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ABSTRACT: The activity of Arctic tidal glaciers results in high turbidity, high rate of inorganic
particulate sedim entation an d sedim entary instability in near-glacier m arine basins. The chronic
physical disturbance of sedim ents is accom panied by low input levels of organic m atter. The response
of soft-bottom m acrofauna to glacial disturbance w as studied in Kongsfjord, Svalbard. The q u a n tita 
tive characteristics of the m acrofauna of 4 associations located along a gradient of glacier-induced
disturbance w ere exam ined. Benthic biom ass decreased w ith increased proxim ity to the glacier (from
10.9 g w et w eight (ww) n r 2 in the outerm ost association to 2.7 g w w n r 2 in the glacial bay). Faunal
density w as highest in th e transitional zone (592 ind. 0.1 n r 2) betw een the central basin (425 ind.
0.1 n r 2) an d th e inn er glacial bay (442 ind. 0.1 n r 2). The average individual biom ass w as low est in the
glacial bay as a result of the sm aller body size of organism s. A decrease in the size of organism s in
d istu rb ed sites w as not accom panied by a classical shift from 'equilibrium ' to 'opportunistic' species.
The functional structure of th e faunal associations w as simplified in the im poverished glacial bay
association w h ere 1 guild, th e mobile surface-detritus feeders, strongly dom inated. A verage species
n um b er p er sam ple w as low est in the glacial bay (22 species) and highest in the transitional associa
tion (42 species). Species diversity expressed by the Shannon-W iener and H urlbert rarefaction
indices and evenness exp ressed by th e Pielou index w as low er in the glacial bay th an in the rem ain 
ing associations. The d ecrease in biom ass, m ean size of organism s, species diversity and evenness as
w ell as the p e a k e d distribution (i.e. m axim um in the transitional zone) of density and species richness
are consistent w ith p attern s rep o rted in studies of different natural and anthropogenic disturbances.
Some distinct features of th e case of glacial-induced disturbance include relatively high taxonomic
distinctness an d low b eta diversity an d low faunal dispersion in the near-glacier association.
KEY WORDS: D isturbance • Soft sedim ent com m unities • Species diversity • Beta diversity •
Taxonomic distinctness • Functional groups • Biomass • Arctic
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D isturbance is re g a rd e d as an im portant d eterm i
n an t of biotic spatial an d tem poral p attern s (Huston
1994), although the term has b e e n u sed for m any
different processes an d factors affecting biotic com 
m unities. It covers biotic or abiotic processes of natural
or anthropogenic origin that affect only th e biota or
destroy habitats in episodic events or by prolonged
stresses (M ackey & Currie 2001). The effects of distur
ban ce of anthropogenic origin on m arine benthic

organism s have b ee n described for cases of organic
pollution (Pearson & R osenberg 1978), m ine tailings
disposal (O lsgard & H asle 1993), heavy m etal pollution
(Stark 1998), m echanical disturbance of sedim ents by
fish and shrim p traw ling (Kaiser et al. 2000), d red g e
spoils dum ping (Rhoads et al. 1978) and ballast w ater
disposal (Blanchard et al. 2003). N atural disturbances
th at affect benthic com m unities include both largescale phenom ena, such as storms (Haii 1994), tidally
induced sand m ovem ent, unusually low tem peratures
and salinities, hypoxia (Santos & Simon 1980), dep o si
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tion of fluvial sedim ents (Aller & Stupakof 1996) and
sm all-scale biologically m ediated events such as bioturbation (Haii 1994). T hese n atu ral p h en o m ena can
influence benthic com m unities already distu rbed by
anthropogenic im pacts in coastal w aters of highly p o p 
ulated tem p erate latitudes, thus m aking th e assess
m ent of th e causes of com m unity disturbance u n ce r
tain. C ausal relationships b etw een natural disturbance
processes and accom panying ecological p atterns can
be m ore easily understood in polar regions w here
anthropogenic im pacts are relatively low an d some
areas are still am ong the most pristine in th e world
(Clarke & H arris 2003).
Tidal glaciers, usually situated in th e inner parts of
Arctic fjords, d ischarge m eltw aters loaded w ith high
levels of particulate m ineral m aterial, m uch of w hich
sedim ents to th e bottom in inner fjord areas (i.e. glacial
bays). The anim als dw elling in glacial bays are ex 
posed to chronic physical disturbance (Gorlich et al.
1987, Syvitski et al. 1989). H igh sedim entation results
in the form ation of unconsolidated, easily ero d ed sedi
m ents, w hich are readily and frequently resu sp en d ed
an d red ep o sited (Syvitski et al. 1987). Bottom -dw elling
organism s m ay be buried, larval settlem ent m ay be
hindered, filtering ap p en d ag es of suspension feeders
m ay becom e clogged by inorganic particles and the
tubes of tube-building organism s m ay be b u ried th e re 
by im peding irrigation an d leading to suffocation
(Moore 1977, Haii 1994). In addition, th e infauna m ust
tolerate episodic catastrophic events such as iceberg
scouring, sedim ent slides an d gravity flows (Dowdesw ell 1987). M oreover, th e high turbidity red u ces pri
m ary production in the w ater column, and organic
m atter sedim enting to the bottom is diluted by the high
inorganic sedim ent load (Gorlich et al. 1987). These
processes (high turbidity, high inorganic sed im enta
tion rate, high instability of sedim ents an d low am ount
of organic m atter) are interconnected, and separation
of their effects on benthic com m unities is difficult.
H owever, as clear disturbance effects can be d e 
lineated, a 'glacier-induced d isturbance' or com plex
of stress-generating factors can be ascertained. They
originate prim arily from the tidal glacier activity
(m eltw ater discharge) w ith intensity decreasing w ith
distance from the glacier front.
The increase of input of terrigenous m ineral m aterial
to the oceans is one of the p red icted clim ate change
consequences. Glacial retreat, currently o bserved both
in Arctic and in the Antarctic, is accom panied by an
increase in m eltw ater outflow and a flux of inorganic
particles to th e sea (Svendsen et al. 1996). W heatcroft
(2000) p red icted th at the supply of fluvial w aters and
sedim ent m aterial into the ocean will increase in the
future due to both hu m an land exploitation and cli
m ate w arm ing, resulting in an increase in p recipita

