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Ice can be an important structuring factor physically remang intertidal ora and fauna.

At high latitudes in particular, the removal of canopy-foring algae by ice scour may
be important as their canopy may serve to modify the extreme vironment for marine
organisms at low tide. We simulated the effect of ice scourg by manipulating the
biomass of the canopy-forming algaeAscophyllum nodosumin a sub-Arctic fjord [“Full
canopy,” “Reduced canopy,” “Bare (start),” “Bare (annudl). Over a three-year period,
we quanti ed key physical parameters and the recolonizatio of ora and fauna to test

the hypothesis thatA. nodosum and rock rugosity facilitate recolonization of sub-Arctic
intertidal fauna and that potential facilitation could rglon an ability of A. nodosum

canopy to modify air temperature and ice scour. Finally, we stimated the recovery
period of A. nodosum canopy height to pre-disturbance levels based on estimatecarly

growth rates. We found that A. nodosum canopy facilitated higher species richness
and recolonization of dominating faunal speciesL{ttorina saxatilis, Littorina obtusata,
Mytilus edulis, and Semibalanus balanoides) and also signi cantly reduced the high
temperatures in summer and raised the low temperatures in wter. The abundance
of M. edulis and A. nodosum recolonization increased signi cantly with rock rugosity
and the recovery of A. hodosum canopy height was estimated to a minimum of 15
years. We conclude that algal canopy and rock rugosity play éy roles in structuring
sub-Arctic intertidal communities, likely by modifying evironmental stress such as
extreme temperature, desiccation, and by increasing the stling surface and the habitat
complexity. As the distribution of canopy-forming algae igxpected to shift northward,

they may act as a key habitat facilitating a northward colomation of intertidal fauna
in the Arctic. We highlight the importance of considering sales relevant to biological
communities when predicting impacts of climate change on ditributional patterns and
community structure in the Arctic intertidal.

Keywords: biotic interactions, physical disturbance, roc ky intertidal, community recovery, recruitment, Greenland
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INTRODUCTION extreme air temperatures may be important in shaping high
latitude intertidal communities. Variation in air tempenate
In intertidal ecosystems, air temperature, exerting a majofs a key stressor for intertidal organisms, impacting a range
control on biological processes, can be modi ed by a number off biochemical and physiological processéselmuth, 1998;
factors acting at scales that are relevant to biological canities  Denny and Harley, 2006 Water loss and thereby the risk
(Helmuth, 1998; Helmuth et al., 20)L.0For example, sea ice of desiccation is also aected by air temperaturge(muth,
modi es air temperature directly§crosati and Eckersley, 2007 1999, and even a few degrees temperature change can markedly
and ice scouring may indirectly inuence air temperatureijmpact mortality rates in the intertidal, especially for newly-
through the removal of canopy-forming alga&tt, 2001; settled organismsFoster, 1971 Ice scouring is another key
Petzold et al., 20)4Algal canopies may also insulate organismsstressor for intertidal organisms, and crevices in the yock
from extreme temperatures in the hlgh intertidal as typica”yshore may, like Canopy_forming a|gae, oer microhabitats'
seen in temperate region®¢ermann et al., 2013; Watt and that shield organisms from destruction by ice scouring as
Scrosati, 201yaand, thereby, in uence community structure well as other physical stressorSogter, 1971b; McCook and
locally Crowe et al., 2003 Ice, either in the form of sea ice Chapman, 1991; Walters and Wethey, 1996; Helmuth et al.,
or glacial ice, is a characteristic feature of high latitegestal  201().
systems such as those found in Greenland, where export 8djlac  Sub-Arctic communities are considered to be shaped by large-
ice into the coastal ocean is increasirgp(vat et al., 2007 In  scale climate variables and physical exposure, but clearly there
the Godthabsfjord, West Greenland, for example, the loss rajs a potential for small scale variation induced by canopy-
of glacial ice has doubled within a decade, likely increpsite  forming algae and rock roughness that may greatly a ect the
output of icebergs and thereby the risk of ice scouring in bent local physical regime, supporting community recovery after a
communities (otyka et al., 2017 disturbing event such as ice scouring. Therefore, the tgbili
Here, we aim to understand the interplay of biotic and abiOtiCand Speed of recovery of a|ga| Canopies may greaﬂy aect
factors in structuring sub-Arctic rocky intertidal commities  the recovery process of the intertidal faunal community rafte
that can also improve predictions for climate change-inducegce scouring and potentially limit their northern distributio
range shifts Gilman et al., 2010; HilleRisLambers et al., 2013 range.
Several studies have shown the impact of canopy-forming algae Kobbefjord is a sheltered Greenlandic fiord in the sub-Axcti
on the understory community and patterns of recolonizationregion, i.e., immediately south of the Arctic Circle. However
as they alter the physical environmemigyton, 1971; Hawkins, according to the AMAP de nition, Kobbefjord is considered
1983; Jenkins et al., 1999a, 2004; Cervin et al.)2Blovever, to be in the Arctic. We chose this study area as parts of this
these studies are mostly restricted to the temperate imt@ti rocky intertidal are characterized by high biomass of theglo
as we found only one example from the sub-Arctic intertidal jived fucoid canopy-forming algAscophyllum nodosu®lsen
mainly focusing on biotic factorslifgolfsson and Hawkins, et al., 201)) and the level of mechanical stress from sea ice
2009. is considered low. Yet, patches of the community may be in a
The literature reports di erential responses of intertidal recovering state after mechanical stress caused by Smm
organisms to canopy cover, also depending on the environnhentge that form seasonally in the arescophyllum nodosutmas
stress level\icCook and Chapman, 1991; Bertness et al., 199% wide geographical distribution extending to 69\7on the
Broitman et al., 2009; Crowe et al., 2013; Watt and Scrosagpast of GreenlandL(ining, 1999 and the growth rate of the
2013H). For instance, algal canopy cover enhances the survivglreenland populations respond positively to a warming climate
of newly-settled barnacles only in the high intertidal zone(\jarba etal., 2097
(Dayton, 1971; Hawkins, 1983; Jenkins et al., 1p9¥breover, Here, we present a rst attempt at disentangling the multiple
species richness and diversity increase with algal canopsr coactors that in uence small-scale variation in physical regs
in the high and mid intertidal zone, again underlining the experienced by sub-Arctic intertidal organisms. First, @t the
importance of the bioengineering e ects of a canopy mainly inhypothesis thaf. nodosuntanopy facilitates the recolonization
stressful environments/{att and Scrosati, 20139,tMost likely  of sub-Arctic intertidal fauna. We do so by quantifying fain
canopies create an interplay of negative and positive interspec recolonization rates at di erent manipulated levels of canopy
interactions (enkins et al., 1999b; Beermann et al., JOAS  cover over a 3-year period. Secondly, we measure the temperatu
an example, barnacle recruitment may be negatively a ected bynd ice scouring intensity experienced by the intertidakaigms
whiplashes from algal fronds, but positively a ected by lovdere at dj erent levels of algal canopy cover. Thirdly, we consider
water loss and bu ering of temperature, together resultingain the physical properties of the rock as a settlement surface and
neutral e ect of algal canopy cover on barnacles in the mid- angnicrohabitat during recolonization. Finally, we quanttfye early
high intertidal Beermann et al., 20).3 growth rates ofA. nodosunrecruits, and attempt to estimate
In a highly stressful environment, such as the sub-Arctiche recovery period to pre-disturbance canopy height after
intertidal zone, the positive eects of algal canopy likelydisiodgement by mechanical disturbance, such as ice sapurin
exceed the negative as suggested by the stress gradigfk recovery period oA. nodosumcanopy height is expected
hypothesis Bertness and Callaway, 1994However, we lack to be rather slow due to the colder climate as growth rates are

