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Abstract A northward trend of declining abundance
of sea urchins (Strongylocentrotus droebachiensis) and
increasing kelp recovery along the coast of Norway has
provided an opportunity to explore whether the decline of
sea urchins can be explained by systematic variations in
demographic or fitness-related traits. The population den-
sity of sea urchins in mid-Norway (65°70’'N) close to the
boundary between barren grounds and recently recovered
kelp forests was only 26 % of that on barren grounds in
northern Norway (70°70'N). Populations were dominated
by young (2—4 years) individuals and age-specific num-
bers decreased nearly exponentially with age. The variation
in most demographic variables was high among replicate
sampling sites and test size. Mean age and growth rates did
not differ consistently among sites in mid- and northern
Norway nor between barren ground and kelp sites. In con-
trast, mortality rates in mid-Norway were 50 % higher than
in northern Norway. We suggest that increasing predation
pressure on sea urchins partly explains the higher mortal-
ity in mid-Norway. Recent studies have shown that recruit-
ment of sea urchins is significantly lower in mid-Norway
than in northern Norway. The lower mean density of sea
urchins, and hence the progressing recovery of the kelp
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forests in mid-Norway, may thus result from a combination
of recruitment failure and increasing mortality.

Introduction

Community phase shifts from kelp forests to barren
grounds as a result of overgrazing by sea urchins have been
observed worldwide over the last five decades (Lawrence
1975; Johnson and Mann 1988; Sivertsen 1997; Gagnon
et al. 2004; Fujita 2010). While kelp forests are among
the most productive ecosystems worldwide (Dayton 1985;
Mann 2000), sea urchin-dominated barrens are structurally
simple. The loss of kelp can affect organisms that depend
on kelp for habitat and food (Steneck and Johnson 2014).
Overgrazing of kelp and shift to barren grounds was first
observed along the west and north coast of Norway in the
early 1970s and was correlated with extensive popula-
tion outbreaks of the green sea urchin, Strongylocentrotus
droebachiensis (O.F. Miiller) (Sivertsen 1997; Norderhaug
and Christie 2009). The overgrazed barren ground was
largest in the late 1980s (Fig. 1), covering an estimated
2000 km? (Norderhaug and Christie 2009) from Trgndelag
(63°N) in mid-Norway, northwards along the whole Nor-
wegian coast and further eastwards into Russia at 71°N
(Skadesheim et al. 1995; Sivertsen 1997). Along this part
of the coastline, kelp forests only remained in areas with
high wave exposure (Sivertsen 1997). However, kelp for-
ests have recently recovered in the southernmost part of
the overgrazed area and recovery is currently progressing
northwards (Norderhaug and Christie 2009). The southern
limit of the barren ground area was located south of the
Vega archipelago in mid-Norway (65°N, Fig. 1) in 2007
(Norderhaug and Christie 2009). More recently, kelp forest
recovery has been observed north of Vega, where patches
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Fig.1 Study sites in North Norway (Hammerfest, 70°70’'N) and
mid-Norway (Vega, 65°70'N). Filled circle—barren ground sam-
pling sites, filled triangle—kelp forest sampling sites. Black dashed
line marks the extent of the remaining barren ground area, while light

of kelp forests seem to have re-established within barren
ground areas maintained by sea urchins (Rinde et al. 2014).
Extensive barren grounds still remain further north (Nor-
derhaug and Christie 2009).

Phase shifts from kelp-dominated states to barren
grounds and vice versa are generally caused by changes in
sea urchin grazing intensity as a result of marked changes
in the abundance of sea urchins (Filbee-Dexter and Scheib-
ling 2014 and references therein). Fluctuations in the abun-
dance of sea urchins can be caused by changes in recruit-
ment (Hart and Scheibling 1988) and mortality rates (Estes
et al. 1998). The recent recovery of kelp forests in mid-Nor-
way appears to be correlated with a substantial, yet undocu-
mented decrease in sea urchin abundance (Norderhaug and
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grey dashed line marks the kelp recovery area. The progressive north-
ward movement of the interface between barrens and recovered kelp
forests is indicated by years and lines (from Norderhaug and Christie
2009)

Christie 2009). The decreasing abundance of sea urchins in
mid-Norway seems partly correlated with low larval settle-
ment, which may have been caused by recent ocean warm-
ing (Fagerli et al. 2013).