tion. Increased sedim ent loads to coastal w aters may
also result from such hum an activities as deforestation,
dredging, industrial and dom estic discharges, con
struction activities and aquaculture (Airoldi 2003) and
can be reg a rd ed as one of the m ajor threats to m arine
biodiversity (Thrush et al. 2004).
The gradient of glacier-induced disturbance is m ir
rored by a succession of faunal associations, w hich w as
described for Kongsfjord, Spitsbergen by W lodarskaKowalczuk & Pearson (2004). O ur objective in this
p a p er is to quantify faunal density and biom ass, sp e 
cies dispersion and diversity and the trophic structure
of the biota along the disturbance gradient resulting
from glacial sedim entation. W riting on disturbance
and diversity relationships, Rosenzw eig (1995) noted
th at 'the processes that produce the p atterns will
w ork regardless of the source of the disturbance'. We
will com pare the p atterns found in soft-bottom m acrobenthic com m unities exposed to glacier-induced d is
turbance to published cases of alternative natural
and anthropogenic disturbances to find the common
effects, irrespective of the disturbance agents.

MATERIALS AND METHODS
Study area. Kongsfjord is a 26 km long open (i.e. no
sill at entrance) fjord situated on the w estern coast
of Spitsbergen at 79° N, 12° E (Fig. 1). The m axim um
d e p th is -350 m. T hree large tidal glaciers term inate in
the fjord waters: K ongsbreen, C onw aybreen and Blomstrandbreen. Small icebergs are observed throughout
the fjord year round. Large icebergs (up to 10 m high)
circulate or stay anchored in the inner basin. The m ain
w ater m asses of the Kongsfjord include Surface W aters
originating from glacier m eltw ater outflows, T rans
form ed Atlantic W aters originating on the S pitsbergen
shelf, Local Fjordic W aters and W inter Bottom W aters
form ed by a process of deep convection in the w inter
(Svendsen et al. 2002).
In K ongsbreen glacial bay very high concentrations
of suspended inorganic particles in the w ater (300 to
500 m g dm 3) and very high inorganic sedim entation
rates in the w ater colum n (over 800 g n r 2 d-1, Zajaczkow ski 2000) have b een recorded. In the central part of
the fjord the concentration of inorganic suspensions in
the w ater decreases to 20 m g d n r 3 and the sedim enta
tion rate in the w ater colum n to below 25 g n r 2 d_1
(Zajaczkowski 2000).
The sedim ents in the d ee p er sublittoral of the K ongs
fjord (below 30 to 40 m) are of fairly uniform m ud
(W lodarska-Kowalczuk & Pearson 2004). The sedim ent
accum ulation rate follows the gradient of sedim enta
tion rates in the w ater column, decreasing by about
one order of m agnitude from the K ongsbreen glacial
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faunal associations. The similarities b e 
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tw een sam ples w ere calculated using
the Bray-Curtis index. M ultidim en
sional scaling (MDS) of double-root
Fig. 1. Location of sam pling stations in Kongsfjord. The symbols re p re sen t 4
transform
ed d ata for all sam ples w as
associations (GLAC, TRANS, CENTR an d ENTR) b ase d on m ultiple sam ples
ta k e n at sam pling stations. The results of non-m etric m ultidim ensional scaling
carried out. Such a transform ation gives
of Bray-Curtis similarities of 4th-root transform ed species ab u n d an ces in sam 
a 'balan ced ' view of com m unity stru c
ples are p resen ted in th e low er inset in th e study a re a m ap. The h a tch e d areas
ture
by reducing the influence of the
rep re se n t th e tidal glacier fronts
num erically dom inant species.
bay (20 000 g n r 2 yr_1) to the central p art of the fjord
D ifferences in m acrofauna density and AIB betw een
(1800 to 3800 g n r 2 yr_1) and, again, by another order
associations w ere identified using 1-way ANOVA. The
of m agnitude tow ards the outer fjord (200 g n r 2 yr_1;
norm ality of distribution of density and AIB (as w ell as
Svendsen et al. 2002). In glacial bays th e deposited
other m etrics in the following analyses) in associations
m aterial is not com pacted an d th e w ater content in sur
w as tested w ith the use of the Shapiro-W ilk test and the
hom ogeneity of variance w ith the use of the Brownface sedim ents is high (A. Z aborska pers. comm.). The
com bination of high sedim entation, iceb erg scour, fre 
Forsyth test. Density and AIB w ere log-transform ed prior
q u en t sedim ent slides an d gravity flows results in the
to analyses to assess the norm ality of d ata distributions
form ation of unconsolidated, easily ero d ed sedim ents
in associations and the hom ogeneity of variance. Post
(Dowdeswell 1987, Syvitski et al. 1987), an d the stabil
hoc com parative tests w ere carried out w ith the use of