eld studies from the sub-Arctic intertidal to SUppOft this lowered at low temperature§’(een and Rueness, 2004; Keser
hypothesis. In particular, the ability of algal canopies to bu e et al., 2005
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FIGURE 1 | Study area and experimental setup(A) Godthabsfjord system, SW Greenland with indication of thetsidy site in inner Kobbefjord ( 64 08N, 51 23W).
(B) Experimental setup applied in inner Kobbefjord mid intedal, with the four treatments applied at each of the ve repliate sites. (C) Examples of experimental
quadrats from each treatment by August 2014 (the end of expeémental period) [1: Full canopy, 2: Reduced canopy, 3: Baresfart), 4: Bare (annual)Table 1)].

MATERIALS AND METHODS (predominantly A. nodosumwith occasional presence Blicus
Study Area vesiculosysand spanned a 3-year period from August 2011 to

h d d dinth b . bbefiord . August 2014. Additional quanti cation of algal recolontin
The stu y was con ucted in t.e sub-Arctic Kobbefjord, a lstan ¢ congucted in August 2016. We used an experimental design
of the Godthabsfjord system in south-west Greenland &,

. S . with ve replicate sites located along 200 m of the shoreline
51 23W) (Figure 14). The shoreline is largely dominated by \5ying similar overall vertical rock slope, similar compass

bedrocl§, and the mquntains surrou_nding Godthépsfjord anddirection (all S-SW facing) and evenly develop&dnodosum
Kobbefjord are dominated by gramtes_ and gran|t0|d_ gne'S%anopy. At each of the ve replicate sites, four experimental
_(MOS?(EChI et al., 2000; Nkutma_n and_ rl:nend, ZpOHwe fjorﬂ ftreatments were established in 2525cm quadrats Table 1,

is 17 m long and 0.8-2 m ‘_N'de W't_ a maximum _dept 0 Figures 1B,G [“Full canopy,” “Reduced canopy,” “Bare (start)”
150 m. Itis in uenced by daily tidal amplitudes of 1-5 fi¢chter and “Bare (annual)’] and the horizontal sequence of the four

St g g 201)Lan?1 sea lsurgzéc;;gmperatures ranging frofm 0 treatments was fully randomized within each replicate site.
(Versteegh et al., 2012Air temperature ranges from a All quadrats were laid out just below the mean tidal level

minimum of - 25 Cin winter to a maximum of 20C in SUMMEY, yetermined during a full tidal cycle). The slope of the rock
mea_sured n Nuukﬂ%llcher etal., 2033 From April to Qctober, within the resulting 20 quadrats varied between 5 and. 30

f[he fjord receives fres_hwater run-o _from s_e\_/eral r|\{e_rsthe “Full canopy”” macroalgae were left untouched whereas fauna
innermost part of the fjord, resulting in a salinity gradientthe =\ 5q e moved from both canopy and rock face at the initiation of

§urface water. Frqm Degember to May, sea ice.usually cMrs tthe experiment (August 2011). In “Reduced canopy.” macroalgae
inner part of the fjord (Vlikkelsen et al., 2008This results in a were cut to a height of 15cm to imitate a moderate impact

system charactirlzecf_b%/ large seasonal vall_rlz_atlon lr;keyq::iysf of mechanical disturbance from ice scouring still allowing
parameters such as light, temperature, salinity, and mecaani macroalgae to recoverGendron et al., 2007 and fauna was

stress (ice scouring). removed from both the remaining canopy and the rock face
at the initiation of the experiment (August 2011). In “Bare
Field Experiment (start)” the entire quadrat was cleared at the initiationtbé
The experiment was conducted in the inner part of the fjord atexperiment (August 2011) for all macroalgae including their
a rocky intertidal area covered by canopy-forming fucoidaglg holdfasts and all fauna to imitate maximum ice scouring impac
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TABLE 1 | The four treatments applied at each of ve replicate sites inte inner after the nal harvest, we quanti ed the number and length of
Kobbefjord mid intertidal, August 2011. A. nodosunindividuals recruited into all 20 quadrats, adding to
the estimate of early growth rates after maximum disturbance.