The green sea urchin is an opportunistic feeder, which
can tolerate food deprivation for prolonged periods (Russell
1998). On barren grounds, sea urchins acquire energy from
various food sources, including drift and encrusting algae
and other invertebrates (Levitan 1988; Russell et al. 1998;
Scheibling and Hatcher 2001; Krumhansl and Scheibling
2012). Once a barren ground state has formed, it may per-
sist for decades (Steneck et al. 2002). Longevity in S. droe-
bachiensis can be high, e.g. 30-45 years (Vadas et al. 2002;
Ebert and Southon 2003). Ebert (1983), Sivertsen (1997)
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and Vadas et al. (2002) suggested that a long reproductive
lifespan, abundant gamete production and occasional suc-
cessful recruitment events are sufficient to repopulate and
maintain sea urchin populations in barrens (cf. bet-hedging
theory proposed by Ebert 1982). If true, urchin populations
should be dominated by large individuals. However, limited
food supply is expected to result in small size, low gonad
index and possibly short lifespans (Himmelmann 1978;
Himmelman 1986; Sivertsen and Hopkins 1995; Stien et al.
1998; Konar 2001). Christie and Rueness (1998) argued
that sea urchin populations in barrens must depend on regu-
lar recruitment to compensate for high adult mortality. If
true, this should result in population structures showing a
steady decline in numbers with increasing age. Compara-
tive studies on differences in population density and demo-
graphic structure between remaining sea urchin populations
in mid-Norway and those in the north may provide infor-
mation about the ongoing phase shift in the southern part of
the overgrazed area.

In the present study, we investigate whether sea urchin
populations in mid-Norway have a lower density than
populations further north, as suggested by Norderhaug and
Christie (2009). We also test whether populations from
mid- and northern Norway differ in demographic traits
(i.e. age structure, overall mortality rate) and fitness-related
traits (i.e. size, individual growth rate). Population (age)
structure and demographic characteristics are studied in
sea urchin populations and in kelp forests and on barren
grounds from mid-Norway around the island of Vega, and
in northern Norway near Hammerfest.

Materials and methods
Study area and sampling

Two study areas were selected for this study (Fig. 1).
One area was located north of the island Vega at 65°70'N
(mid-Norway) and one in the area around Hammerfest,
at 70°70’'N (northern Norway). Kelp forests have recov-
ered south of Vega, while a mosaic of barren grounds and
recovered kelp forests are found on the northern side of the
island. Hammerfest is located in the northernmost part of
the overgrazed area, where sea urchins dominate and no
signs of kelp recovery have been reported. Three replicate
barren ground and kelp sites were selected in each area
(Vega and Hammerfest) for a total of 12 sampling sites. All
sampling sites were at a depth of ~5 m and consisted of
bedrock with varying cover of boulders and gravel. Kelp
sites were dominated by Laminaria hyperborea (Gunnerus)
Foslie, while Saccharina latissima (Linnaeus) C. E. Lane,
C. Mayes, Druehl & G. W. Saunders and Alaria esculenta
(Linnaeus) Greville were present in low abundances. The

nature of kelp sites differed substantially between the two
areas. Kelp sites in mid-Norway were characterized by
large, more or less continuous forests extending over 100—
1000 m, while kelp sites in the north consisted of small and
scattered patches of kelp extending over 10-100 m.

The population density of sea urchins was quantified at
all sampling sites by visual counts in May 2008. Ten 0.25-
m? quadrats were randomly dropped from 1 to 2 m above
the sea floor, and all visible sea urchins within each quadrat
were counted. Crevices and loose substrate were carefully
searched to ensure that small sea urchins were counted.

Sea urchins were collected at each site for ageing in
May 2010, with the exception of site V3 north of Vega
(Fig. 1), which was sampled in October 2009. Quadrats
(0.25 m?) were haphazardly dropped from 1 to 2 m above
the sea floor, and all visible sea urchins including those hid-
ing in crevices and among loose substrate were collected.
This procedure was repeated until at least 200 individuals
were obtained per site, with the exception of kelp sites near
Vega, where no sea urchins were found. Crevices and loose
substrate were carefully searched to ensure that small sea
urchins were also collected. All individuals were measured
to the nearest millimetre with callipers.