ity of th e sedim ents decreases th e closer one gets to
Fisher's least significant difference (LSD) tests. The
th e glaciers. The stability of th e sedim ents in different
differences in B betw een associations w ere tested using
parts of Kongsfjord both influences an d is influenced
the non-param etric Kruskal-W allis test, as even after
by the benthic fauna. In the glacial bay th e fauna is
transform ations of d ata the hom ogeneity of variance
dom inated by m obile protobranch bivalves, w hich are
could not be assessed. Post hoc testing w as carried out
know n to destabilize the sedim ent, w hile in the outer
w ith the use of pair-w ise M ann-W hitney ¡7-tests.
Each of the 4 associations described below w ere
basin th e fau n a is dom inated by large, tube-dw elling
found over a range of depths. The association GLAC
polychaetes, w hich stabilize sedim ent (W lodarska(38 to 83 m) and TRANS (72 to 125 m) w ere com posed
Kowalczuk & Pearson 2004).
The organic carbon content in the sedim ents d e c re a 
of sam ples tak en in shallow er sites th an CENTR (258 to
ses from >2.5 m g g_1 at the fjord m outh to <0.2 m g g_1
380 m) and ENTR (155 to 258 m). To find out if the stu d 
in the K ongsbreen glacial bay (W lodarska-Kowalczuk
ied m etrics w ere related to depth, w e carried out the
& Pearson 2004).
analyses of m odel I linear regression of density, B and
Sampling and data analysis. A total of 80 v an V een
AIB to depth.
grab sam ples (0.1 m 2) w ere tak en from 30 stations in
Species richness defined as the total num ber of sp e 
Kongsfjord at d epths of 38 to 380 m (Fig. 1) in July 1997
cies in a sam ple (S), species diversity m easured using
an d 1998 from RV 'O ceania', sieved (0.5 mm mesh),
the H urlbert index calculated for 100 individuals
—
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(E S[100]) and the Shannon-W iener loge-based index
(H ' ) w ere calculated. The evenness (equitability) of
distribution of individuals b etw een species w as cal
culated as the Pielou index (J). The differences in
S, E S [100], H ' an d J b etw een th e associations w ere
tested using one-w ay ANOVA. S an d H ' w ere logtransform ed prior to analysis to assess th e norm ality of
d ata distributions in associations and the hom ogeneity
of variance. Fisher's LSD tests w ere used for post hoc
m ultiple com parisons. The relationship of S, E S [100],
H ' an d J to d e p th w as investigated using m odel I
linear regression.
To explore the taxonom ic diversity of sam ples, 2
m easures of taxonom ic distinctness w ere calculated:
A vT D (average taxonom ic distinctness of p resen ce/
absence data) an d varTD (variation in taxonom ic dis
tinctness) (Clarke & W arw ick 2001). The taxonomic
diversity m easures differ from other m etrics of species
richness an d species diversity in that they include
inform ation on the taxonom ic position of species.
A vT D describes the av erage taxonom ic distance (the
'p a th len g th ' b etw een 2 species following Linnean
taxonomy) of all species in an association. varTD is
defined as the variance of th e taxonom ic distances
betw een all pairs of species in the association. Six
taxonom ic levels w ere u sed in calculations: species,
genus, family, order, class an d phylum , and equal step
levels b etw een successive taxonom ic levels w ere
assum ed. D ifferences b etw een associations w ere id en 
tified using 1-way ANOVA for varTD an d the nonparam etric Kruskal-W allis test for A vT D (as th e hom o
geneity of variance could not be assessed ev en after
d ata transform ations). Post hoc testing w as carried out
using Fisher's LSD tests and M ann-W hitney U-tests.
The diversity of functional groups (guilds) w as a n a 
lysed. All species w ere classified by their feeding mode
an d com parative m obility according to Fauchald & Jum ars (1979), F eder & M ath ek e (1980) an d u npublished
observations. Fifteen guilds rep resen tin g com binations
of 5 feeding types — carnivores, herbivores, suspension
feeders, surface detritus feeders, subsurface detritus
feeders (burrow ers)— an d 3 mobility types — sessile,
discretely mobile, m obile— w ere considered. The num 
b er of guilds and p ercen tag e of each functional group
in th e total num b er of organism s w ere calculated.
a an d ß diversities rep resen t 2 different aspects of
diversity m easurem ents, a diversity is diversity of a
defined spatial unit — in our case species richness,
species diversity, taxonom ic distinctness or functional
group diversity of a sam ple, ß diversity does not m e a 
sure the diversity of th e spatial unit itself but th e extent
to w hich the diversity of 2 or m ore spatial units differ,
i.e. the spatial hetero g en eity of the association
(M agurran 2004). H ere w e applied 3 categories of ß
diversity m easures (M agurran 2004).

