan, & Scheibling, 2016; Harley et al., 2012; Jackson, 
2008; Ling, Johnson, Frusher, & Ridgway, 2009; Provost et al., 2017; 
Strain, Thomson, Micheli, Mancuso, & Airoldi, 2014; Wernberg et al., 
2011) have all been considered important drivers of recent losses.

Saccharina latissima (Linnaeus) C.E. Lane, C. Mayes, Druehl, and 
G.W. Saunders is a kelp species. Its populations are often dense and 
form underwater forest landscapes that provide habitats for myr‐
iads of species. S. latissima used to dominate in subtidal and shel‐
tered areas along rocky parts of the Norwegian south coast, but 
disappeared sometime in the late 1990s (Moy & Christie, 2012). 
Because this kelp is a cold‐temperate water species (Müller et al., 
2009), and unusually high sea water temperatures were recorded 
several summers during the late 1990s and early 2000s, heat stress 
may have been the cause of the S. latissima forest demise. After the 
heat waves, the temperatures were normal for several years. In this 
period, regrowth was probably not hindered by high sea water tem‐
perature (see, e.g. Sogn Andersen, Foldager Pedersen, & Nielsen, 
2013).

Recent surveys have shown that a benthic community shift oc‐
curred when the kelp disappeared, resulting in complete dominance 
of filamentous red and brown algae (turf algae; Moy & Christie, 
2012). Moy and Christie (2012) reported that healthy S. latissima 
populations still remained in wave‐exposed areas, and these should 
have been able to disperse and recolonize adjacent, deforested 
areas. Rapid forest recovery has occurred after large‐scale distur‐
bances in the past, indicating that recolonization by this species used 
to be effective (Moy & Christie, 2012). At present however, the turf 
algae communities seem persistent along most of the south coast, 
and there are currently no signs of kelp forest recovery in the major‐
ity of the deforested areas (Moy & Christie, 2012). The importance 
of competitive interactions has been documented in kelp forests 
(Falkenberg, Russell, & Connell, 2012; Filbee‐Dexter & Wernberg, 
2018; Gorman & Connell, 2009), but in the case of S. latissima forests 
in Norway, such interactions are poorly studied.

The strait running between the south east coast of Norway, the 
south west coast of Sweden, and the Jutland peninsula of Denmark 
is called Skagerrak. As in many coastal areas around the world, the 
water in Skagerrak has become increasingly turbid during the past 
decades (i.e., darkening of the water; Cossellu & Nordberg, 2010; 
Frigstad, Andersen, Hessen, Jeansson, & Skogen, 2013), and the 
depth to which sunlight can penetrate has therefore been reduced. 
A substantial change in the vertical distribution of photosynthesiz‐
ing species (including S. latissima) has also occurred in Skagerrak 
over time (Eriksson et al., 2002; Moy & Christie, 2012; Pedersén & 
Snoeijs, 2001; Rueness & Fredriksen, 1991), and these changes have 
been coupled to the reductions in light availability.

In addition to the increased water turbidity, extensive epibiosis 
seems to be an increasing problem, and epibionts may deprive their 
host algae of much light. The effect of epibiosis on kelp is relatively 
poorly known (see however Lee & Brinkhuis, 1988, Levin, Coyer, 
Petrik, & Good, 2002, Hepburn & Hurd, 2005, Hepburn, Hurd, & 
Frew, 2006, Saunders & Metaxas, 2007, Scheibling & Gagnon, 2009), 
but Sogn Andersen, Steen, Christie, Fredriksen, and Moy (2011) sug‐
gested that their impact may be important in understanding the kelp 
loss in Skagerrak.

Saccharina latissima forests also deteriorated along the west 
coast of Norway in the late 1990s (Moy & Christie, 2012). However, 
the Norwegian monitoring programs have since documented a 
gradient of ecosystem recovery, from mainly disintegrated and 
lacking forests on the south east coast and in part on the south 
west coast to healthy forests in many areas on the mid‐west coast 
of Norway. This means that the west coast kelp have been able 
to disperse and recolonize while kelp in Skagerrak have not. The 
explanation for this may lie in environmental differences between 
the areas or in physiological differences between the local pop‐
ulations. Physiological traits in S. latissima populations may vary 
geographically (e.g., different environments may lead to adapta‐
tions resulting in ecotypic differentiation; Gerard, 1988, 1997; 
Gerard & Du Bois, 1988), and kelp individuals from different parts 
of Norway may therefore respond to stressors like low light and 
extreme temperatures in different ways. Temperature responses 
were tested in a recent study, and individuals from the intermedi‐
ate and both extremities of the Norwegian gradient (south east to 
west) showed very similar photophysiological responses to tem‐
perature stresses (Sogn Andersen et al., 2013). The question of 
whether the tolerances differ when the kelp plants are subjected 
to the whole range of stressors encountered in situ is, however, 
not yet answered.

The present study investigated the relationship between depth 
and patterns of growth and survival of kelp from the south and 
west coast of Norway. These relationships were investigated in 
two areas: one site on the west coast representing an area in 
which kelp forests have been able to recover, and another site in 
the southeastern (Skagerrak) part of Norway, where recovery has 
been poor and kelp forests are mostly scarce. In a crossed exper‐
iment, kelp plants from both areas were translocated on rigs and 
monitored at six depths for seven months. The main objective was 
to establish whether kelp from the two populations responded in 
different ways.

Secondly, we investigated the extent of shading caused by dif‐
ferent forms of epibionts that are commonly found on S. latissima in 
Skagerrak. The amount of shading was compared to the light reduc‐
tions measured with increasing water depth on the Skagerrak site. 
This comparison was used in combination with the investigations 
of growth and survival, to indicate the impact epibiont shading may 
have had on the kelp. Particular attention was therefore given to the 
lower depth limit of S. latissima. We hypothesize that epibionts de‐
prive their host of light and that the deprivation may become lethal.
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2  | MATERIAL S AND METHODS

2.1 | Growth and survival

Two areas (hereafter called experimental sites) were chosen to rep‐
resent the Skagerrak (south eastern) and the west coast (western) 
parts of what might be a S. latissima recovery gradient in Norway. 
The experimental site in Skagerrak was located at 58°19’N, 8°35’E 
(WGS84 datum) nearby Grimstad, while the experimental site on the 
west coast was located at 60°15’N, 5°12’E (WGS84 datum) nearby 
Bergen (Figure 1). The two areas had water depths of approximately 
30 m and were classified as sheltered according to the wave expo‐
sure model developed by Isæus (2004).

At both experimental sites, four stations were picked for the de‐
ployment of the experimental rigs (eight locations in total). Each sta‐
tion was separated from other stations by more than 500 m.

Adult S. latissima sporophytes were collected at 6 m depth within 
a radius of 2 km from each of the experimental sites in February 
2009. Sheltered sites within Skagerrak (i.e., exposed to the same 
level of wave action as the experimental sites) are still largely devoid 
of kelp, and kelp plants had to be sampled in more exposed areas. 
On the west coast, the sampling site was sheltered (same level of 
exposure as the experimental site). For simplicity, kelp sampled on 

the Skagerrak coast will hereafter be referred to as SCK, while kelp 
sampled on the west coast will be referred to as WCK.

Half of the kelp plants sampled were transported to the opposite 
coast so that each experimental site had both native and transported 
samples. The samples were transported in sea water and contained 
in dark transport coolers that kept the temperature low (5°C).

Kelp from different sampling sites (WCK or SCK) were mounted 
on separate rigs. On each rig, four mature kelp individuals (lengths 
of approximately 1 m) were attached at each of the six depths: 1, 3, 
6, 9, 15, and 24 m (see Figure 2). At each station two rigs, one with 
WCK and one SCK were deployed, 20–30 m apart from each other. 
Thus, at each experimental site, eight rigs were monitored (384 kelp 
individuals in total).

In experiments where organisms are handled, method control 
should be applied in order to separate the effect of the handling 
from the effect of the surrounding environment. For proper control 
of the rig treatment, it would have been necessary to measure re‐
sponses in individuals in natural populations at both sites and com‐
pare these results to the responses measured in individuals mounted 
on rigs within each site and at the same depths. Since the sites were 
largely void of natural populations at the time, this was impossible. 