Age determination

Natural growth zones form in the ossicles of sea urchins
during growth and appear as light and dark zones on their
test plates (Pearse and Pearse 1975). Pale, opaque rings
reflect periods of fast growth, whereas dark, translucent
rings represent periods of slow growth (Pearse and Pearse
1975). The growth zones are assumed to form season-
ally, adding one opaque ring after a period of fast summer
growth and one translucent ring after slower winter growth.
By using fluorescent tags and comparing the position of the
marks relative to formation of growth zones, Robinson and
Maclntyre (1997) validated the annual banding pattern in S.
droebachiensis.

Age of sea urchins was determined by counting growth
zones in the interambulacral plates (Jensen 1969). Individu-
als were cut in half and rinsed with ethanol. The cleaned
halves were dried at 60 °C for 1-7 days until the zones
became visible. The number of growth zones in the inter-
ambulacral plates was counted under a dissecting micro-
scope, adding vegetable oil to make the growth lines clearly
visible. Some plates exhibited weakly pigmented lines,
probably representing periods of food deprivation (Russell
and Meredith 2000), and were excluded for growth analy-
sis (approximately 367 out of a total of 1544). This method
is considered reliable for individuals of S. droebachiensis
between 20 and 50 mm in diameter where growth lines are
distinct and clearly spaced (Robinson and Maclntyre 1997,
Meidel and Scheibling 1998; Vadas et al. 2002). However,
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the growth rate of sea urchins eventually slows and indis-
tinct growth zones may lead to an underestimation of the
age of larger individuals (Russell and Meredith 2000).

Size, growth rate and mortality rate estimation

Maximum test diameter and individual growth rate
(increase in diameter) of S. droebachiensis was estimated
from data on individual test diameter at age. The Gompertz
function (Gompertz 1825) was fitted to data of test diam-
eter versus age (Winsor 1932):

k=)

TDy = TDo X € 6]
where TDx is the test diameter at age x, TD, is the asymp-
totic test diameter (in mm), k£ is the maximum relative
growth rate during the growth phase, and M is the age (in
years) at which maximum growth rate occurs.

The instantaneous mortality rate (Z) for each of the nine
populations sampled was estimated from the frequencies
of individuals in each age class under the assumption that
mortality rates are approximately the same for all ages
included (Beverton and Holt 1957). Mortality rate, Z, was
estimated by fitting an exponential function to the right
hand (i.e. to the right of the mode, typically leaving out
data for age classes 0—1 and 1-2 years), descending part of
the abundance versus age curve (Ricker 1975):

N, = Ny x e 2% )

where N, is the abundance of sea urchins at age ¢, N, is the
density at age 0, and 7 is age (in years). In cases where the
abundance versus age curve was bimodal (e.g. sites H3, H6
and V3—see “Results”), the exponential function was only
fitted to one of the two descending parts, typically the old-
est one, which often included most age classes.

Statistical analyses

The density of sea urchins was compared across area and
habitat using two-way nested (permutational) ANOVA with
the factors Area (two levels: mid-Norway and northern
Norway) and Habitat (two levels: barren and kelp) consid-
ered fixed factors and site (random) nested into Area and
Habitat. No urchins were found in any of the three kelp
sites in mid-Norway near Vega so the orthogonal design
used to analyse density data could not be used to analyse
the remaining response variables. Instead, one-factor (per-
mutational) ANOVA was used to compare mean test diam-
eter, age, growth parameters and mortality rates across the
remaining three combinations of Area and Habitat (i.e.
mid-barren, north barren and north kelp). We used nested
analysis (sites nested into each of the three combinations
of Area and Habitat) for comparing test diameter and age,
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since we had multiple observations for these variables from
each site (ten samples, each with multiple observations per
site). The remaining variables (growth parameters and mor-
tality rates) were obtained from fitting procedures includ-
ing all sea urchins collected from a site, yielding only one
value for each variable per site. Growth parameters and
mortality rates were therefore compared across the three
combinations of Area and Habitat using one-factor (per-
mutational) ANOVA. We compared the relative abundance
of different age groups (i.e. young, middle aged and old)
across each combination of Area and Habitat using two-
way (permutational) ANOVA with Area/Habitat and age
group as fixed factors. Permutational ANOVA analyses
were conducted using PERMANOVA+ for PRIMER v.
6 (Anderson et al. 2008). The analyses were followed by
multiple comparisons test when ANOVA indicated signifi-
cant effects of one or more of the main factors. Analyses
were carried out using type III sum of squares on geomet-
ric (Euclidean) distances and unrestricted permutation of
raw data using a a-level of 0.05. Equality of variances was
tested a priori using the PERMDISP routine in PRIMER+.
We used a robust version of Levenes test that uses devia-
tions from medians since most data sets were not nor-
mally distributed (Brown and Forsythe 1974). Data were
log x 4 1-transformed prior to analysis when necessary to
obtain homoscedasticity.