(1) ßw: a m easure of the extent of the difference
b etw een a diversity of several spatial units in relation
to the y diversity (regional diversity) (W hittaker 1972).
W hen treating species richness in associations as y
diversity, w e calculated ßw for each association as ßw =
(y/cx)—1, w h e r e á is an average num ber of species in a
sam ple and y is total num ber of species in the asso
ciation.
(2) C: com plem entarity (or 'biotic d istinctness')— the
percen tag e of all species in 2 sam ples, w hich occur in
only one or the other of them (= are 'com plem entary')
(Colwell & C oddington 1994). C m ay vary from 0%
(identical species lists) to 100% (completely distinct
species lists). We calculated it using E stim ates (V.7.5,
R. K. Colwell, http://purl.oclc.org/estim ates). The dif
ferences in C betw een the associations w ere identified
using the non-param etric Kruskal-W allis test (the
hom ogeneity of variance could not be assessed even
after transform ations of data). Pair-wise M ann-W hitney
U-tests w ere u sed for post hoc m ultiple com parisons.
(3) Species accum ulation plots w hich exploit the
turnover related to the accum ulation of species w ith
increased sam pling a rea (M agurran 2004). The curvi
linear plots show the cum ulative num ber of different
species observed as each new sam ple is added, the
curves being av eraged over 999 perm utations of
random ly o rd ered samples.
The Index of M ultivariate D ispersion (IM D ) of W ar
w ick & C larke (1993) is an expression of m ultivariate
variance am ong sam ples. IMD w as calculated for asso
ciations to quantify the differences in faunal variability
b etw een associations. The increased variability am ong
sam ples w as proposed as one of the diagnostic features
of disturbed com m unities (W arwick & C larke 1993).
The relative variability b etw een groups of sam ples can
be expressed in a relative dispersion R S sequence in
w hich the larger values correspond to g reater w ithingroup dispersion (Clarke & W arwick 1994). The IMD
com pares average ranks of similarities am ong sam ples
in 2 groups of sam ples and can range from +1 (all sim 
ilarities am ong sam ples in one group are low er than
any similarities in the other one) to -1 (no differences
b etw een groups).
All d a ta analyses w ere carried out using the PRIMER
Package (Clarke & W arwick 1994) and the StatSoft
softw are STATISTICA v.6.