F I G U R E  1   Experimental sites. Map showing Norway and the 
experimental sites F I G U R E  2   Rig. Schematic presentation of the rig setup
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As a suboptimal approach, treatment control could have been con‐
ducted within the more exposed sampling sites. This would have ex‐
panded the amount of work done by SCUBA diving in wave‐exposed 
areas, and the logistics required to execute this safely was not feasi‐
ble within our project. However, our main objective was to test the 
relative effect of depth on growth and survival. With this in mind, 
the use of rigs provides great benefits because it ensures as simi‐
lar conditions between the stations as possible. The monitoring was 
continued for seven months, and the effects observed late in the 
study were less likely to be caused by the translocation per se. Our 
results apply thus, in the very strictest sense, only to translocated 
kelp on rigs. However, we argue that the relative differences among 
kelp plants mounted at the different depths still provide insight to 
the effects that can be expected in natural populations.

The frond length and frond width of each kelp plant were mea‐
sured at the initiation of the experiment. A small hole was punched 
10 cm above the transition zone, between stipe and frond, to be able 
to measure elongation according to the method described in Fortes 
and Lüning (1980). Growth (Grate) as rate of daily areal increase was 
calculated according to formula 1:

where L and E are the total length and elongation of the lamina, re‐
spectively, W1 and W2 are the lamina widths 10 and 50 cm above the 
basis respectively, t is the point of measuring, and d is the number of 
days since the last measuring event.

The extent of epibiont coverage on the kelp frond (in percent‐
ages) was noted throughout the experiment. Survival was recorded 
as a binary response, and kelp individuals that had been torn off and 
individuals with severely perforated and bleached meristems were 
recorded as dead.

The rigs were monitored for seven months (February 2009 to 
September 2009), and measurements were executed in spring, sum‐
mer, and fall according to Table 1.

The relationships between growth in the sample populations 
(WCK and SCK), depth, and season at both experimental sites were 
investigated. Because growth was measured as percentage change 
in size, the response was log‐transformed and analyzed assuming 
normal errors (see chapter 28 in Crawley, 2002, page 514). The sta‐
tistical analyses were performed using the protocol of Zuur et al. 
(see chapter 5 in Zuur, Ieno, Walker, Saveliev, & Smith, 2009, page 
127) for mixed linear modeling, first including all explanatory vari‐
ables (Site, Population, Depth, and Season) and their interactions. 
Because spatial autocorrelation was likely to occur, we could not as‐
sume that the response (growth) was independent within a station. 

Station was therefore included as a random factor in the model se‐
lection process. The Bayesian information criterion (BIC) was used 
in order to select between model alternatives (model selection step 
1), and backwards model selection by successive likelihood ratio 
tests was used in excluding parameters (selection step 2; Zuur et al., 
2009). Finally, the variance structures (i.e., normality and homoge‐
neity of errors) were evaluated by visual inspection of residual plots 
(Zuur et al., 2009).

Upon inspecting the model residuals, both depth‐ and season‐
dependent error structures were revealed, and these dependencies 
violated the underlying assumption of linear models meaning that 
we could not trust the p‐values. A second‐degree polynomial term 
was therefore added to improve model fit with depth. An additional 
weights term (varIdent in the nlme package of R) was also added, to 
allow for seasonal differences in variance (see chapter 4 in Zuur et 
al., 2009). These measures dealt with the issues of heteroscedastic‐
ity (selection step 3).

We also investigated the patterns of epibiont coverage and sur‐
vival by the end of the experiment. The relationships between the 
percent cover of epibionts, survival (success or not), and depth in 
both WCK and SCK were tested by the use of generalized linear 
mixed modeling with binomial distributions. Station was included as 
a random factor in both models for the same reason as mentioned 
above.

We used the R computer software (R Core Team, 2013) for all 
computations. In the statistical analyses, we used the nlme (Pinheiro, 
Bates, DebRoy, Sarkar, & R Core Team, 2013) and lme4 (Bates, 
Maechler, & Bolker, 2013) R packages.

2.2 | Ambient temperature and light

Temperature data were retrieved from the operational ocean fore‐
cast database at the Norwegian Meteorological Institute.

The ambient light condition in the water column was recorded 
throughout the experiment. Small, light logging HOBO pendants 
(UA‐002‐08, Onset Computer Corporation, USA) were mounted at 
five depths (3, 6, 9, 15, and 24 m) directly above the kelp holdfasts 
on two rigs within both experimental sites (20 loggers in total). 
HOBO pendants measure light at wavelengths from approximately 
150 to 1,200 nm. Within this range, the sensitivity of the sensor 
differs, and in the range that covers photosynthetically active ra‐
diation (PAR, 400–700 nm), it is below 80%, which contributes to 
an underestimation of total light hitting the sensor. The sensitivity 
is much lower in the ultraviolet (UV) parts of the spectrum (<40%) 
but reaches an optimum of close to 100% within the infrared (IR) 
parts of the spectrum. In seawater however, almost all light in the 

(1)Grate∼
2EW1

(

L(t)W2(t)+ (L(t−1)+E)W2(t−1)d
) ,

TA B L E  1   Dates (2009) in which measurements were executed. The rigs on the west coast were lost in fall, probably due to a combination 
of boat traffic and bad weather

Location Initiation Spring Summer Fall

Skagerrak February 22nd March 26th May 19th September 25th

West coast February 20th April 14th June 10th Rigs lost
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IR zone is absorbed within a depth of 1 m. And although UV radi‐
ation penetrates deeper, merely 8% of the sunlight that hits the 
ocean surface is UV radiation. The contribution of IR and UV ra‐
diation compared to PAR in our measurements is therefore very 
small. For the purpose of the here presented study, we consider 
the HOBO measurements a meaningful (although underestimated) 
approximation of PAR (see Long, Rheuban, Berg, & Zieman, 2012), 
in concurrence with other studies within the field of kelp forest 
ecology (Bennett et al., 2015).

During the measuring event, the pendants were wiped clean of 
fouling organisms that could affect the sensors. At the termination 
of the experiment, the pendants were brought back to the labora‐
tory, and data from seven days following each cleaning were ex‐
tracted and pooled.

The rigs with light loggers were unfortunately lost from the west 
coast site.

2.3 | Shading by epibionts

Fifty kelp plants were harvested (at approx. 6 m depth) from one 
of the few remaining forest patches in Skagerrak in October 2009. 
The harvest site was located close to the sample site used in the rig 
experiment.

Dominating epibionts found in Skagerrak are vase tunicates (Ciona 
intestinalis), encrusting bryozoans and filamentous algae (mostly red 
algae; Moy & Christie, 2012; Sogn Andersen et al., 2011). All of these 
were present on the individuals we harvested. Vase tunicates and 
bryozoans form colonies that are almost uniform in density, while 
the densities of the epiphytic algal layers vary considerably. Vase 
tunicates and bryozoans were therefore regarded as either present 
or absent, while the densities of the algal epiphytes were measured 
in dry weight per substrate (kelp sample) area (DW/cm2). Forty‐four 
samples were taken from the fifty kelp individuals in order to esti‐
mate algal densities and perform the light measurements.

To estimate the amount of shading caused by epibionts, a series 
of light measurements were performed. We used a TriOS RAMSES 
(TriOS Optical Sensors, Germany) with 198 channels to measure light 
in the range of wavelengths from 310 to 950 nm. The sensor was 
connected to a field‐PC with MSDA software to record the readings. 
A cylinder of plexi‐glas served as a measuring chamber, and a lamp 
(FieldCal) that was fitted on top of the measuring chamber served as 
the light source. Each measurement was repeated three times, and 
the values were averaged. This was done in order to reduce the in‐
fluence of noise that could occur in the readings (judged by previous 
experience with the equipment).