Treatment Action N .
Between August 2011 and 2014, we quantied a range
1: Full canopy Canopy untouched, fauna removed 5 of physical variables in selected quadrats to charactehiee t
2: Reduced canopy Canopy cut to 15 cm height, fauna 5 habitat and potential di erences between “Bare (start)” akdilf
removed canopy” treatments. The temperature was logged every 1.5h by
3: Bare (start) Canopy and fauna fully cleared in August 5 sensors (Thermochron iButtory placed at site 4. The sensors
2011, only were placed inside spherical brass housing, to protect them from
4: Bare (annual) (ACanopt;/ and fauna fully cleared annually 5 ice scour and attached to a rock surface cleared of macroalgae
ugus

and belowA. nodosunmcanopy, respectively. To verify extreme
temperatures measured in the intertidal, we compared with
air temperature data from a nearby climate station, obtained
In “Bare (annual),” the quadrat was cleared annually in alsimi from the Greenland Ecosystem Monitoring database (GEM). The
way (i.e., August 2011, 2012, and 2013) in order to estimateverall extent of seaice during the three winters of 201142@as
the variation in annual settling and hence the recolonizati evaluated from photos taken automatically by a camera malinte
potential. We used a metal brush for the clearing of rock ste§a on the mountain above the experimental area. The photos were
and ensured that all depressions and crevices were thorpughhiken daily in the period from January to May each year as part
cleared for organisms. Macroalgae were cleared by hand fof the GEM monitoring program. Additionally, the ice scouring
macroscopic invertebrate fauna, by working through the gano intensity was quanti ed at each of the ve replicate sites bg t
algal individual by individual. In a bu er zone of approximayel degree of bending of steel screws inserted into the rock. The
10 cm surrounding each quadrat, macroalgae were scraped froserews were standard commercial stainless steel screwgl@av
the rock and the canopies of algae further away were cut upeight of 45 mm, a head diameter of 8 mm and a shaft diameter
to levels that prevent them from overlaying the quadrats. Irjust below the head of 4 mm. Two screws protruding 2cm from
order to quantify and analyze the algal and faunal communitythe rock surface were placed above each quadrat during the
at the start of the experiment (August, 2011), referred tohes t winters 2011-12, and 2013-14 (i.e., a total of 80 screws), and
“Pre-experimental” community, all the organisms clearezhir the maximum angle of bending (0—-90of the two screws from
“Bare (start)” quadrats were collected and subsequentipteall each quadrat was used as a proxy for ice scouring intensity. To
according to species or taxa, weighed (drained wet weight aftmeasure the roughness of the rock surface, i.e., rugosityinw
being kept in wire mesh sieves) and measured at their maximurine quadrats when cleared for algae and fauna, we used a pro le
dimension (e.g., shell length of mussels, carapace dianoéter gauge tool that captured the surface pro le of the rock, whiasw
barnacles, and height of macroalgae). The average minimuthen photographed for later image analysis using the “measure”
age ofA. nodosum“Pre-experimental” canopy was evaluatedtool in ImageJ. The ratio of the true surface pro le to the linea
for all individuals longer than 10cm by counting the number surface pro le gave an estimate of substrate rugosityckhurst
of air bladders (vesicles) on the longest axis, assuming omad Luckhurst, 1978; Zawada et al., 20Ihe unit of analysis
bladder is formed annually’(berg, 199% This method renders a was the mean rugosity across the two diagonal pro les in each
minimum age since it does not account for the age of the shoaample quadrat.
before production the rst bladder and also does not account f
possible breakage of shoots. All values for minimum age hiig Statistical Analysis
and lengths are given as mean (SE). Status of Main Treatments at the End of the Study

In August 2012, 2013, and 2014 all fauna and macroalgae Period
“Bare (start)” and “Bare (annual)” were counted and meadurewe compared the macroalgal biomass in each of the main
at their maximum dimension (e.g., shell length of musselsireatments [“Full canopy; “Reduced canopy,” “Bare (start)’]
carapace diameter of barnacles, and height of macroalgae) 40 the end of the study period (August 2014) with the “Pre-
account for inter-annual settling and to estimate the earlyexperimental” biomass using Two-samptetests. Similarly,
growth rate of A. nodosunrecruits. At the termination of the macroalgal adult¥ 10 cm) and recruit€¢ 10 cm) densities were
experiment in August 2014, all quadrats were harvested fafompared to the “Pre-experimental” densities.
both macroalgae and fauna using the same method as in “Bare
(start)” August 2011. Retrieved organisms were identi ed byAlgal Canopy and Faunal Recolonization
taxa, counted, weighed, and their maximum dimensions wer&o assess the e ect of the main treatments [three level factor
measured. Macroalgae without bladders were counted asitecr “Full canopy,” “Reduced canopy,” “Bare (start)”] on biomass of
The vast majority of recruits was below 10 cm length, and asach species and faunal species richness at the end of the study
bladders (used to age adult shoots) typically occurred omly iperiod (2014), we performed one-way ANOVAs with biomass
individuals > 10 cm length, this length limit coarsely separatedor faunal species richness as response variable and treatment
individuals, here de ned as recruits and adults. For eacadyat as dependent variable. Biomass data was log-transformed
we quanti ed the faunal species richness (S) as the number ¢adding 1 before the transformation) to improve normalitydan
species and/or taxa present. Finally, in August 2016, 2 yean®mogeneity of variance assessed visually by Q-Q plots and
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box plots. To assess the e ect of treatment on the density ddtatistically tests the null hypothesis of unimodalitypl& 0.05,
each species, we performed one-way ANOVAs (GLM) assumine alternative hypothesis of bi- or multimodality is accepte
density to follow a Poisson distribution. Before performingi.e., the presence of multiple age groups. Subsequently, the
the ANOVAs, we conrmed that there was no signi cant Expectation-Maximization (EM) algorithmRedner and Walker,
interaction between replicate sites and treatment. Leasarey 1989 was used to estimate the mean length of recruits within
meanspost hocanalyses were performed to test the pairwiseeach age group with the R package mixtodizr{aglia et al.,

di erence between treatments. Finally, in order to accoumt f 2009. This algorithm uses the maximum likelihood method to
probable inter-annual variation in faunal recolonizatiampne-  nd the value of each peak in a multimodal distribution. Here,
way ANOVA was conducted to compare faunal density betweewe looked for three peaks, because we expected new recruits eac

years in the “Bare (annual)” treatment. year in “Bare (start),” i.e., three age groups.