RESULTS
Four faunal associations located along the fjord axis
w ere distinguished: (1) GLAC, including stations situ
ated in the inner glacial bay in proxim ity to the K ongs
b re e n and C onw aybreen glaciers; (2) TRANS, includ
ing stations situated close to the Lovenoyane islands
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T able 1. D ensity (D, ind. 0.1 m 2), w et form alin biom ass (B, g w w m 2) and
next to the K ongsbreen glacial bay,
av erag e individual biom ass (AIB, m g w w nT 2) in 4 associations
or close to B lom strandbreen, a less
active glacier term inating in th e m id
GLAC
TRANS
CENTR
ENTR
dle of the fjord; (3) CENTR, including
stations situated in th e central and
D
M in.-m ax.
168-1076
180-1003
78-802
95-538
outer parts of the fjord; (4) ENTR,
M ean ± SD 442.3 ± 232.7 592.0 ± 215.8
425.7 ± 207.0 240.3 ± 151.3
including stations situated at the
B
M in.-m ax.
0.6-7.7
1.6-36.4
0.5-12.3
0.8-44.7
entran ce of the fjord (Fig. 1). The
M ean ± SD 2.73 ± 1.53
8.19 ± 8.93
4.34 ± 3.77
10.92 ± 14.44
details of the distribution and species
A IB M in.-m ax.
0.10-0.80
0.20-1.31
0.15-1.72
0.23-3.50
com position of these associations as
M ean ± SD 0.326 ± 0.174 0.641 ± 0.344
0.591 ± 0.432 1.295 ± 1.052
w ell as th e results of m ore d etailed
m ultivariate analyses (including clus
H, E S [100] and J w ere lowest in the GLAC association
tering of sam ples and application of different tra n s
(respectively 22.2 ± 5.6 SD, 1.89 ± 0.22 SD, 12.8 ±
form ations of data) are described by W lodarska2.2 SD, 0.62 ± 0.05 SD, Fig. 3). S w as highest in the
Kowalczuk & Pearson (2004).
T here w ere significant differences b etw een the vari
TRANS association (42.2 ± 6.5 SD).
ous associations in density, B an d AIB (ANOVA F =
T here w as no significant relationship betw een J and
8.22, p < 0.001 for density, F= 8.18, p < 0.001 for AIB,
d e p th (model I linear regression, p = 0.09). The results
of regression of S, E S [100] and H ' to d e p th w ere sig
Kruskal-W allis test H = 13.30, p < 0.01 for B). T here
w ere significant differences (p < 0.05, Fisher's LSD) in
nificant (p < 0.05), but the relationship w as very w eak
density for all pairs of associations except for the
(R = 0.26, 0.29 and 0.25 respectively) — the regression
GLA C-CEN TR pair. M ean density w as th e highest in
to d ep th explains only 6 to 8 % of the variation of these
sam ples of th e TRANS association, low er in th e GLAC
m etrics (r2 = 0.07, 0.08 and 0.06 respectively).
A vTD w as highest w hile varTD w as low est in the
an d CENTR associations, an d low est in the ENTR
association (Table 1). M ean B an d AIB w ere low er in
GLAC association (Fig. 4). T here w ere significant dif
th e GLAC association th an in the other associations
ferences in these m easures betw een associations
(Table 1). Post hoc m ultiple com parisons show ed
(Kruskal-W allis test H = 49.18, p < 0.001 for AvTD,
that B w as significantly different only for the pairs
ANOVA F = 14.06, p < 0.001 for varTD). T here w ere
GLAC-TRANS an d TRANS-CENTR (M ann-W hitney
significant differences (p < 0.05, M ann-W hitney U- test)
U-test, p < 0.05), w hile AIB w as significantly different
in the pairs GLAC-TRANS, GLAC-ENTR, TRANS500 i
ENTR an d CENTR-ENTR. T here w as no significant
relationship b etw een density, B or AIB an d depth
(model I linear regression: p = 0.15, 0.68, 0.65 resp ec 
O 400 tively) .
Two m ain p attern s of distribution w ere found am ong
300 th e 12 m ost num erous species in the fjord. Some
occurred m ainly in th e GLAC and TRANS associations
(the bivalve Yoldiella solidula an d polychaetes of the
200 C haetozone group, C hone paucibranchiata and Cos
sura longocirrata), w hile others occurred only in the
TRANS, CENTR and ENTR associations (the poly
100 chaetes Lum brineris sp., Leitoscoloplos sp., Levinsenia
gracilis, M aldane sarsi an d H eterom astus filiformis)
(Fig. 2). Individuals of the bivalve species A xinopsida
orbiculata an d Y. lenticula an d the polychaete Prionos
GLAC
TRANS
CENTR
ENTR
pio sp. w ere located m ainly in one association (Fig. 2).
T here w ere significant differences b etw een associa
- ■Prionospio sp.
—o— Yoldiella lenticula
Axinopsida orbiculata — Maldane sarsi
tions in all species richness an d species diversity
Cossura longocirrata
Heteromastus filiformis
indices u sed (ANOVA F = 32.15, p < 0.001 for S, F =
--*-■ Chaetozone group
—*— Levinsenia gracilis
77.52, p < 0.001 for H, F= 96.90, p < 0.001 for E S [100]
Chone paucibranchiata — Leitoscoloplos sp.
- ■*- ■Yoldiella solidula
Lumbrineris sp.
an d F = 22.43, p <0.001 for J). T here w ere significant
differences (p < 0.05, Fisher's LSD) in these m etrics for
Fig. 2. C um ulative m e an densities (ind. 0.1 n r 2) in each asso
all pairs of associations except for TRANS-ENTR and
ciation of th e m ost ab u n d an t species in th e fjord. Species w ith
a dom inance exceeding 2 % are p re se n ted
CEN TR-EN TR for S a n d TRANS-ENTR for H a n d J. S,
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Fig. 3. Diversity in associations (m ean an d 95 % confidence
inlervals). S: num b er of species p e r sam ple, E S [100]: Hurlb e rl index for 100 individuals, H ': Shannon-W iener index,
J: Pielou evenness index
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w ere poorly re p re sen te d in the CENTR and ENTR
associations. M obile carnivores w ere w ell rep resen ted
in the CENTR and ENTR associations (17 and 15%,
respectively) but less dom inant in the TRANS and
GLAC associations (7 and 4% , respectively). The n u m 
ber of sedentary suspension feeders w as highest in the
TRANS and ENTR associations but low in the GLAC
and CENTR areas. In general, the distribution of the
fauna am ong the functional groups w as m ore even in
the TRANS, CENTR and ENTR associations th an in
the GLAC association.
ß,„- w as high both in the CENTR association (2.99)
and in the GLAC association (2.61). It w as low er in the
TRANS association (2.13) and lowest in the ENTR
association (1.77). C w as low est in GLAC (57.5 ± 7.1)
and increased tow ards the en trance of the fjord (59.6 ±
7.3 in TRANS, 61.9 ± 7.9 in CENTR, 64.6 ± 7.1 in
ENTR). T here w ere significant differences betw een
associations in C (Kruskal-W allis test H = 49.03, p <
0.001). Post hoc m ultiple pair-w ise testing show ed sig
nificant differences betw een all pairs of associations
(p < 0.05, M ann-W hitney U-test). N one of the species
accum ulation curves stabilised tow ards asymptotic
values (Fig. 5). The species accum ulation curve re p re 
senting the GLAC association w as the least steep and
lay below the curves rep resen tin g other associations
(Fig. 5).
The GLAC association sam ples w ere less scattered
th an sam ples of rem aining associations on the MDS
plot (Fig. 1). The R S w as m uch low er in the GLAC
association (0.68) th an in other associations (1.14 in