The measuring chamber was filled with sea water (~10°C). A kelp 
sample was then cut from a harvested individual with a cork borer 
and fitted into the measuring chamber. The extent of shading caused 
by each type of epibiont (either vase tunicate, bryozoan, or algal 
coverage) was estimated from nine replicate samples. In addition, 
we performed a series of measurements in which varying amounts 
of epiphytic algae were transplanted on top of a kelp sample. In 
this case, epibionts from the harvest was used to ensure a realistic 

composition of algal species. This additional step was done in order 
to further investigate the relationship between the density of algal 
epiphytes and shading.

To estimate the light deprivation caused by epibionts, we had to 
compare light measurements from samples with epibiont coverage to 
measurements without them. The latter will hereafter be called the 
reference readings. In the measuring process, the reference readings 
had to be obtained in different ways. In the case of vase tunicates, 
the animals were gently removed from each sample before the ref‐
erence readings were performed. Bryozoan crusts and filamentous 
algae on the other hand were impossible to remove without scarring 
the kelp lamina, and scars would have affected the light measure‐
ments. In these cases, clean tissue samples (from each kelp) were 
therefore taken to serve as references.

The amount of light that penetrated each sample was estimated 
by calculating the integral of the light intensities measured in all 
wavelengths. The integrals were calculated by the trapezoidal rule 
approximation method and the amount of shading was estimated 
according to formula 2.

in which x is wavelength, a = 310 nm, b = 950 nm, and f and g are 
the curves describing light penetrating profile in the reference and 
samples covered by epibionts, respectively.

The effect of either vase tunicate or bryozoan presence (i.e., 
presence or absence) on shading was analyzed using a generalized 
linear model with a binomial distribution. In a separate analysis, the 
effect of different algal densities on shading was described by an 
asymptotic function fitted by nonlinear least‐square regression. For 
both analyses, we used the stats (R Core Team, 2013) R package.

3  | RESULTS

3.1 | Growth

The rigs on the west coast were unfortunately lost before fall. We 
do not know the cause, but there was some bad weather with lots of 
wind in late summer/early fall which may have moved the rigs and/
or increased the chance of passing boats hitting them and severing 
the ropes. To compare growth between populations and between 
sites, we thus initially excluded data from fall. Once establishing 
that there were no site‐specific differences in growth rates for any 
of the sample populations, we continued the analyses using the 
full dataset. In analyzing the growth rates, several statistical mod‐
els were built and compared (see Table 2), but in the end, a linear 
model, without random terms, was considered the best fit judging 
by successive likelihood ratio tests and because it obtained the low‐
est BIC value (Zuur et al., 2009; Table 3). The residuals did not show 
any trend with station (the random factor) which also indicated that 
mixed effect modeling was not required (see Zuur et al., 2009).

Saccharina latissima from the Skagerrak population (SCK) grew 
slightly slower than kelp from the west coast population (WCK) 

(2)∫
b

a

f (x) dx−∫
b

a

g (x) dx,
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(Table 3 and Figure 3). The difference was consistent at all depths 
and throughout the experiment, which means that the response to 
depth treatment and season had been the same in both sample pop‐
ulations. The difference in growth between SCK and WCK was also 
consistent among the experimental sites, which indicated that trans‐
port and relocation had not affected these results.

The depth‐related pattern of growth changed from spring to 
fall (shown by the significant interaction between depth and sea‐
son in Table 3). In spring and summer, growth generally decreased 
with depth (Figure 3 and Table 3). In fall however, the pattern was 
reversed in Skagerrak, and growth was faster at 15 m than at 3 m 
depth. All rigs in the west coast area were unfortunately lost by the 
end of the summer, and data from this area in fall could therefore 
not be retrieved.

3.2 | Survival

Survival was analyzed in relation to depth. Since the west coast 
rigs were lost before fall, site‐specific differences were investi‐
gated using the summer data. Comparatively more kelp survived 
in shallow areas on Skagerrak site through spring and summer, 

while survival at 25 m depth was higher on the west coast site. 
When tested, these differences were, however, not statistically 
significant. By the end of the summer, most kelp plants had actu‐
ally survived at all depths on both sites (Table 4 and Figure 4).

By fall, survival was very low both close to the surface and at 
24 m depth in Skagerrak (<20%), but much higher at 15 m depth 
(70%–80%) (Figure 4). The model predicted an unimodal pattern of 
survival with the highest probabilities between 10 and 15 m depth in 
this area (Table 4 and Figure 5).

It was also important to find out whether the depth‐related pat‐
tern of survival differed between the two sample populations (WCK 
and SCK). The analyses showed no significant differences in survival 
between populations on either experimental site 4.

The kelp fronds were fouled by heavy loads of epibionts, and the 
general condition of the remaining kelp plants in fall was poor.

3.3 | Temperature and light

The daily means of ocean temperatures (at 0, 5, 10, 20, and 30 m 
depth) in Skagerrak from March to August 2009 are presented in 
Figure 6. The period with the highest sea water temperatures 

Selection Step 1 Step 2 Step 3

Model 1a 1b 1c 2 3a 3b Final

R function gls lme lme gls gls gls gls

Site x x x x x x

Pop x x x x x x x

Depth x x x x x x x

Depth2 x x x x

Ssn (Season) x x x x x x x

Site × Pop x x x x x

Site × Depth x x x x

Pop × Depth x x x x

Pop × Ssn x x x x

Ssn × Depth x x x x x x x

Random Station Station

Random int x

Random 
slope

x x

Weights Ssn Ssn Ssn Ssn

Method REML REML ML

BIC −4,852 −4,847 −4,841 −4,870 −5,115 −5,140 −5,144

Note. Parameters marked with an x were included in the models. Site and Pop annotate experimental 
site and sample population (WCK or SCK), respectively. In step 1, saturated models were fitted by 
maximizing the restricted log‐likelihood (REML). The model with the lowest BIC was chosen for 
further parameter selection. In step 2, heteroscedasticity was dealt with by including a second‐de‐
gree polynomial (Depth2) and an additional weights term to allow for different variances between 
seasons. Selection of parameters was performed in step 3, where models were fitted by maximizing 
log‐likelihood (ML) and terms were excluded in a stepwise manner using the likelihood ratio test. 
Only a subset of models are shown. The model with the lowest BIC was the best fit (Final). The final 
model was also refitted using REML

TA B L E  2   Model selection in relation to 
growth. Both generalized least‐square 
models (gls) and linear mixed effect 
models (lme) were tested
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spanned from June (summer) to August (fall). The average sea 
water temperature at the surface was (17.6°C ± 0.2 SE) from July to 
August, and the difference down to 20 m depth was relatively small 
(−2.8°C ± 0.2 SE).

The 24‐hr light dynamic schemes varied with depth and season 
(Figure 7). The shape of the curves was similar all seasons, while the 
intensity and the rate of reduction with depth varied due to seasonal 
changes in the irradiance and the solar elevation angle. In fall, light 
decreased rapidly with depth, and the intensity was reduced with 
between 80% and 100% at 15 m depth as compared to at 3 m depth 
(Figure 8).

3.4 | Epibionts

In spring, kelp plants from both sample populations appeared clean 
and healthy in both areas. Scattered turfs of epiphytic algae and 
colonies of bryozoans were observed in both areas in summer, while 
vase tunicates were only observed in Skagerrak. The amounts were 
in every case too low to be estimated as coverage.

In fall (Skagerrak only), the situation had changed dramatically, 
and all remaining SCK and WCK at all depths were covered with 
bryozoans (Figure 9). On kelp that had been kept at depths rang‐
ing from 1 to 9 m, one side (probably the side that had been facing 
upwards) was covered by vase tunicates and filamentous algae. The 
percentage cover of bryozoans and vase tunicates was relatively 
easy to assess, while the cover of epiphytic algae was a bit more dif‐
ficult since the algae tended to grow in‐between the tunicates. The 
average densities of algal epiphytes found on kelps sampled in situ at 
6 m depth in October were, however, 0.03 g/cm2. At 15 m depth, the 
densities of epibionts were significantly scarcer (Figure 9, Table 5). 
The statistical analysis also showed that there was a positive rela‐
tionship between the presence of bryozoans and vase tunicates (see 

Table 5). The bryozoans form crusts on which vase tunicates may 
grow, while bryozoans never covered the vase tunicates.