In cases where ANOVA provided p values larger than
0.05, we performed power analysis to estimate the power
(i.e. 1—B, where B is the probability of making a type
two error) of that test and to estimate the needed number
of (replicates) sites to be sampled to obtain a power of 0.8
(Zar 1999).

The Gompertz function (Eq. 1) was fitted to test diam-
eter at age data from each individual site, and the derived
parameters (asymptotic test diameter, maximum growth
rate and age at maximum growth) were estimated using
nonlinear (least square) regressions. Instantaneous mortal-
ity rates (Z) were estimated for each site using nonlinear
(least square) regression on abundance at age data (Eq. 2).
All regression analyses were carried out using SYSTAT v.
13.

Results

The mean density of S. droebachiensis ranged from
0 m~2 at the kelp sites in mid-Norway to (mean + SE)
429 + 9.6 m~2 at barren ground sites in northern Nor-
way (Fig. 2). Overall, northern sites (both barrens and
kelp) had a higher mean density than sites in mid-Norway
(33.9 £ 8.5 vs. 5.5 + 2.9 m~%; p = 0.007, Table 1), while
barren sites had a higher density of sea urchins than kelp
sites (27.0 &= 8.5 vs. 12.4 £ 8.3 m~2; p = 0.012, Table 1).
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Fig. 2 Mean density of sea urchins (S. droebachiensis) on barren
ground and in kelp forest sites in northern (Hammerfest, 70°70'N)
and mid-Norway (Vega, 65°70'N). Mean values +1 SE across repli-
cate sites (n = 3 sites in each group). Bars not sharing the same letter
are statistically different

There was no significant Area x Habitat interaction
(p = 0.362, Table 1). There was a highly significant varia-
tion in density among replicate sites within each combina-
tion of Area and Habitat (p < 0.001, Table 1).

The size distributions of S. droebachiensis varied among
the nine sampling sites (Fig. 3). The size distributions were
almost uni-modal at most sites, but tended to be bimodal
at some sites (H3, H6 and V3). The mean test diameter of
S. droebachiensis ranged from 34.3 £+ 5.4 mm on barren
ground sites in mid-Norway to 47.1 &+ 10.1 mm at barren
ground sites in northern Norway (Table 2), but variation
among replicate sites was large (p = 0.001, Table 1) and
differences in mean test diameter between combinations of
Area and Habitat were not significant (p = 0.745).

With the exception of one study site (H3), the age dis-
tributions of S. droebachiensis (Fig. 4) followed the typi-
cal pattern with a high abundance of young (1-4 years)
and a decreasing abundance of individuals with increasing
age. The youngest age classes (0-1 years) seemed under-
represented at all sites. There were only a few indications
of certain cohorts being significantly over- or under-repre-
sented (i.e. deviating markedly from the expected pattern),
but see, for example, age classes 6—8 years at H3, 3-6 years
at H6 and 5-9 years at V3, which seemed over-represented
(Fig. 4). Mean age ranged from 2.78 + 1.34 years (site HS)
to 6.54 £ 3.11 years (site H3) across all sampling sites.
Mean age tended to be higher in the north (i.e. north barren
4.88 £ 1.63 years vs. mid-barren 4.31 £ 1.03 years) and
higher in populations from barrens than in populations from
kelp forests (i.e. north barren 4.88 £ 1.63 years vs. north
kelp 3.69 + 1.08 years), but all differences across combina-
tions of Area and Habitat were statistically non-significant
(p = 0.683, Table 1). Mean age of the populations varied

considerably among replicate sites within each combina-
tion of Area and Habitat (p = 0.001, Table 1).