GLAC TR A N S CEN TR ENTR

Fig. 4. A verage laxonom ic dislinclness (AvTD) an d variance
of laxonom ic dislinclness (varTD) in associations (m ean and
95 % confidence inlervals)

in A vT D for all pairs of associations except TRANSENTR an d CENTR-ENTR. T here w ere significant
differences (p < 0.05, Fisher's LSD) in varTD for
GLAC-TRANS, G LA C-CEN TR an d GLAC-ENTR.
The num b er of functional groups w as lowest in the
glacial bay (11 groups, Table 2), w hile 14 to 15 oc
cu rred in oth er associations. The GLAC association
w as dom inated by 1 guild — m obile surface-detritus
feeders (67 %), w hile discretely m obile suspension/surface-detritus feeders com prised 13% of th e fauna.
R em aining guilds each accounted for <5% . In the
TRANS, CENTR and ENTR associations, the most
ab u n d an t guild accounted for around 30% of the
fauna. In th e TRANS association mobile surfacedetritus feeders m ade up 32 % an d m obile subsurface
detritivores 22 % of the assem blage. M obile species
capable of both suspension an d deposit feeding m ade
up 5 to 13 % of the GLAC an d TRANS associations but

T able 2. P ercen tag e of functional types in total n u m b er of an i
m als in each association. Functional groups are d esig n ated by
codes: first letter(s) = feeding type: f: suspension feeders, s:
surface detritus feeders, b: subsurface detritus feeders, c: car
nivores, o: omnivores; last letter = mobility type: m: m obile,
d: discretely m obile, s: sedentary; u: u n k now n functional type
Functional
type
fs
fd
fm
f/ss
f/sd
f/sm
ss
sd
sm
bs
bm
cm
c/bm
s/cm
om
u