Finally, the growth rate ofA. nodosunmwas calculated with
The Effect of Canopy-Forming Algae on Temperature linear regression based on the estimated mean lengths rwithi
and Ice Scouring each age group of individuals recruited in the period Aug@t?

For the comparison of extreme temperatures measured in “Full August 2014. Additional quanti cation of algal recruitrigths
canopy” and “Bare (start),” expected to re ect air temperagure was conducted in August 2016, i.e., 2 years after the naléstr
during low tide, the 5th and 95th percentiles of temperatureof all quadrats, providing 20 additional estimates similaitie
measurements were calculated for each month, year and thieeatment “Bare (start).” This almost doubled the sampleaare
entire 3-year period. Means of the percentiles in each montH(30 quadrat measurements 20 quadrat measurement3 50
each year and the entire 3-year period between the “Full cdnopguadrat measurements), strengthening the overall esénudt
and “Bare (start)” were compared using a two-sanipiest. early growth rates of algal recruits in inner Kobbefjord. We
To assess the variation inice scouring intensity acrossoafgli  used the estimated early growth rates far nodosunrecruits
sites between years, the relationship between the maximutn evaluate the time it takes from initial settling to the overy
degree of the bending of screws from 2011 to 2012 and 2018 the “Pre-experimental” canopy mean length in Kobbefjord.
to 2014 was examined by linear regression. Then, to assess his was based on the growth pattern #&r nodosunfound by
e ect of the main treatments on ice scouring, we performed aviana et al. (2014)showing linear growth during the rst 2 years
one-way ANOVA with the maximum degree of the bending ofand, thereafter, exponential growth until a certain lengét sy
screws (2013-14) as the response variable. Similarly, avape- abrasion. We calculated the lengthAfnodosunafter 2 years of
ANOVA was performed to assess whether rock rugosity di eredinear growth with our early growth rate, and inserted this (
between the main treatments. Assumptions of normality andn a natural exponential function, which we solved fofyears):
homogeneity of variance were assessed visually by Q-Q pidts a
box plots. yDb &@%,

Rock Rugosity and Recolonization wherey is the mean length of “Pre-experimental” canopys the

In the following analysis, we treated the 15 quadrats in thedult relative growth rate ok. nodosunirom inner Kobbefjord,
main treatments from 2014 as independent data points sincgalculated as the mean linear growth rate (4.92 cmyiarba
rock rugosity did not dier between treatmentsTgble 4Q.  etal., 201)relative to the intermediate shoot length after starting
Relationships between faunal recolonization (densities ogxponential growth (i.e., length after 2 ye&snature length)/2.
biomasses) and rock rugosity were assessed with linegally, we added the rst 2 years to achieve the estimateafs/
regression and multiple linear regression (MLR). Similarhg t it takes to reach the mean length of “Pre-experimental” canopy.
relationship betweei\. nodosunrecruitment density and rock

rugosity was assessed by linear regression. All above esalyR ESULTS

were performed using SAS statistical software 9.4 (SASutesti

Inc. Cary, NC, USA). Canopy-Forming Algae in Inner Kobbefjord

Based on the pre-experimental monitoring in August 2011 [#ar
Recovery Period and Early Growth Rate of (start)”], the mid intertidal zone of the inner part of Kobljefd
Ascophyllum nodosum was dominated by the canopy-forming fucoi, nodosumwith

The early growth rate of. nodosunrecruited during the study the occasional presence If vesiculosu3he average length of
period was quanti ed based on yearly length measurements @ghe A. nodosumcanopy & 10cm) was 46.9 6.0cm and the
recruits in “Bare (annual)” and “Bare (start).” In total, §0adrat minimum age was 5.9 1.3 years for the “Pre-experimental”
measurements (10 quadrat measure3 years) were used for the community (h D 5).

cohortanalysis. Since we expected recruitlengths in “Baet]” Figure 2 shows the combined biomass and densities of
to re ect multiple age groups of 2-3 years after experimenf. nodosumand F. vesiculosum each treatment, noting that
start, we applied Hartigan's diptegtifrtigan, 198}, testing the  A. nodosunrepresented over 99% of the total observed biomass
presence of multiple age groups with theRCore Team, 20)7 and adult density, and over 80% of the observed recruit dgnsit
package diptest\(aechler, 2016 By comparing the maximum The macroalgal biomass in the “Pre-experimental” community
di erence between the observed distribution and a unimodalas on average 31 kg iy which was not signi cantly di erent
distribution, which minimizes this di erence, Hartigan'sgtest  from the macroalgal biomass found in either “Full canopy” and

Frontiers in Marine Science | www.frontiersin.org 5 September 2018 | Volume 5 | Article 332



Qrberg et al.

Canopy Effects in the Sub-Arctic Intertidal

FIGURE 2 | Mid intertidal macroalgal biomass (wet weight, WW) and detity
of algal recruits and adults, i.e., folA. nodosum and F. vesiculosuscombined,
in the main treatments “Full canopy,” “Reduced canopy,” andBare (start)” in
Kobbefjord at the end of the experiment (August 2014). “Prexperimental”
was a baseline measurement based on the material cleared fro “Bare (start)”
at the start of the experiment (August 2011). *Annotates a ghi cant difference
of p < 0.05 for each treatment compared to “Pre-experimental” by a
two-sample t-test. N D 5 for all mean values. Error bars are SE.