Kelps sampled in Skagerrak at approximately 6 m depth in 
October were also heavily fouled. The fronds were covered by a mo‐
saic of epibiont very similar to those found on the rig individuals.

3.5 | Shading by epibionts

The shading caused by epibiont coverage was substantial. 
Bryozoans appeared to be the least light depriving epibiont form, 
and the light reduction caused by a single layer of encrusting 
bryozoans was 11% (95% confidence interval [1%–59%], binomial 
distribution). Far more light, averagely 91%, was deprived by a 
single layer of vase tunicates (C. intestinalis; 95% confidence in‐
terval [35%–99%], binomial distribution). Increasing the densities 
of epiphytic algae (DW/cm2) caused rapid increases in shading 
(Figure 10), and the light reduction was well described by an ex‐
ponential decay function (t = −8.884, p < 0.001, RSS = 0.479). The 
naturally occurring epiphyte density in October (not sampled from 
kelp on rigs, but from the kelp at the sampling site) reduced the light 
availability by averagely 85% according to this model (Figure 10).

4  | DISCUSSION

The present study showed that kelp from the west coast (WCK) and 
the Skagerrak populations (SCK) responded similarly to the depth 
treatment and seasonal changes in the environment while mounted 
on rigs. Secondly, it indicates that that the light deprivation caused 
by epibionts may become lethal. Beyond that, further studies are 
needed in order to determine how epibionts impact natural popula‐
tions, and how the impact varies with depth on a larger scale. That 

Parameter Estimate SE t p

(a) Intercept (WCK in Spring) 0.61501 0.013647 45.06471 <0.0001

Population (SCK vs. WCK) −0.01964 0.008718 −2.25289 0.0247

Depth −0.00007 0.002311 −0.02976 0.9763

Depth2 −0.00091 0.000088 −10.34669 <0.0001

Season (Summer vs. Spring) −0.03097 0.014375 −2.15416 0.0317

Season (Fall vs. Spring) −0.60742 0.042574 −14.26738 <0.0001

Depth × Ssn (Sum vs. Spr) 0.00615 0.001268 4.85206 <0.0001

Depth × Ssn (F vs. Spr) 0.02923 0.003726 7.84604 <0.0001

Without data from fall

(b) Intercept (WCK in 
Skagerrak)

0.61508 0.013507 45.53817 <0.0001

Population (SCK vs. WCK) −0.01957 0.008977 −2.17963 0.0298

Depth −0.00010 0.002310 −0.04370 0.9652

Depth2 −0.00091 0.000088 −10.28913 <0.0001

Season (Summer vs. Spring) −0.03098 0.014403 −2.15069 0.0320

Depth × Ssn (Sum vs. Spr) 0.00615 0.001272 4.83782 <0.0001

TA B L E  3   Final growth model. 
Estimates from (a) the growth rate model 
with the best fit (see Table 2) and (b) a 
separate model excluding data from fall. 
The baselines (Intercept) in the Gaussian 
models were (a) growth rates in the west 
coast sample population (WCK) in Spring 
and (b) growth rates in WCK on the 
Skagerrak coast in Spring. Site was 
excluded in the best model, without 
influencing the parameter estimates 
much, in support of Site not influencing 
the growth rates
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said, the following discussion supports the hypothesis that the re‐
covery of S. latissima forests in Skagarrak is hindered by high levels 
of environmental stress and that fouling is likely to be an important 
stressor.

4.1 | Growth and survival in the sample populations

The growth rates were quite high and did not differ among the two 
study sites in spring and summer, while poor growth and high mor‐
tality were recorded in Skagerrak in fall. Information about differ‐
ences between the study sites in fall would have been valuable, but 
the rigs on the west coast were unfortunately lost.

Growth was consistently slower in SCK as compared to in 
WCK, but care must be taken in the interpretation of this re‐
sult. Growth was measured as relative areal increase, and there 
are morphological differences between the west coast and the 
Skagerrak populations which leads to differences in biomass per 
thallus area. S. latissima individuals from Skagerrak have thicker 
laminas and appear sturdier than the individuals from the west 
coast (personal observations). Direct comparisons of growth rates 
as a measure of differences in production of new tissue may there‐
fore be inaccurate.

We were, however, more interested in the effect depth had on 
the growth rates. The statistical analyses showed that the inter‐
action between sample population and depth was not significant 

(Table 2), which indicate that the depth‐related growth response in 
the two populations was approximately the same. The consistency 
in responses (both growth and survival) between WCK and SCK 
in Skagerrak suggests that both sample populations were equally 
poorly adapted to handling the depth‐related stressors present at 
the Skagerrak site.

F I G U R E  3   Growth. Seasonal growth rates in relation to depth. Site did not explain a significant part of the variation, and the results from 
the experimental sites were pooled in these presentations. Growth rates in SCK and WCK are represented by different colors. The lines (also 
different colors) are model predictions from the growth model (Table 3)
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TA B L E  4   Analysis of survival. Estimates from the analysis of 
survival on the west coast (in summer) and in Skagerrak (in fall). The 
baselines (Intercept) in the binomial models were in both cases 
survival in the west coast sample population. Station was included 
as a random factor

Parameter Estimate SE z p

Summer (on the west coast)

Intercept (WCK) 15.86 93.84 0.169 0.866

Pop (SCK vs. WCK) 36.12 >100 0.000 1.000

Depth ~ 0 8.662 0.000 1.000

Depth2 ~ 0 33.42 0.000 1.000

Fall (in Skagerrak)

Intercept (WCK) −3.722 0.811 −4.586 <0.001

Pop (SCK vs. WCK) 0.320 0.481 0.664 0.507

Depth 0.600 0.141 4.258 <0.001

Depth2 −0.024 0.006 −4.131 <0.001
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4.2 | Depth‐related patterns of growth and survival

The depth limit of S. latissima is controlled by light availability, and a 
considerable upwards change in Skagerrak has been imputed to in‐
creased water turbidity (Rueness & Fredriksen, 1991; Walday et al., 
2008). Recent surveys have documented that the depth distribution 
of S. latissima patches stops at 15 m depth in the northeastern part 
of Skagerrak (Moy & Christie, 2012, and references therein). Even 
though survival was good at 15 m depth in our study, low‐light condi‐
tions may have posed a challenge had we continued the experiment 
through the winter. Although S. latissima in arctic areas are able to 
endure very low‐light conditions (Borum, Pedersen, Krause‐Jensen, 
Christensen, & Nielsen, 2002), we do not know how the populations 
along the Norwegian mainland respond to similar conditions.

In order to estimate the success of a photosynthesizing species 
in a given habitat, growth is ecologically significant because it in‐
tegrates many physiological processes, of which photosynthetic ac‐
tivity is very important (Bartsch et al., 2008). The organism has to 
maintain a positive carbon budget in order to grow, and when the 
consumption (i.e., respiration) increases, more light and/or more 
efficient photosynthesis is needed. The growth rates in individuals 
from both sample populations slowed down with increasing depth in 
spring and summer. This pattern was expected as a consequence of 
reduced light availability. Contrastingly, faster growth was observed 
at 15 m as compared to at shallower depths in fall. High tempera‐
tures reduce the kelps net photosynthesis (Sogn Andersen et al., 
2013), and higher temperatures in shallow waters could have ex‐
plained the slower growth. However, the light intensities recorded 

F I G U R E  4   Survival. Kelp survival was 
recorded at the different sampling times 
in Skagerrak and on the west coast. The 
light blue area shows survival as recorded 
in spring, intermediate blue area shows 
survival as recorded until summer, and the 
dark blue area shows survival as recorded 
from the initiation of the experiment and 
until fall
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F I G U R E  5   Probability of survival in fall. Predicted survival of 
Saccharina latissima on rigs in Skagerrak in fall (white, dashed line), 
according to the model presented in Table 4. The standard errors of 
the model predictions are represented by the ribbon (blue)
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at 3 and 6 m depth should have been sufficient to support photosyn‐
thetic gain in S. latissima (Figure 7), and the sea water temperatures 
were not particularly high in 2009 (Figure 6). Low growth and high 
mortality at shallow depths may therefore also have been caused by 
other factors. The densities of epibionts in fall were very high close 
to the surface, and epibiosis is very likely to have multiple negative 
impacts on kelp growth and survival.