Urchin populations were generally dominated by young
(age classes 2—4 years) individuals that represented up to
78 % of the sea urchins (Fig. 5). Young and middle-aged
individuals were significantly more abundant than older
individuals (p = 0.013, Table 1; Fig. 5). Populations from
kelp sites in northern Norway had slightly more young
and fast-growing individuals than populations from bar-
ren ground sites in both areas (Fig. 5). The proportion of
individuals of medium age was similar among habitats and
areas, while barren ground sites tended to have a larger pro-
portion of older, reproductive, individuals with very slow or
no growth (Figs. 5, 6). However, the proportion of different
age groups did not vary significantly among combinations
of Area and Habitat, as shown by the non-significant inter-
action between Area/Habitat and age group (p = 0.734,
Table 1). The oldest individuals found were 14 years old.

Test diameter increased with age in a sigmoid manner
and the Gompertz growth function provided good fits for
sea urchin test diameter against age (©* = 0.949-0.995).
Parameter estimates are provided in Table 3, while growth
curves are shown in Fig. 6. The average (across repli-
cate sites) asymptotic test diameter (TD,,) ranged from
60.2 + 14.2 mm (mid-Norway barrens) to 65.3 &= 3.6 mm
(northern Norway kelp), which corresponded to the size of
the largest sea urchins found. Maximum test diameter was
generally reached when sea urchins approached an age of
ca. 7 years. The average growth rate of sea urchins from
kelp sites in northern Norway (0.45 £ 0.09 years™') was
similar to those from barren ground sites in mid-Norway
(0.42 £ 0.20 years™!) and slightly higher than for sea
urchins from barren ground sites in northern Norway
(0.35 + 0.07 years™!). Fast growth occurred at approxi-
mately the same age in all habitats and areas (M ranging
from 1.78 4+ 0.48 to 1.98 £ 0.19 years). None of these
trends were, however, statistically significant (p always
>0.684, Table 1). Average mortality rates (across repli-
cate sites) of sea urchin populations from barren ground
and kelp sites in northern Norway were almost identical
(0.45 £ 0.08 vs. 0.41 & 0.12 years™!), while the mortality
rates of barren ground populations in mid-Norway were ca.
50 % higher (0.62 & 0.02 years™'; p = 0.026) than those in
the north (p = 0.026).

Discussion

Demographic and fitness-related traits provide new insight
of the variability in sea urchin population performance
between the two study areas. The relatively low density of
sea urchins around Vega in mid-Norway may explain why
the kelp forest is recovering in this area. The mean density

@ Springer



1220

Mar Biol (2015) 162:1215-1226

Table 1 Results of

; Source Transformation  df MS F P 1-8 N
permutational ANOVA analyses
tesFing the effects of Area Density Logx + 1
g’;&dﬁ;’si t’;?&i;“i"gﬁgi ) Area (A) 1 10561 1250 0007 1.000 -
on density, test diameter, age, Habitat (H) 1 8592 10.17 0012 1000 -
asymptotic test diameter, AxH 1 7.64  0.90 0362 0820 3
maximum growth rate, age at Site 8 845 21.11  <0.001
maximum growth, mortality rate @x
and abundance within certain Residual 108 0.40
age groups obtained from sea Test diameter Logx+1
urchins populations collected at - Area/Habitat 2 045 021 0745 0.148 17
ol e S o 20 s o)
Residual 899 0.04
Age None
Area/Habitat 2 1.59 038 0.683 0235 10
Site s rea/Habitar) 6 443 5622  <0.001
Residual 899 0.08
Asymptotic test diameter (T,,) ~ None
Area/Habitat 2 23.00 0.30 0.755  0.194 12
Residual 6 77.33
Maximum growth rate (k) None
Area/Habitat 2 0.007 0.397 0.684 0.244 10
Residual 6 0.017
Age at maximum growth (M) None
Area/Habitat 0.030 0.319 0737 0204 12
Residual 0.093
Mortality rate (Z) None
Area/Habitat 0.394 6.723  0.026 1.000 -
Residual 6 0.059
Abundance of age groups None
Area/Habitat (AH) 2 135.7 0329 0724 0689 4
Age group (A) 2 2386.6 57795 0.013 1.000 -
AH x A 4 207.7 0.504 0.734 1.000 -
Residual 18 411.9