GLAC

0.3
0.1
0.3
-

13.1
6.7
0.7
-

66.6
-

4.4
3.5
-

1.4
-

2.9

TRANS

1.5
-

0.4
0.1
4.9
11.1
8.7
0.4
32.4
4.0
21.7
7.4
1.1
1.3
0.1
4.9

CENTR

ENTR

2.3
0.1

0.4

-

1.0
1.3
0.1
1.6
30.2
9.2
10.3
22.0
17.0
0.8
1.1
0.2
2.7

-

4.7
-

0.6
1.4
8.4
1.7
12.2
3.9
34.4
14.9
1.3
9.4
0.6
6.3
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Fig. 5. Species accum ulation curves for associations

TRANS an d CENTR, 1.43 in ENTR). The IMD aiso
show ed th at the dispersion w as low er (and th e w ithingroup similarity higher) in GLAC th an in all other
associations (Table 3).

DISCUSSION
The disturbance cau sed by th e K ongsbreen glacier
resu lted in clear p attern s of change in th e benthic
fauna. Four faunal associations w ere located along the
grad ien t of th e glacial distu rb an ce/in creasin g distance
from the glaciers. In areas w ith high disturbance, the
fauna w as dom inated by sm all-bodied surface-depositfeeding species w ith low biom ass and low diversity. As
distance from th e glacier increased, both biom ass and
diversity in creased and the trophic structure becam e
m ore complex. The n ear-glacier association (GLAC)
consisted of th e shallow est stations, w hile the o u ter
m ost association (ENTR) w as located in th e deepest
part of the fjord, so th e d ep th w as initially considered
as a potentially confounding variable in the in te rp reta 
tion of our results. However, regression analysis indi
cated that th e pattern s of chan g e in th e m acrofauna
w ere u n related to depth, w hile the differences b e 
tw een associations w ere very clear (p < 0.001), strongly
suggesting that the p attern s that w e observed w ere
m ore likely to be related to distance from th e glacier
an d h en ce to the level of glacial disturbance.
Table 3. Index of M ultivariate D ispersion {IMD) b etw een
pairs of associations
Associations com pared
GLAC/CENTR
GLAC/TRANS
GLAC/ENTR
CENTR/TRANS
CENTR/ENTR
TRANS/ENTR