4.3 | Effects of epibiont fouling

Epibionts have been shown detrimental to canopy forming marine 
macrophytes in other areas of the world (Saunders & Metaxas, 2008; 
Saunders, Metaxas, & Filgueira, 2010; Scheibling & Gagnon, 2009). 
Poor conditions of kelp in forest patches and high kelp mortality 
have coincided with fouling in Skagerrak (Moy & Christie, 2012; 
Sogn Andersen et al., 2011), suggesting that fouling organisms may 
have negative impacts in this area as well.

Epibionts deprive their host of light through shading, and reduced 
light availability may cause energy deficiency in photosynthesizing 
organisms like kelp. Our study showed that the extent of shading 
caused by ascidians and algae was considerable, while the shading 
caused by bryozoans was relatively modest. However, a positive re‐
lationship between bryozoan and vase tunicate coverage on the kelp 
frond suggested that bryozoan crusts may modify the kelp surface 
and facilitate settlement of other, more light absorbant species.

The kelp individuals monitored from 1 to 9 m depth in the rig 
study were densely covered by vase tunicates in fall, and the labora‐
tory study showed that this may have deprived the individuals of as 
much as 90% of the available light. The difference in light intensity 
between 3 and 15 m depth in fall was also on average around 90%. 
Thus, the heavily fouled kelp plants located at 3 m depth may have 
received light amounts similar to the clean kelp plants at approxi‐
mately 15 m depth. Growth was slower and mortality much higher at 

F I G U R E  6   Temperatures. Temperatures from March to August 
2009 at five depths as provided by the Norwegian Meteorological 
Institute
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F I G U R E  7   Light. Daily light dynamics 
in the water column (at 3, 6, 9, 15, and 
24 m depth) in Skagerrak in through the 
seasons of 2009. Light intensities were 
measured by HOBO pendants. The 
dotted lines represent the compensation 
light intensities of Saccharina latissima 
grown at 10°C (lower) and 20°C (upper), 
respectively (according to Sogn Andersen 
et al., 2013)
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3 m as compared to 15 m depth in fall, which may indicate either that 
the epibionts deprived the kelp of more light than estimated or that 
other factors than light influenced our results. Higher temperature 

at 3 m depth may have reduced the photosynthetic gain in the kelp, 
causing slower growth, and/or the epibionts may have had additional 
negative impacts on S. latissima.

F I G U R E  8   Light reduction with 
depth. Light reductions calculated from 
3 m and down to 24 m depth in fall. The 
relationship between depth (X) and light 
reduction (Y) is described by the model, 
Y ~ 100(1 – e−0.26(X−3)) (fitted by nonlinear 
least square regression), and represented 
by the dashed line (white). The shaded 
area depicts the 95% confidence 
interval of the model predictions. The 
vertical orange arrow indicates the light 
reduction experienced by a kelp at 3 m 
depth overgrown by a vase tunicate 
colony (Ciona intestinalis) (91%), while the 
red arrow indicates the light reduction 
experienced by a kelp at the same depth 
overgrown by the mean density of algal 
epiphytes found on naturally occurring 
kelp in Skagerrak in October (83%). The 
vertical dotted line indicates the depth 
“equivalents” with regard to light intensity 
(approximately 13 and 9 m depth, 
respectively)
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F I G U R E  9   Epibiont cover. Percent cover of encrusting bryozoans and Ciona intestinalis observed on kelp at six depths in Skagerrak in fall. 
Medians are represented by the horizontal line in each box, and the boxes comprise the first and third quartiles of each data group. Whiskers 
extend to the extreme data point which is no more than 1.5 times the interquartile range from the box. Recorded values that fall outside this 
range are represented by dots
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In addition to blocking light, the presence of epibionts is likely to 
have negative impacts by increasing the diffusion boundary layers of 
their host (Jones, Eaton, & Hardwick, 2000; Sand‐Jensen, Revsbech, 
& Jörgensen, 1985) and form physical barriers that hamper nutrient 
uptake from the water (Hepburn et al., 2006). It has, however, been 
suggested that ammonium excretes from epibionts may serve as a ni‐
trogen source for kelp during nutrient depletion, but these results are 
not conclusive (Hepburn & Hurd, 2005; Hepburn et al., 2006; Hurd, 
Durante, Chia, & Harrison, 1994; Hurd, Durante, & Harrison, 2000). In 
general, epibionts are likely to reduce the nutrient and carbon inflow 
from the surrounding sea water, and nutrient and carbon limitations 
will affect the growth of photosynthesizing hosts negatively. This 
could also explain the slow growth of heavily fouled kelp. Because 
nitrogen nutrition has been coupled to heat tolerance in S. latissima 
(Gerard, 1997), a reduction of the kelps resilience against heat stress 
may be a particularly relevant consequence. If epibionts reduce heat 
tolerance of their host, and their presence is most extensive in shal‐
low waters, one might expect a downward push in the upper growth 
limit of S. latissima farther than predicted from temperature studies 
performed on clean kelp (i.e., most studies). The accumulation of epibi‐
onts may also harm host tissue (Hepburn et al., 2006) and increase the 
brittleness of the lamina, which results in increased erosion and defo‐
liation during mechanical disturbance (Lee & Brinkhuis, 1988; Levin 
et al., 2002; Saunders & Metaxas, 2007; Scheibling & Gagnon, 2009).

The present study does not fully answer the question of how 
epibionts affect S. latissima, but it does suggest that the effect of 
epibionts should be incorporated into future research dealing with 
the distribution of kelp forests. Though it could be argued that 
the rig treatment may have affected the development of epibiont 
communities, procedural control in another study showed that dis‐
lodgement and translocation of kelp did not affect epibiont cover‐
age (Marzinelli, Zagal, Chapman, & Underwood, 2009). As epibiont 
settlement in the present study occurred several months after the 
translocation (in concurrence with Sogn Andersen et al., 2011) and 

is commonly found on S. latissima in situ (Moy & Christie, 2012), 
we consider the coverage observed on translocated individuals to 
be the effect of location rather than the methods applied. Finally, 
the densities of algal epiphytes reported from the laboratory study 
were measured on kelp individuals sampled in the field in October, 
and these samples had not been subjected to rig treatment at all.

4.4 | Final remarks

The WCK and the SCK sample populations did not exert different 
responses in relation to neither the depth treatment nor seasonal 
changes, they were equally fouled by epibionts and showed similar 
patterns of survival when exposed to the same environment. The re‐
gional difference in kelp forest recovery seems therefore most likely 
caused by environmental differences between the areas.

Both growth and survival of S. latissima in Skagerrak are likely to 
be reduced by heavy loads of epibionts. And while epibionts have se‐
vere impacts on kelp in shallow areas, especially during warm periods 
in summer and fall, depths where epibionts are sparse (i.e., around 
15 m) may be close to the lower limit of the kelps depth distribution 
in this area. This suggests that a vertical squeeze, or narrowing of 

TA B L E  5   Analysis of epibiont coverage. Estimates from the 
analysis of coverage on Saccharina latissima survivors in Skagerrak 
in fall (percentages). The baseline (Intercept) in both binomial 
models was percent cover of epibionts on individuals from the west 
coast sample population. Station was included as a random factor 
influencing both the intercept and the slope of the models

Parameter Estimate SE z p

Vase tunicates

Intercept −0.937 2.404 −0.390 0.697

Pop (SCK vs. WCK) −1.330 0.736 −1.808 0.070

Depth −0.303 0.081 −3.739 ≪0.001

Bryozoan coverage 4.638 2.380 1.949 0.051

Bryozoans

Intercept 0.550 1.843 0.298 0.765

Pop (SCK vs. WCK) −1.320 0.782 −1.688 0.092

Depth −0.068 0.069 −0.983 0.326

Tunicate coverage 8.345 4.215 1.980 0.048

F I G U R E  1 0   Shading by algal epiphytes. The vertical arrow 
represents the mean dry weight of algal epiphytes (g/cm2) found 
naturally occurring on Saccharina latissima in Skagerrak in October. 
The vertical dotted lines represent the 95% confidence interval of 
this mean. The relationship between epiphyte density (X) and light 
blocking (Y) is described by the model, Y ~ 100(1 − e−61.4X), and 
represented by the dashed line (white). The colored area depicts 
the 95% confidence interval of the model predictions. Data are 
shown as gray dots
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the distribution range of S. latissima may be occurring in Skagerrak. 
Epibionts are sparser and the distribution of S. latissima spans into 
deeper waters on the west coast (Trannum et al., 2012), which may 
explain why kelp forests in this area are seemingly more stable than 
in Skagerrak. Large‐scale and long‐term studies of natural popula‐
tions are, however, needed, in order to test these hypotheses.