TABLE 2 | Summary of two-samplet-tests comparing “Pre-experimental”
macroalgal biomass, adult and recruit density to each treaent.

tg p
BIOMASS
Full canopy 0.34 0.75
Reduced canopy 1.02 0.34
Bare (start) 5.18 < 0.001***
ADULT DENSITY
Full canopy 2.45 0.04*
Reduced canopy 1.76 0.12
Bare (start) 9.92 < 0.001***
RECRUIT DENSITY
Full canopy 1.73 0.12
Reduced canopy 1.73 0.12
Bare (start) 2.43 0.07

*p < 0.05, **p < 0.001.

TABLE 3 | Faunal taxa of “Pre-experimental” community in the mid intéidal zone
of inner Kobbefjord, SW Greenland, August 2011.

Taxa

Littorina obtusata
Littorina saxatilis

Mytilus edulis
Semibalanus balanoides

98.5% of faunal biomass

“Reduced canopy” in August 2014, three years after experime
start (Table 2 Figure 2). In contrast, the “Bare (start)” treatment,
which was fully cleared at the beginning of the experiment
revealed minimal recovery in macroalgal biomass compare
to “Pre-experimental;” supporting only 0.11kg rhby August
2014 {rable 2 Figure 2. In addition, the density of macroalgal
adults &10cm) in “Bare (start)” showed minimal recovery

&Platyhelminthes
Nematoda
Oligochaeta
Isopoda
Gammaridae
Chironomidae
Acarina

by August 2014 compared to “Pre-experimental,” while
canopy,” “Reduced canopy” and “Pre-experimental” displayed
similar level of adult densityTable 2 Figure 2). However, as
the adult density in “Pre-experimental” was slightly highiean

in “Full canopy” (Table 2 Figure 2), this was not re ected in
the biomass. The density of recruits 10 cm) at the end of the
experiment tended to be higher in all treatments than in “Pre
experimental” Figure 2), yet di erences were not signi cant
(Table 2.

Algal Canopy and Faunal Recolonization

In total, we observed 11 faunal taxa in the study arksble 3.
Four speciess. balanoides, M. edulis, L. obtusaital L. saxatilis
contributed with 98.5% of the faunal biomass (wet weight)
Three years after removal, the recovery of total faunal laissn

Fu“‘l’he combined biomass (WW) of dominating fauna is given.

a

In terms of biomasd,. obtusatal . saxatilisandM. edulisvere
a ected by canopy covelrjgure 3A Table 4A), with L. obtusata
showing a signi cantly higher biomass in both “Full canopyith

“Reduced canopy” compared to “Bargjast-hod_S test, Bare-
Full canopy:p D 0.007, Bare-Reduced canopyD 0.004) and

L. saxatilisshowing a signi cantly higher biomass in “Reduced
canopy” compared to both “Bare” and “Full canopyjost-hoc
LS test, Reduced canopy-Baped 0.001, Reduced canopy-Full
canopyp D 0.042) Mytilus eduligdisplayed a signi cantly higher
biomass in both “Full canopy” and “Reduced canopy” compared
to “Bare” (post-hod_S test, Bare-Full canopp:< 0.001, Bare-
Reduced canopyp < 0.001). The density of all four species

relative to “Pre-experimental” was 26.1% for “Full canopy,iere a ected by canopy coveFigure 3B, Table 4A). Littorina

28.5% for “Reduced canopy” and 1.4% for “Bare (start).

bbtusatadisplayed a signi cantly higher density in both “Full

The recovery of faunal density was considerably faster thacanopy” and “Reduced canopy” compared to “Bangdgt hoc

biomass for the dominant taxa, being 45.5% for “Full canopy[S test, Bare-Full canopyg: D 0.007, Bare-Reduced canopy:

53.8% for “Reduced canopy” and 4.4% for “Bare (start).” Totgd D 0.004) andL. saxatilisshowed signi cantly higher density

faunal biomass nor density di ered signi cantly from the “©r
experimental” total faunal biomass or density.

in “Reduced canopy” compared to “Bare” and “Full canopy”
(post-hocLS test, Reduced canopy-Bape< 0.001, Reduced
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TABLE 4 | Summary statistics of one-way ANOVAZA) assessing the effect of
treatment [“Full canopy,” “Reduced canopy” and “Bare (sta)"] on biomass and
density of dominating intertidal faunal species in Kobbefid August 2014.

Species Dependent F2 12) p
variable
(A
Semibalanus balanoides Biomass 1.32 0.302
Density 9.15 0.004**
Mytilus edulis Biomass 45.07 < 0.001***
Density 41.23 < 0.001***
Littorina obtusata Biomass 10.96 0.002**
Density 9.98 0.003**
Littorina saxatilis Biomass 12.56 0.001**
Density 19.96 < 0.001***
(B)
Species 7.678 0.007**
richness
©
Rugosity 1.21 0.333
Ice scour 0.12 0.872

(B) Assessing effect of treatment [“Full canopy,” “Reduced canopy” and “Bre (start)”] on
faunal species richness in Kobbefjord August 2014(C) Assessing effect of treatment [“Full
canopy,” “Reduced canopy” and “Bare (start)”] on rock rugosity and ice scoumtensity.
*p < 0.01, *p < 0.001.

, , S of sea ice cover in 2012 and 20Hgure 4). We were unable
FIGURE_3 | (A)Blgmass and (B) density of dominating intertidal faunal to quantify the ice scouring intensity at site 1 and 2 in 2011—
species in Kobbefjord across the treatments “Full canopy."Reduced canopy” .
and “Bare (start)’ measured in August 2014 and the “Pre-expémental” 2012 due to loss of screws. However, the maximum value of the
community measured in August 2011. Letters annotate signi ant differences two screws in each quadrat, showed a similar pattern acrtess si
of p < 0.05 by a post-hoc test between main treatments for each species, i.e., in 2011-2012 and 2013-2014 [LR2l D O.30,F(1y13) D 5.556,
excluding “Pre-experimental."N D 5 for all mean values. Error bars are SE. pD 0_035], indicating that the variation in ice scouring inséty
was consistent across sites between years. Therefore, de use
the more complete dataset from 2013-2014 as a proxy for ice
scouring intensity in the inner Kobbefjord. The maximum ice
3couring intensity in terms of screw bending ranged between
and 75 across all quadrats, and maximum ice scouring intensity
(2013-2014) did not dier signicantly between treatments
A{Table 40.