Also shown are power analyses (1—p) for tests failing to reject H, and the number of replicate sites (N)
required in each group to obtain statistically significant differences (among groups of sites) given the
observed effect size and variation using o = 0.05

of sea urchins observed on barren ground sites in mid-Nor-
way was only about 26 % of that observed in the north. The
stability properties of barren grounds have previously been
tested experimentally in mid-Norway (Vega) by manipulat-
ing the density of sea urchins (Leinaas and Christie 1996).
These experiments showed that a reduction in sea urchin
density to less than 5-10 m~?2 lead to regrowth of algae and
a rapid recovery of kelp. The average density of sea urchins
on barren ground sites in mid-Norway ranged from 4.8 to
17.2 m~2 with a mean density of 11.1 m~2 across sites. This
indicates that densities of sea urchins in mid-Norway are
close to the threshold at which a shift towards kelp recov-
ery and dominance is to be expected, at least at some sites.
We have been visiting these study sites regularly over the
last 5 years (last time during late summer 2013), but there
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has been no sign of kelp recovery, suggesting that some
factors are delaying the process. One explanation may be
that biological succession following an abrupt, experimen-
tal reduction in sea urchin density (cf. Leinaas and Chris-
tie 1996) differs from the prolonged and gradual reduction
driven by nature. However, factors such as a long distance
to source populations of kelp, limitations in the dispersal of
kelp spores and the presence of other herbivores may con-
tribute to a delayed recovery of kelp (Gaylord et al. 2004;
Konar 2013).

Previous studies have demonstrated that somatic growth
rates of sea urchins are directly related to the quality and
availability of food (e.g. Himmelmann and Steele 1971;
Vadas 1977; Minor and Scheibling 1997) and that high-
density populations on barren grounds are characterized
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Fig. 3 Size distributions of S. droebachiensis at each sampling site
and average size distribution (right panels of figures, mean + 1SE)
for barren ground populations in Hammerfest (H1-H3), for kelp pop-

Table 2 Mean individual size (diameter) and age of sea urchins (S.
droebachiensis) on barren ground and in kelp forest sites in northern
(Hammerfest, 70°70'N) and mid-Norway (Vega, 65°70'N)

Habitat Mean diameter N

(mm)

Area N  Mean age

(years)

47.1 £ 10.1435
38.4 +£3.2419
34.3 £5.4442

4.88 £+ 1.63410
3.69 & 1.08342
4.31 £ 1.03425

Hammerfest Barren
Kelp

Vega Barren

Mean values £ 1 SE across replicate sites (n = 3). N indicates the
total number of sea urchins measured or aged in each group. No sea
urchins are found within kelp forests near Vega. Only individuals at
least 2 years old are included in these estimates

Test diameter (mm) Test diameter (mm)

ulations in Hammerfest (H4-H6) and for barren ground populations
around Vega (V1-V3). No sea urchins are found within kelp forests
at Vega

by small individuals with slow somatic growth (Wharton
and Mann 1981, Himmelmann 1978, Sivertsen and Hop-
kins 1995, Stien et al. 1998). Such density-related differ-
ences were not found in our study, both in terms of size
distributions and growth. We found no significant differ-
ences in growth rate, average size or asymptotic size when
comparing sea urchins from mid-Norway and northern
Norway or kelp and barren ground populations. The vari-
ability among replicate sites was considerable, and local
variation is probably better explained by local site- or
habitat-specific differences in food availability and quality
(Wharton and Mann 1981; Himmelman 1986; Stien et al.
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Fig. 4 Age distributions of S. droebachiensis at each sampling site
and average age distribution (right panels of figures, mean + 1SE)
for barren ground populations in Hammerfest (H1-H3), for kelp pop-

1998) than by sea urchin density. S. droebachiensis seems
to prefer macroalgae, which is also the best food source to
sustain growth (Vadas 1977; Himmelman 1986). Supply of
algal detritus transported from productive kelp forests to
adjacent, low-productive areas (Krumhansl and Scheibling
2012, Kelly et al. 2012) may explain high somatic growth
rates in barren populations where the density of sea urchins
is high.

The age structures of the nine populations were rather
variable and did not differ systematically between groups
of sites (i.e. between area and habitat). We found relatively
few newly settled sea urchins (<1 year old) at all sites. This
could indicate recent recruitment failure, but may also have
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ulations in Hammerfest (H4-H6) and for barren ground populations
around Vega (V1-V3). No sea urchins are found within kelp forests
at Vega

been caused by the cryptic behaviour of juveniles, making
them hard to find and sample efficiently (see Himmelmann
1986; Russel et al. 1998). Despite the large, site-specific
variation in size and age of the sea urchins and despite
potential under-representation of the youngest age class, all
populations studied were dominated by young individuals
(<4 years). This indicates that the populations in both study
areas are maintained by regular recruitment rather than by
extreme longevity and/or rare successful recruitment events
as suggested by Ebert (1983); Sivertsen (1997) and Vadas
et al. (2002).