Although the kelp growth model was deemed appropriate for 
the purpose of the present discussion, it should not be applied for 
further predictions. Depth was used as a proxy for an intricate web 
of interactions of which epibiont densities, light, and temperature 
are important contributing factors, all of which vary on geographical 
scales.

ACKNOWLEDG MENTS

The authors would like to thank Stein Fredriksen at UiO for useful 
discussions, Hege Gundersen at NIVA, Morten F. Pedersen at RUC, 
Patrik Kraufvelin at AAU, and two anonymous reviewers for insight‐
ful comments on the manuscript, and Jon Albretsen for providing 
meteorological data. We would also like to thank Kai S\ø rensen 
at NIVA for providing the laboratory equipment and for his help in 
developing the laboratory procedures, and Lise Tveiten at NIVA for 
assistance in the field. The research was funded by the Norwegian 
Research Council (grant no. 178681)

CONFLIC T OF INTERE S T

None declared.

AUTHOR CONTRIBUTIONS

GSA, FEM, and HCH conceived the ideas, designed the study, and 
collected the data. GSA analyzed the data. GSA led the writing of 
the manuscript. All authors contributed to the drafts and gave final 
approval for publication.

DATA ACCE SSIBILIT Y

Datasets and R‐scripts are publicly available on GitHub (https://
github.com/kelprmy/In-a-squeeze) and Dryad (Provisional https://
doi.org/10.5061/dryad.k2r8410).

ORCID

Guri Sogn Andersen   https://orcid.org/0000-0003-2382-2114 

Frithjof E. Moy   https://orcid.org/0000-0002-0790-4593 

R E FE R E N C E S

Araújo, R. M., Assis, J., Aguillar, R., Airoldi, L., Bárbara, I., Bartsch, I., … 
Sousa‐Pinto, I. (2016). Status, trends and drivers of kelp forests in 
Europe: An expert assessment. Biodiversity and Conservation, 25(7), 
1319–1348. https://doi.org/10.1007/s10531-016-1141-7

Baden, S., Emanuelsson, A., Pihl, L., Svensson, C., & Åberg, P. (2012). Shift 
in seagrass food web structure over decades is linked to over‐fishing. 
Marine Ecology Progress Series, 451, 61–73.

Bartsch, I., Wiencke, C., Bischof, K., Buchholz, C. M., Buck, B. H., Eggert, 
A., … Wiese, J. (2008). The genus Laminaria sensu lato: Recent in‐
sights and developments. European Journal of Phycology, 43(1), 1–86.

Bates, D., Maechler, M., & Bolker, B. (2013). lme4: Linear mixed‐effects 
models using S4 classes. Retrieved from http://cran.r-project.org/
package=lme4

Bennett, S., Wernberg, T., de Bettignies, T., Kendrick, G. A., Anderson, 
R. J., Bolton, J. J., … Christie, H. C. (2015). Canopy interactions and 
physical stress gradients in subtidal communities. Ecology Letters, 
18(7), 677–686. https://doi.org/10.1111/ele.12446

Borum, J., Pedersen, M., Krause‐Jensen, D., Christensen, P., & Nielsen, K. 
(2002). Biomass, photosynthesis and growth of Laminaria saccharina 
in a high‐arctic fjord, NE Greenland. Marine Biology, 141(1), 11–19. 
https://doi.org/10.1007/s00227-002-0806-9

Burkepile, D. E., & Hay, M. E. (2006). Herbivore vs. nutrient control of 
marine primary producers: Context‐dependent effects. Ecology, 
87(12), 3128–3139.

Connell, S., & Russell, B. (2010). The direct effects of increasing CO2 and 
temperature on non‐calcifying organisms: increasing the potential 
for phase shifts in kelp forests. Proceedings of the Royal Society. Series 
B, Biological Sciences, 277(1686), 1409–1415.

Cossellu, M., & Nordberg, K. (2010). Recent environmental changes and 
filamentous algal mats in shallow bays on the Swedish west coast – A 
result of climate change? Journal of Sea Research, 63(3–4), 202–212. 
https://doi.org/10.1016/j.seares.2010.01.004

Crawley, M. J. (2002). Statistical computing: An introduction to data analy‐
sis using S‐Plus. Chichester, UK: Wiley.

Eriksson, B. K., Johansson, G., & Snoeijs, P. (2002). Longterm changes 
in the macroalgal vegetation of the inner Gullmar fjord, Swedish 
Skagerrak coast. Journal of Phycology, 38(2), 284–296.

Fagerli, C., Norderhaug, K., Christie, H., Pedersen, M., & Fredriksen, S. 
(2014). Predators of the destructive sea urchin Strongylo centrotus 
droebachiensis on the Norwegian coast. Marine Ecology Progress 
Series, 502, 207{218.

Falkenberg, L., Russell, B., & Connell, S. (2012). Stability of strong species 
interactions resist the synergistic effects of local and global pollu‐
tion in kelp forests. PLoS ONE, 7(3), e33841. https://doi.org/10.1371/
journal.pone.0033841

Filbee‐Dexter, K., Feehan, C. J., & Scheibling, R. E. (2016). Largescale deg‐
radation of a kelp ecosystem in an ocean warming hotspot. Marine 
Ecology Progress Series, 543, 141–152. https://doi.org/10.3354/
meps11554

Filbee‐Dexter, K., & Wernberg, T. (2018). Rise of turfs: A new battlefront 
for globally declining kelp forests. BioScience, 68(2), 64–76. https://
doi.org/10.1093/biosci/bix147

Fortes, M. D., & Lüning, K. (1980). Growth rates of North Sea macroal‐
gae in relation to temperature, irradiance and photoperiod. Helgoland 
Marine Research, 34(1), 15–29.

Frigstad, H., Andersen, T., Hessen, D. O., Jeansson, E., & Skogen, M. 
(2013). Long‐term trends in carbon, nutrients and stoichiom‐
etry in Norwegian coastal waters: Evidence of a regime shift. 
Progress in Oceanography, 111, 113–124. https://doi.org/10.1016/j.
pocean.2013.01.006

Gerard, V. A. (1988). Ecotypic differentiation in light‐related traits of the 
kelp Laminaria saccharina. Marine Biology, 97(1), 25–36. https://doi.
org/10.1007/BF00391242

Gerard, V. A. (1997). The role of nitrogen nutrition in high‐temperature 
tolerance of the kelp Laminaria saccharina (Chromophyta). Journal of 
Phycology, 33(5), 800–810.