The running mean temperature measured in “Full canopy”
and “Bare (start),” along with the running mean air tempenatu
?AT) measured in Nuuk city from August 2011 to August 2014
re illustrated inFigure 4 Here, we show a slight di erence
etween the mean temperatures in “Full canopy” compared to
Bare (start).” However, in order to uncover and compare the
extreme temperatures measured ‘ifull canopy” and “Bare
(start),” we extracted the 5th and 95th percentil@alfle 5 see

canopy-Full canopyp D 0.003) Figure 3B). Mytilus edulis
displayed a higher density in both “Full canopy” and “Reduce
canopy” compared to “Bareppst-hod S test, Bare-Full canopy:
p < 0.001, Bare-Reduced canopy< 0.001) Figure 3B) and
S. balanoideslisplayed a higher density in “Reduced canopy
compared to “Bare” fost-hocLS test, Reduced canopy-Bare:
p D 0.004) Figure 3B). Moreover, faunal species richness wa
signi cantly a ected by canopy coverTable 4B, displaying
a higher species richness in “Full canopy” and “Reduce
canopy” compared to “Bareppst-hod_S test, Bare-Full canopy:
p D 0.008, Bare-Reduced canopyD 0.026). The inter-annual
recolonization ofM. edulisdensity, based on measurements in

“Bare (annual),” was not signi cantly di erent between ysar Supplementary Table Tfor monthly comparisons). We expect
[ANOVA, Fz,12 D 0.45,p D 0.65]. HoweverS. balanoides (" "ro o qir temperatures during low tide since the 5th

F:SEI\B/IAW?Z tv;/i%esa;gki)l% cin022£)]12 as in the following 2 year|Sercentiles in winter and the 95th percentiles in summer are
) 1 .09, . .

below and above the typical range of sea surface temperatures i
L . this area {ersteegh et al., 20).ZThe means of the percentiles
Modifying Properties of the across the 3-year period diered signi cantly between “Full
Canopy-Forming Algae canopy” and“Bare (start),” suggesting that algal cover bu ers
Sea ice presence varied between years, with just 2 montha of slee temperature variationstable 5. Testing the percentiles of

ice cover in the inner fjord in 2013, compared to 4-5 monthsyears separately also showed that the extreme temperatures of
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FIGURE 4 | Temperature with running mean (10 observations) recorded imid intertidal at inner Kobbefjord for the two treatmentsFull canopy” and “Bare (start)”
from August 2011 through August 2014 (data not available foduly 14th—Aug 24th 2012). Air temperature (AT) with runningean (336 observations) recorded in Nuuk
by the Greenland Ecosystem Monitoring program in the same péd. Hatched bars represent periods of sea ice cover in inmeKobbefjord based on automatized
photographing (data only available for January through May

TABLE 5 | 5th (extreme low) and 95th (extreme high) percentiles of yelst invertebrate taxa, the total density dfl. edulis showed a
temperatgres ( C) in treatment “Full canopy” and “Bare (start)” in inner Kdiefjord positive linear relationship with rock rugosity [LFRZ D 0.551,

mid intertidal from August 2011 to August 2014. F1,13 D 18.21,p < 0.001] [seeSupplementary Table 2in
Treatment: Bare (start) Full canopy Supplementary Material for full (M)LR details]. With a multiple
linear regression, we show that both canopy biomass and rock

Percentile: Sth osth Sth 95th rugosity in uenced the totaM. edulisdensity positively [MLR,
Period c R2 D 0.726, F,12) D 19.53,p < 0.001]. When corrected
statistically for canopy biomass, rock rugosity explaine@c62
Aug 2011-Aug 2012 0.935 13112 0.915% 12619 of the variation in mussel density’Rf D 0.62,p < 0.001) and
Sep 2012-Aug 2013 2.945 11.107 2.922 11116 when corrected statistically for rock rugosity, canopy bams
Sep 2013-Aug 2014 0.935 13.112 0.433** 13.112% explained 44%FR D 0.44,p D 0.010). In additionA. nodosum
Grand total 1.437 12.611 1.416%* 12.611* recruit density showed a positive linear relationship witttko

rugosity [LR,R2 D 0.419F 1, 13D 11.11pD 0.005].

Monthly percentiles are shown inSupplementary Table 1 . *Marks level of p-value
from two-sample t-test contrasting “Bare (start)” and “Full canopy” maen percentiles.
*p < 0.001. Recovery Period of Ascophyllum nodosum

We estimated the early growth rate Af nodosunrecruits in

the period August 2011-August 2014 to be 1.4 cmtyThis was
2011-2012 and 2013-2014 di ered signi cantly between the twbased on Hartigan's diptest (HD) that showed the distributain
treatments, while this was not the case for 2012—-204Bl¢ 5.  recruit lengths to be multimodal, representing three ageugso
Testing the percentiles of each month separately showed théiD, n D 76,D D 0.06,p D 0.042), for which we estimated
mainly summer and winter months di ered between treatments,mean lengths with the Expectation-Maximization algorithifine
especially so for colder months (s8applementary Table L. In  addition of the algal recruit length data from 20 quadrateaced
some summer months, canopy cover reduced the 5% higheist August 2014 and quanti ed in August 2016, increased the
temperatures by a maximum of 56 and during winter months sample size 9 times. This strengthened analysis (D, 673,
the 5% lowest temperatures were raised by a maximum @ D 0.04,p < 0.001) identied a similar early growth rate
0.5 C, again with canopy-forming algae reducing temperaturef 2.0cm yr 1. Based on the strengthened estimate of early

extremes. growth rate, resulting in 4 cm long shoots after 2 years cédin
) o growth, and assuming an exponential growth pattern thereafte
Rock Rugosity and Recolonization with an estimated growth rate of 0.19 % ¥r[4.92cm yr /(4