The ageing technique based on growth zones has
been criticized because it may underestimate the age of
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Fig. 5 Mean proportion of S. droebachiensis individuals belonging
to the youngest age classes (recruits aged 2—4 years), medium age
classes (young reproductive individuals aged 5-7 years) and older age
classes (older reproductive individuals aged 8-14 years) on barren
grounds and in kelp forests in northern (Hammerfest, 70°70'N) and
mid-Norway (Vega, 65°70'N). Mean values +1 SE across replicate
sites (n = 3). No sea urchins are found within kelp forests at Vega.
Bars not sharing the same letters are statistically different
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Fig. 6 Age-specific mean test diameter (=1 SE) for S. droebachien-
sis from kelp forest and barren ground sites in northern (Hammerfest,
70°70’N) and mid-Norway (Vega, 65°70'N). No sea urchins are found
within kelp forests near Vega. Curves are fits of the Gompertz func-
tion. Mean test diameters are based on site means (n = 1-3 sites for
each age group)

individuals >50 mm (Russel and Meredith 2000). The
growth rate of S. droebachiensis is assumed to slow with
age and will eventually result in indistinct or incomplete
annual growth zone formation. In the present study, the
oldest sea urchins were estimated to be 14 years of age,
which is relatively young compared to the maximum age of
S. droebachiensis reported elsewhere (Russell et al. 1998;
Blicher et al. 2007). However, since large individuals con-
stituted a small proportion of the populations and the bias

was similar for all populations, a potential underestimation
of the age of these individuals is likely unimportant for the
overall population structures.

Most of the age structures followed an exponential
decrease over time, suggesting a relatively constant recruit-
ment and mortality over several successive years (at least
past 5-6 years). However, Fagerli et al. (2013) found that
the recruitment of green sea urchins was significantly
lower around Vega in mid-Norway than in northern Nor-
way in 2008, 2009 and 2010. Assuming that this difference
occurred over many years, a constant but lower recruitment
relative to the northern sites would help explain the lower
urchin density observed around Vega.

Although most of the age structures suggested that recruit-
ment was relatively constant over several successive years,
three of the nine study sites (H3, H6 and V3) exhibited
bimodal age structure. Bimodal age structures may indicate
periods of high and low recruitment, but could also reflect
mortality caused by size-specific predation (Tegner and Day-
ton 1981; Scheibling 1996) or coexistence of two growth
morphs (Vadas et al. 2002). The three sites with bimodal age
structures belong, however, to groups representing mid-Nor-
way barrens, northern Norway barrens and northern Norway
kelp. The approximate age of older, strong cohorts also dif-
fered between sites (i.e. ca. 7, 4 and 9 years ago at sites H3,
H6 and V3, respectively). Abrupt changes in recruitment pat-
terns at these sites are therefore not systematically related to
the explanatory factors (area and habitat) or to certain years.
Recruitment success likely depends on local (i.e. site-spe-
cific) conditions making it difficult to identify large-scale dif-
ferences based on age-structure analyses unless a large num-
ber of replicate sites for each area and habitat are included.

In mid-Norway, sea urchins were only found at bar-
ren ground sites. This pattern confirmed what we have
observed during multiple dives at these sites over the last
4-5 years; we have never observed green sea urchins within
the kelp forests around Vega. The among-site variability in
density of sea urchins was, in contrast, not related to the
presence or absence of kelp in northern Norway. Adult sea
urchins are rarely found within dense kelp forests (Hjorleif-
sson et al. 1995, Skadsheim et al. 1995, C. Fagerli, unpub-
lished data), but they were rather abundant in sections of
kelp forest in northern Norway, although with a lower
density than in the barren ground sites (ca. 27 vs. 43 m™2).
The presence of sea urchins in kelp forests in northern Nor-
way may be explained by the small size of the kelp forests
in this area. The kelp forests around Hammerfest were
mainly made up of scattered patches of kelp at the scale
of 10-100 s of metres, whereas those in the shallow areas
around Vega (mid-Norway) were made up of larger forests
with a spatial extent at the scale of 100-1000 s of metres.
Large forests may harbour a higher diversity of fauna and
larger populations of predators that are able to prey on sea
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Table 3 Mean growth parameters (7,.: asymptotic diameter, k: maxi-
mum growth rate and M: age at which maximum growth is attained)
and instantaneous mortality rates (Z) for sea urchin populations at

barren ground and in kelp sites in northern (Hammerfest, 70°70'N)
and mid-Norway (Vega, 65°70'N). Mean values (£1 SD) across repli-
cate sites within each combination of area and habitat (n = 3)