Gerard, V. A., & Du Bois, K. R. (1988). Temperature ecotypes near the 
southern boundary of the kelp Laminaria saccharina. Marine Biology, 
97(4), 575–580. https://doi.org/10.1007/BF00391054

https://github.com/kelprmy/In-a-squeeze
https://github.com/kelprmy/In-a-squeeze
https://doi.org/10.5061/dryad.k2r8410
https://doi.org/10.5061/dryad.k2r8410
https://orcid.org/0000-0003-2382-2114
https://orcid.org/0000-0003-2382-2114
https://orcid.org/0000-0002-0790-4593
https://orcid.org/0000-0002-0790-4593
https://doi.org/10.1007/s10531-016-1141-7
http://cran.r-project.org/package=lme4
http://cran.r-project.org/package=lme4
https://doi.org/10.1111/ele.12446
https://doi.org/10.1007/s00227-002-0806-9
https://doi.org/10.1016/j.seares.2010.01.004
https://doi.org/10.1371/journal.pone.0033841
https://doi.org/10.1371/journal.pone.0033841
https://doi.org/10.3354/meps11554
https://doi.org/10.3354/meps11554
https://doi.org/10.1093/biosci/bix147
https://doi.org/10.1093/biosci/bix147
https://doi.org/10.1016/j.pocean.2013.01.006
https://doi.org/10.1016/j.pocean.2013.01.006
https://doi.org/10.1007/BF00391242
https://doi.org/10.1007/BF00391242
https://doi.org/10.1007/BF00391054


2896  |     SOGN ANDERSEN et al.

Gorman, D., & Connell, S. D. (2009). Recovering subtidal forests in 
human‐dominated landscapes. Journal of Applied Ecology, 46(6), 
1258–1265. https://doi.org/10.1111/j.1365-2664.2009.01711.x

Harley, C. D. G., Anderson, K. M., Demes, K. W., Jorve, J. P., Kordas, R. 
L., Coyle, T. A., & Graham, M. H. (2012). Effects of climate change on 
global seaweed communities. Journal of Phycology, 48(5), 1064–1078. 
https://doi.org/10.1111/j.1529-8817.2012.01224.x

Hepburn, C., & Hurd, C. (2005). Conditional mutualism between the 
giant kelp Macrocystis pyrifera and colonial epifauna. Marine Ecology 
Progress Series, 302, 37–48. https://doi.org/10.3354/meps302037

Hepburn, C., Hurd, C., & Frew, R. (2006). Colony structure and seasonal 
differences in light and nitrogen modify the impact of sessile epifauna 
on the giant kelp Macrocystis pyrifera (L.) C Agardh. Hydrobiologia, 
560(1), 373–384. https://doi.org/10.1007/s10750-005-1573-7

Hiscock, K., Southward, A., Tittley, I., & Hawkins, S. (2004). Effects of 
changing temperature on benthic marine life in Britain and Ireland. 
Aquatic Conservation: Marine and Freshwater Ecosystems, 14(4), 333–
362. https://doi.org/10.1002/aqc.628

Hurd, C. L., Durante, K. M., Chia, F. S., & Harrison, P. J. (1994). Effect of 
bryozoan colonization on inorganic nitrogen acquisition by the kelps 
Agarum fimbriatum and Macrocystis integrifolia. Marine Biology, 121(1), 
167–173. https://doi.org/10.1007/BF00349486

Hurd, C. L., Durante, K. M., & Harrison, P. J. (2000). Influence of bryo‐
zoan colonization on the physiology of the kelp Macrocystis integri‐
folia (Laminariales, Phaeophyta) from nitrogen‐rich and ‐poor sites 
in Barkley Sound, British Columbia. Canada. Phycologia, 39(5), 435–
440. https://doi.org/10.2216/i0031-8884-39-5-435.1

Isæus, M. (2004). Factors structuring Fucus communities atopen and com‐
plex coastlines in the Baltic Sea II. A GIS‐based wave exposure model cal‐
ibrated and validated from vertical distribution of littoral lichens. PhD, 
Stockholm University.

Jackson, J. B. C. (2008). Colloquium Paper: Ecological extinction and evo‐
lution in the brave new ocean. Proceedings of the National Academy of 
Sciences of the United States of America, 105(Supplement 1), 11458–
11465. https://doi.org/10.1073/pnas.0802812105

Jones, I. J., Eaton, J. W., & Hardwick, K. (2000). The influence of pe‐
riphyton on boundary layer conditions: A pH microelectrode inves‐
tigation. Aquatic Botany, 67(3), 191–206. https://doi.org/10.1016/
S0304-3770(00)00089-9

Krumhansl, K. A., Okamoto, D. K., Rassweiler, A., Novak, M., Bolton, J. J., 
Cavanaugh, K. C., … Byrnes, J. E. K. (2016). Global patterns of kelp 
forest change over the past half‐century. Proceedings of the National 
Academy of Sciences of the United States of America, 113(48), 13785–
13790. https://doi.org/10.1073/pnas.1606102113

Lee, J., & Brinkhuis, B. (1988). Seasonal light and temperature interac‐
tion effects on development of Laminaria saccharina (Phaeophyta) 
gametophytes and juvenile sporophytes. Journal of Phycology, 24(2), 
181–191. https://doi.org/10.1111/j.1529-8817.1988.tb00076.x

Levin, P. S., Coyer, J. A., Petrik, R., & Good, T. P. (2002). Community‐wide 
effects of nonindigenous species on temperate rocky reefs. Ecology, 
83(11), 3182–3193.

Ling, S. D., Johnson, C. R., Frusher, S. D., & Ridgway, K. R. (2009). 
Overfishing reduces resilience of kelp beds to climate‐driven cata‐
strophic phase shift. Proceedings of the National Academy of Sciences 
of the United States of America, 106(52), 22341–22345. https://doi.
org/10.1073/pnas.0907529106

Long, M. H., Rheuban, J. E., Berg, P., & Zieman, J. C. (2012). A comparison 
and correction of light intensity loggers to photosynthetically ac‐
tive radiation sensors. Limnology and Oceanography: Methods, 10(6), 
416–424.

Marzinelli, E. M., Zagal, C. J., Chapman, M. G., & Underwood, A. J. (2009). 
Do modified habitats have direct or indirect effects on epifauna? 
Ecology, 90(10), 2948–2955. https://doi.org/10.1890/08-1893.1

Merzouk, A., & Johnson, L. E. (2011). Kelp distribution in the northwest 
Atlantic Ocean under a changing climate. Journal of Experimental 

Marine Biology and Ecology, 400(1–2), 90–98. https://doi.
org/10.1016/j.jembe.2011.02.020

Moksnes, P.‐O., Gullström, M., Tryman, K., & Baden, S. (2008). Trophic 
cascades in a temperate seagrass community. Oikos, 117(5), 763–777. 
https://doi.org/10.1111/j.0030-1299.2008.16521.x

Moy, F. E., & Christie, H. C. (2012). Large‐scale shift from sugar kelp 
(Saccharina latissima) to ephemeral algae along the south and west 
coast of Norway. Marine Biology Research, 8(4), 357–369.

Müller, R., Laepple, T., Bartsch, I., & Wiencke, C. (2009). Impact of oceanic 
warming on the distribution of seaweeds in polar and cold‐temperate 
waters. Botanica Marina, 52(6), 617–638. https://doi.org/10.1515/
BOT.2009.080

Nyström, M., Norström, A. V., Blenckner, T., la Torre‐Castro, M., Eklöf, 
J. S., Folke, C., … Troell, M. (2012). Confronting feedbacks of de‐
graded marine ecosystems. Ecosystems, 15(5), 695–710. https://doi.
org/10.1007/s10021-012-9530-6

Pedersén, M., & Snoeijs, P. (2001). Patterns of macroalgal diversity, com‐
munity composition and long‐term changes along the Swedish west 
coast. Hydrobiologia, 459(1), 83–102.

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., & R Core Team (2013). nlme: 
Linear and nonlinear mixed effects models.