Rock rugosity did not dier signi cantly between the three C 46.9cm)/2], we estimated that it would take ca 15 years
main treatments Table 4Q. Therefore, we chose to combine (including the rst 2 years of linear growth) foA. nodosum

all 15 quadrats in a linear regression to test the relatiomecruits to reach the mean length of the “Pre-experimental”
between recruitment and rugosity. As opposed to all othecanopy ininner Kobbefjord.
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DISCUSSION not be the same as for sub-Arctic populations. As an example
- M. edulis populations in Canada Rourget, 198B displayed
Macroalgal Can_Opy, Cover Facilitates lower, mear:1 IF())wer lethal limits than the populations inpScnda
Faunal Recolonization (Davenport and Davenport, 20p5Moreover, mortality rates
The recolonization oM. edulis, S. balanoidesid the two snails gt increasing temperatures may di er depending on life stage
L. obtusataand L. saxatilisdisplayed a positive response to (Foster, 1971a; Bourget, 1988nd most studies include only
macroalgal canopy cover (predominatélynodosuhat the mid  adult life stages.
intertidal level in inner Kobbefjord. These ndings suppotid In inner Kobbefjord mid intertidal, the minimum 5th
hypothesis that algal canopy has an overall facilitating e ect opercentile temperature was 6.0C and the maximum
faunal recolonization in a sub-Arctic intertidal. This ipposed 95th percentile was 2 (see Supplementary Table 1in
to ndings from a temperate intertidal, where an overall nelt  Supplementary Material). These temperatures are expected to
response in barnacle recruitment fo. nodosumcanopy cover increase in the future, based on a warming trend in mean ahnua
was observed at both mid- and high intertidal leveteérmann  ajr temperatures in west GreenlandHyrring et al., 201} In
etal., 201p Other studies nd positive biotic responses to algala nearby climate station, the air temperatures have increase
canopy cover conned to the high intertidalD@yton, 1971; by 0.13 0.02C per year over the last three decades together
Hawkins, 1983; Jenkins et al., 19%9mn relation to the stress with an increase in the duration of annual ice-free covemalo
gradient hypothesis, we have already suggested that inssfitte the Greenland west coastlarba et al., 2017 Thus, in future
environment like the sub-Arctic, the positive e ects of canopyscenarios, the ability of algal canopy to buer temperature
cover in modifying the environment are likely to overruleeth extremes may become more important in preventing increased
negative e ects such as space competition and whiplashes frofortality in understory faunal communities, both with regsto
algal fronds. To further verify this hypothesis, we exploreé t \warmer air temperatures in summer and colder air temperatures
e ect of algal canopy in modifying the key stressors in thein winter, as the annual sea ice cover decreases. For example,
sub-Arctic intertidal, i.e., extreme air temperature and see it was evident that sea ice was bu ering cold air temperatures

scouring. during winter at the studied site, as we observed a marked
. di erence between air temperatures (AT) and temperatures

Macroalgal Canopy Cover Modi es measured in the intertidal during winter compared to the

Extreme Temperatures other seasons. During the winter 2013, with only 2 months

While earlier studies from Greenland have reported markef sea ice cover in Kobbefjord, the temperatures from the
diurnal and seasonal temperature variation in the sub-Arcti intertidal also showed greater variation than in the other
intertidal (Hogslund et al., 20)4 our results take a step two winters with 5 months of sea ice cover (2012, 2014,
further and document that theA. nodosumcanopy created Figure 4).
signi cant small-scale spatial variation in temperature by Multiple other physico-chemical stress factors, not included
acting as an insulating cover. The macroalgal cover in innein our study, such as desiccation, water ow, wave action,
Kobbefjord reduced the highest 5% temperatures in summesalinity and pH, may also be altered by canopy-forming algae,
by up to 5.5C and raised the lowest 5% in winter by up to contributing to the overall positive biotic response to canopy
0.5 C (seeSupplementary Table L Thus,A. nodosumcanopy cover (Helmuth, 1998; Jenkins etal., 1999a; Beermann etal., 2013;
bu ers extreme air temperatures experienced by organismgvahl etal., 2018
in a sub-Arctic rocky intertidal. This pattern is consistent
with studies from the temperate intertidal where the dailyRock Rugosity Facilitates Recolonization
maximum temperature, measured over a month, was loweredihe coupling between rock roughness and the colonization
by the canopy cover in the mid- and high intertidal zoneof intertidal species has been noted befofeuidetti et al.,
(Beermann et al., 2013; Watt and Scrosati, 2D1Bherefore, 2004; Skinner and Coutinho, 2005; Chase et al., RAh6the
we suggest that the ability of algal canopy to bu er extremestudied areaM. edulisis, in general, con ned to cracks and
temperatures, likely contributes to the overall positivetigio crevices in the intertidal zoneB(icher et al., 200)3and here,
response to canopy cover found at this study site. In contrastye show that the total recolonization ®fl. edulisacross the
the canopy-forming algae had no e ect on ice scouring intgnsit main treatments was positively related to both rock rugosity
indicating that the canopy did not markedly protect the and macroalgal biomass. MoreovéY, nodosumcanopy may
understory community from the mechanical disturbance cd se contribute to an additional level of rugosity, in that hoddits
ice scouring, which is consistent with previous studiesdesy  attached to the rock, as well as the canopies above, form
A. nodosuris low capacity to withstand ice scouring\i{erg, multiple crevices for settlement. This type of rugosity, heibi
199). complexity and increased surface area for colonization may
The extreme temperatures measured in this study wereontribute to the overall positive e ect that th&. nodosum
within the mean lower and upper thermal limits of the canopy has on faunal recolonization. In addition, we found
dominating intertidal faunal specie4, saxatilis L. obtusata that recolonization ofA. nodosunwas positively related to rock
S. balanoidesand M. edulis documented in Scotland (16.4— rugosity, suggesting that rock roughness is important foe th
35 C, Davenport and Davenport, 205However, the current settlement and early development of germlings, likely expthine
measures of thermal lethal limits in southern populations mayby an increase in settling surface and protection from iceisog
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and other physical stressors in the small crevidésaiyen and majority of the biomass was quite persistent with loss rates of
Scrosati, 2008; Gerwing et al., 2015; Musetta-Lambert et &ahdividuals of only 1.6—6.2% per year, whereas the pool of new