Area Habitat T, (mm) k (years™") M (years) Z (years™")

Hammerfest Barren 644 +4.1* 0.354 + 0.071* 1.95 +£0.14* 0.454 +0.081*
Hammerfest Kelp 65.3 £+ 3.6" 0.447 + 0.086* 1.98 +£0.19* 0411 +0.115*
Vega Barren 60.2 £+ 14.2% 0.418 +0.196* 1.79 £ 0.48* 0.624 +0.017°

No sea urchins are found within kelp forests near Vega. Letters (superscript) indicate statistically similar groups

urchins, e.g. micro-predators feeding on juveniles (Row-
ley 1989, Scheibling and Robinson 2008), crabs (Fagerli
et al. 2014) and large predatory fish such as wolfish and
cod (Keats et al. 2011; Steneck et al. 2002), compared with
small, scattered forests of kelp. Low predation pressure
may therefore be the most obvious explanation for the pres-
ence of sea urchins in the relatively small kelp forests or
patches of kelp near Hammerfest in northern Norway.

The density of sea urchins at any site results from the
long-term balance between recruitment and mortality
(Balch and Scheibling 2001). The average instantaneous
mortality rates (Z) of the sea urchin populations in mid-
Norway were almost 50 % higher than those in the northern
populations. Systematic variations in mortality rates may
therefore help explain the lower density of sea urchin in
mid-Norway and hence the progressive kelp forest recov-
ery in this area. We have presently no explanation for the
high mortality rates in mid-Norway. Disease and parasites
can reduce sea urchin populations, but there have been
no reports of outbreaks of diseases or high parasite prev-
alence in Norway lately (Christie et al. 1995; Stien et al.
1998). Increasing predation on sea urchins in mid-Norway
may also lead to higher mortality, but it is unclear if pre-
dation pressure on sea urchins has increased over the last
two decades. The edible crab, Cancer pagurus Linnaeus,
has extended its distribution range northwards over the
last decades and is now abundant in mid-Norway (Woll
et al. 2006). Experiments have shown that C. pagurus is an
efficient predator on sea urchins (Fagerli et al. 2014), but
top-down control on sea urchin populations has not been
documented. However, population growth of related crab
species have had a major impact on mortality of juvenile
and adult sea urchins in the NW Atlantic, where cohorts
of sea urchins have been decimated (Steneck et al. 2013).
Increased predation may in part explain why the mortality
rates are higher in mid-Norway than in northern Norway.

Conclusion

In contrast to disease and overfishing leading to rapid deple-
tion of sea urchins (Steneck et al. 2004; Scheibling and
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Lauzon-Guay 2010), relatively high mortality rates in mid-
Norway appear to have been operating over some time as
age structures suggest no abrupt shifts caused by sudden
mass mortality. The changes required to cause large differ-
ences in density over many years may simply be too small to
be identified easily from studies of age structures and demo-
graphic traits, which are highly variable across sites. Small
area-specific (e.g. south vs. north) differences in mortality
rates resulting from higher predation pressure, together with
reduced settlement success (cf. Fagerli et al. 2013), may have
been sufficient to reduce sea urchin density in mid-Norway.
A negative ratio between sea urchin recruitment and mor-
tality in subsequent years may finally result in further kelp
forest recovery in mid-Norway. The large variation in sea
urchin populations (density, size, age, growth, etc.) may be
due to local variation in oceanographic processes that may
affect larval dispersal and settlement, the physical environ-
ment and predation pressure (Azzarello et al. 2014; Hereu
et al. 2004, 2005). The large variation in demographic traits
across replicate sampling sites underscores the importance
of including multiple replicates and using large sample sizes
when studying demographic patterns of sea urchins.
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