Pinnegar, J., Polunin, N., Francour, P., Badalamenti, F., Chemello, R., 
Harmelin‐Vivien, M.‐L., … Pipitone, C. (2000). Trophic cascades in 
benthic marine ecosystems: Lessons for fisheries and protected‐area 
management. Environmental Conservation, 27(2), 179–200. https://
doi.org/10.1017/S0376892900000205

Provost, E. J., Kelaher, B. P., Dworjanyn, S. A., Russell, B. D., Connell, 
S. D., Ghedini, G., … Coleman, M. A. (2017). Climate‐driven dispari‐
ties among ecological interactions threaten kelp forest persistence. 
Global Change Biology, 23(1), 353–361. https://doi.org/10.1111/
gcb.13414

R Core Team (2013). R: A language and environment for statistical comput‐
ing. Retrieved from http://www.r-project.org/

Rinde, E., Christie, H., Fagerli, C. W., Bekkby, T., Gundersen, H., 
Norderhaug, K. M., & Hjermann, D. Ø. (2014). The influence of phys‐
ical factors on kelp and sea urchin distribution in previously and still 
grazed areas in the NE Atlantic. PLoS ONE, 9(6), e100222. https://doi.
org/10.1371/journal.pone.0100222

Rueness, J., & Fredriksen, S. (1991). An assessment of possible pollution 
effects on the benthic algae of the outer Oslofjord, Norway. Oebalia, 
17(1), 223–235.

Sand‐Jensen, K., Revsbech, N., & Jörgensen, B. B. (1985). Microprofiles of 
oxygen in epiphyte communities on submerged macrophytes. Marine 
Biology, 62, 55–62. https://doi.org/10.1007/BF00392877

Saunders, M., & Metaxas, A. (2007). Temperature explains settlement 
patterns of the introduced bryozoan Membranipora membranacea in 
Nova Scotia, Canada. Marine Ecology Progress Series, 344, 95–106. 
https://doi.org/10.3354/meps06924

Saunders, M., & Metaxas, A. (2008). High recruitment of the introduced 
bryozoan Membranipora membranacea is associated with kelp bed de‐
foliation in Nova Scotia, Canada. Marine Ecology Progress Series, 369, 
139–151. https://doi.org/10.3354/meps07669

Saunders, M. I., Metaxas, A., & Filgueira, R. (2010). Implications of warm‐
ing temperatures for population outbreaks of a nonindigenous spe‐
cies (Membranipora membranacea, Bryozoa) in rocky subtidal ecosys‐
tems. Limnology and Oceanography, 55(4), 1627–1642.

Scheibling, R. E., & Gagnon, P. (2009). Temperature‐mediated outbreak 
dynamics of the invasive bryozoan Membranipora membranacea in 
Nova Scotian kelp beds. Marine Ecology Progress Series, 390, 1–13. 
https://doi.org/10.3354/meps08207

Sivertsen, K. (2006). Overgrazing of kelp beds along the coast of Norway. 
Journal of Applied Phycology, 18(3), 599–610. https://doi.org/10.1007/
s10811-006-9064-4

Sogn Andersen, G., Foldager Pedersen, M., & Nielsen, S. L. (2013). 
Temperature acclimation and heat tolerance of photosynthesis 

https://doi.org/10.1111/j.1365-2664.2009.01711.x
https://doi.org/10.1111/j.1529-8817.2012.01224.x
https://doi.org/10.3354/meps302037
https://doi.org/10.1007/s10750-005-1573-7
https://doi.org/10.1002/aqc.628
https://doi.org/10.1007/BF00349486
https://doi.org/10.2216/i0031-8884-39-5-435.1
https://doi.org/10.1073/pnas.0802812105
https://doi.org/10.1016/S0304-3770(00)00089-9
https://doi.org/10.1016/S0304-3770(00)00089-9
https://doi.org/10.1073/pnas.1606102113
https://doi.org/10.1111/j.1529-8817.1988.tb00076.x
https://doi.org/10.1073/pnas.0907529106
https://doi.org/10.1073/pnas.0907529106
https://doi.org/10.1890/08-1893.1
https://doi.org/10.1016/j.jembe.2011.02.020
https://doi.org/10.1016/j.jembe.2011.02.020
https://doi.org/10.1111/j.0030-1299.2008.16521.x
https://doi.org/10.1515/BOT.2009.080
https://doi.org/10.1515/BOT.2009.080
https://doi.org/10.1007/s10021-012-9530-6
https://doi.org/10.1007/s10021-012-9530-6
https://doi.org/10.1017/S0376892900000205
https://doi.org/10.1017/S0376892900000205
https://doi.org/10.1111/gcb.13414
https://doi.org/10.1111/gcb.13414
http://www.r-project.org/
https://doi.org/10.1371/journal.pone.0100222
https://doi.org/10.1371/journal.pone.0100222
https://doi.org/10.1007/BF00392877
https://doi.org/10.3354/meps06924
https://doi.org/10.3354/meps07669
https://doi.org/10.3354/meps08207
https://doi.org/10.1007/s10811-006-9064-4
https://doi.org/10.1007/s10811-006-9064-4


     |  2897SOGN ANDERSEN et al.

in Norwegian Saccharina latissima (Laminariales, Phaeophyceae). 
Journal of Phycology, 49, 689–700.

Sogn Andersen, G., Steen, H., Christie, H., Fredriksen, S., & Moy, F. E. 
(2011). Seasonal patterns of sporophyte growth, fertility, fouling, and 
mortality of Saccharina latissima in Skagerrak, Norway: Implications 
for forest recovery. Journal of Marine Biology, 2011, 1–8.

Strain, E. M. A., Thomson, R. J., Micheli, F., Mancuso, F. P., & Airoldi, L. 
(2014). Identifying the interacting roles of stressors in driving the 
global loss of canopy‐forming to mat‐forming algae in marine ecosys‐
tems. Global Change Biology, 00, 000–000. https://doi.org/10.1111/
gcb.12619

Trannum, H., Norderhaug, K., Naustvoll, L., Bjerkeng, B., Gitmark, J., & 
Moy, F. (2012). Report for the Norwegian Monitoring Programme (KYS) 
2011. Report 6327 [In Norwegian with English summary], Technical 
report, NIVA, Oslo.

Walday, M., Gitmark, J., Naustvoll, L., Nilsson, H., Pedersen, A., & 
Selvik, J. (2008). Monitoring of outer Oslofjord 2007. Report 5640 [In 
Norwegian with English summary], Technical report.

Waycott, M., Duarte, C. M., Carruthers, T. J. B., Orth, R. J., Dennison, 
W. C., Olyarnik, S., … Williams, S. L. (2009). Accelerating loss of sea‐
grasses across the globe threatens coastal ecosystems. Proceedings 
of the National Academy of Sciences of the United States of America, 
106(30), 12377–12381. https://doi.org/10.1073/pnas.0905620106

Wernberg, T., Russell, B., & Moore, P. (2011). Impacts of climate change 
in a global hotspot for temperate marine biodiversity and ocean 
warming. Journal of Experimental Marine Biology and Ecology, 400(1–
2), 7–16. https://doi.org/10.1016/j.jembe.2011.02.021

Wernberg, T., Bennett, S., Babcock, R. C., de Bettignies, T., Cure, K., 
Depczynski, M., … Wilson, S. (2016). Climate‐driven regime shift of a 
temperate marine ecosystem. Science, 353(6295), 000–000.

Wernberg, T., Smale, D. A., Tuya, F., Thomsen, M. S., Langlois, T. J., de 
Bettignies, T., … Rousseaux, C. S. (2012). An extreme climatic event 
alters marine ecosystem structure in a global biodiversity hotspot. 
Nature Climate Change, 3(1), 78–82. https://doi.org/10.1038/
nclimate1627

Zuur, A. F., Ieno, E. N., Walker, N. J., Saveliev, A. A., & Smith, G. M. (2009). 
Mixed effects models and extensions in ecology with R. New York, NY: 
Springer.

How to cite this article: Sogn Andersen G, Moy FE, Christie H. 
In a squeeze: Epibiosis may affect the distribution of kelp 
forests. Ecol Evol. 2019;9:2883–2897. https://doi.org/10.1002/
ece3.4967

https://doi.org/10.1111/gcb.12619
https://doi.org/10.1111/gcb.12619
https://doi.org/10.1073/pnas.0905620106
https://doi.org/10.1016/j.jembe.2011.02.021
https://doi.org/10.1038/nclimate1627
https://doi.org/10.1038/nclimate1627
https://doi.org/10.1002/ece3.4967
https://doi.org/10.1002/ece3.4967