2015. shoots add markedly to the population dynamics, resulting in
_ _ ) overall recruitment rates of 6-111% and mortality rates .61
Recovery Time of the Intertidal Community 60% for the period 2012—2015. However, the overall population

In a sub-Arctic intertidal, where mechanical disturbaneels growth ensured a biomass increase of the population of 1—
as ice scouring may dislodge the entire community, we show0% yr 1 during the assessment period 2012—15, which, by far,
that, for both fauna and macroalgae, the subsequent regoveoutweighed the biomass of lost individualki(il-Pedersen et al.,
in density is faster than in biomass. Thus, while the orgasis 2015.
recolonize relatively fast after maximum disturbance, akes Ascophyllum nodosumainly dominates in wave-sheltered
longer to recover the biomass of the intertidal communityp®e  areas $crosati and Heaven, 2008vhile other fucoid species,
other hand, wher\. nodosunindividuals prevail and the canopy such ad-. vesiculoswend F. distichu&~. evanesceitakes over at
is simply sliced by ice scouring, the algal biomass fully reov more exposed sites as well as above the northern distributiona
after 3 years, and the recolonization rates resemble ttmsedf range ofA. nodosumLike A. nodosumwe expect these other
in an untouched canopy. fucoid species to display a similar bu ering e ect on extreme
The early growth rate of newly-settled. nodosumin  temperatures and facilitate the colonization of intertidpésies.
the studied intertidal community averaged 1.4-2cm Yr However, bu ering capacity most likely depends on the level of
Comparably, the growth rate of aduk. nodosummeasured canopy biomass, which was high in the studied area.
in the same macroalgal community is 4.92 cm Yr(Marba Based on future projections on climate change, the
et al.,, 201). Early growth rates ofA. nodosumrecruits ( 2  distributional ranges of bothA. nodosumand F. vesiculosus
years old) from the Isle of Man and south west Spain ar@re expected to shift northwardJeterbock et al., 20).3A
reported at 7.2cm yr!t and 9.6cm yrl, respectively Gervin  northward shift in other high latitude intertidal macroaddy
et al., 2005; Viana et al., 2Q14However, in Maine, USA, communities have already been documentédetlawski et al.,
Keser and Larson (1984reported an early growth rate of 2010, and a recent study found that warming tends to enhance
1.6cm yr 1, which is similar to what we found. Based onthe growth of A. nodosumat its northern distribution limit
existing growth patterns for this speciéddna et al., 20l4but  (Marba et al., 2017 In comparison, the southern distribution
modi ed for the local conditions, we estimated that nodosum limits of dominant intertidal faunaM. edulisand S. balanoides,
in inner Kobbefjord would reach its full length, averagingare also moving northwardJpnes et al., 2010, 2Q;1and based
46.9cm, ca 15 years after removal by mechanical disturbanam our results, algal canopies may be a key habitat in faniga
Correspondingly, we found the macroalgal biomass to be verthe northward colonization and abundance of these inteatid
low, even after 3 years of recovery. The estimated recovespecies at their northern distribution limit Gilman et al.,
period, in height, is higher than the minimum mean age (62010.
years) of unbroken branchesf A. nodosumfound in this
study, bearing in mind that holdfasts &. nodosumhave been
suggested to be 50-70 years old, and the community has be@ONCLUSION
referred to as “marine trees'O(sen et al., 2090 displaying
similar patterns of slow population growth as terrestrial 8ee This study emphasizes the roleAf nodosuntanopy and rocky
(Capdevila et al., 20).6However, it is close to the minimum rugosity in structuring high latitude intertidal communés. We
age of the longest individuals, assessed as the presence ofsti8w that intertidal canopy-forming macroalgae have an alver
full years of consecutive growth, &. nodosumindividuals facilitating e ect on faunal species richness and recolomret
also observed in Kobbefjord (Figure 3 Marba et al., 2007 likely by reducing temperature variations and increasintjisg
A long recovery period ofA. nodosumheight corresponds surfaces and habitat complexity. We show that the canopy
to ndings in north temperate regionsHrintz, 1956; Cervin modies the small-scale variation in temperature experighce
et al.,, 2005; Ingdlfsson and Hawkins, 20Blowever, they by intertidal fauna, but fails to reduce ice scouring at the
largely assign a delay iA. nodosumbiomass recovery to the rock surface, underlining the complexity in how a physical
competition from other fucoid species. In inner Kobbefjorta  stressor can vary depending on scale. The facilitating pragsert
recruits on bare rock were dominated . nodosumwith a  of algal canopies are important to consider when predicting
few F. vesiculosusuggesting that recovery &. nodosumin  future distributional patterns of high latitude intertiddauna.
inner Kobbefjord was not delayed by interspeci ¢ competition To fully comprehend the community-structuring role of algal
Rather, the slow recovery @. nodosumcanopy height may canopies, we need to study whether and how they modify
be largely due to the constraints of the abiotic environmentother key stressors, such as salinity, pH, water loss and ow,
Whereas our study assessed the recovery time of canopy heigincluding di erent intertidal levels. Finally, we estimatehat
a complete study of recovery of canopy biomass should algbe full establishment and recovery period of the intertidal
include quanti cation of population dynamics in terms of community may take at least 15 years while biomass and height
recruitment and mortality. Recruitment and mortality rates of A. nodosuntanopy builds up, which is important to consider
in the studiedA. nodosumpopulation, assessed through thewhen predicting latitudinal range shifts in the sub-Arctiach
Greenland Ecosystem Monitoring program, showed that the vagirctic intertidal community.
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