IMD
-0.476
-0.451
-0.701
-0.019
-0.331
-0.304
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The highest faunal density in Kongsfjord w as noted
in the TRANS association — the second in a series of
associations along the glacier-derived disturbance g ra 
dient. In Pearson & Rosenberg's (1978) organic en rich 
m ent gradient model, the m axim um ab undance of the
m acrofauna w as also found at a short distance from the
are a of m axim um disturbance. In this m odel a small
num ber of opportunistic species colonised organically
enriched sedim ents and becam e extrem ely abu n d an t
in areas im m ediately beyond the area of m axim um
pollution. In these locations the environm ental condi
tions w ere sufficiently harsh to exclude other com pet
ing species. In Kongsfjord the m axim um density in the
TRANS association w as also consistent w ith its tran si
tional character. The species dom inating in the glacial
bay, m ostly small mobile bivalves and polychaetes
ad ap ted to high m ineral sedim entation and unstable
sedim ents, rem ained a b u n d an t in the TRANS associa
tion but th en either disap p eared or dim inished greatly
as one gets closer to the fjord mouth. On the other
hand, the TRANS association also included high d en si
ties of species, often large tube-dw elling polychaetes,
w hich w ere dom inant in the central part of the fjord
but absent in the dynam ic environm ent close to the
glacier.
D isturbance gradients are often accom panied by a
decrease in benthic biomass, e.g. in areas severely d is
tu rb ed by fish traw ling (Jennings et al. 2001), increased
fluvial sedim entation (Aller & Stupakoff 1996), deepsea nodule m ining (Ingole et al. 2001) and organic e n 
richm ent (Pearson & R osenberg 1978). In an Arctic
fjord, the low biom ass in areas n e ar glaciers m ay result
both from physical disturbance and the low quantities
of available organic m atter (Gorlich et al. 1987).
D isturbed areas are usually colonised by surfacedw elling organism s th at are restricted to the sedim e n t-w a te r interface (e.g. Pearson & R osenberg 1978,
Rhoads et al. 1978, Aller & Stupakoff 1996, Kaiser et al.
2000). Large-bodied, deeply p en etratin g and effective
bioturbators, w hich often act as structural species by
m aintaining spatial complexity, are often elim inated
(W iddicombe et al. 2004). M ean average individual
biom ass (AIB) w as lowest in the glacial bay as the
GLAC association w as com posed of organism s sm aller
th an those found in associations situated further from
the glacier. The organism s' size and d ep th of sedim ent
penetration as w ell as the com plexity of the physical
structure of the com m unity decrease the closer one
gets to the glacier (W lodarska-Kowalczuk & Pearson
2004). Small mobile bivalves and polychaetes, w hich
stay on or close to the sedim ent surface, dom inate the
glacial bay fauna. The central basin associations
include large tube-dw elling, deeply burrow ing poly
c h a e te s— structural species such as Spiochaetopterus
typicus or M aldane sarsi. They are accom panied by
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small tu b e dw ellers an d a variety of mobile species
of different sizes freely burrow ing in th e sedim ent
or staying at th e surface (W lodarska-Kowalczuk &
Pearson 2004).
In pollution im pact studies, th e small, ab u n d an t sp e 
cies colonising distu rb ed sedim ents are usually oppor
tunists sensu G rassle & G rassle (1974). The 'p e ak of
opportunists' w as rep o rted for sites im pacted by or
ganic pollution (Pearson & R osenberg 1978), for sedi
m ents d eprived of benthic fauna by acute, catastrophic
disturbance as w ith intensive m ine tailings discharge
(O lsgard & H alse 1993) or after m anipulated d efauna tion of sedim ents in experim ental studies (McCall
1977). Kendall et al. (2003) stated that none of the sp e
cies dom inating in the Kongsfjord glacial bay could be
classified as truly opportunistic species. For exam ple,
C haetosone setoza w as rep o rted to have lecithotrophic
developm ent in Arctic w aters (Curtis 1977). The larval
shells of Yoldiella solidula, Y. lenticula an d Thyasira
dunbari also suggest that these species have a lecitho
trophic m ode of dispersal (A. W arén pers. comm.). The
other dom inants are know n to brood the low num bers
of offspring they produce (Kendall et al. 2003); such
traits do not fit the classical definition of an oppor
tunist. It app ears that species dom inating in n e a r
glacial sites are b etter ad ap ted to resist disturbance
rath er th an to resp o n d to disturbance by em ploying
special life-history traits. A classical successional shift
from 'opportunistic' to 'equilibrium ' species w as ob
served n eith er in areas exposed to high rates of inor
ganic sedim entation resulting from m ine tailings dis
ch arg e (Lancellotti & Stotz 2004) nor along a gradient
of chronic physical disturbance caused by 'benthic
storm s' in th e d eep sea (Aller 1997). The n atu re of dis
tu rb an ce d escribed by Aller (1997) is similar in m any
respects to that in the glacial bays as it is abiotic,
natu ral an d chronic, influencing sedim ent stability and
sedim entary deposition in the near-bottom w ater
layers, as w ell as b ein g accom panied by a low input
of organic m atter.
The dynam ic equilibrium hypothesis states that
diversity is m aintained by th e equilibrium betw een
m ortality-causing disturbances and rate of com petitive
displacem ent, the latter d e p en d in g on the grow th rates
of populations (Huston 1979). In the glacial bay the
loading of m ineral m aterial induces both a high in ten 
sity of disturbance an d low prim ary productivity. With
a low intensity of disturbance th e low productivity re 
sults in a low rate of com petitive displacem ent, and
thus the high diversity is m aintained. W ith a high
intensity of disturbance, the low productivity has the
opposite effect — the diversity is ev en m ore d epressed
(Huston 1994). In Kongsfjord, the glacier-induced
disturbance w as accom panied by a d ecrease both in
species nu m b er an d in evenness of th e distribution of

individuals am ong the species. The few disturbancetolerant species dom inated the glacial bay community.
E xperim ental evidence indicated that the deposition of
a layer as thin as 3 mm of terrigenous sedim ents w as
sufficient to reduce the num ber of species in a soft
sedim ent benthic community, and the rare species
w ere elim inated first (Lohrer et al. 2004). In Kongfsjord
the num ber of species w as highest in a 'transition zone'
(the TRANS association), w here the fauna consisted
of species of both adjacent com m unities, a p attern
consistent w ith the predictions of the In term ediateD isturbance H ypothesis (Huston 1979). The in term edi
ate levels of bioturbation increase benthic diversity as
the d ep th of oxygenated layers, and thus the effective
volum e of substrate, is higher in bioturbated sedim ents
(W iddicombe et al. 2004). The interm ediate levels of
physical disturbance of sedim ents in an Arctic fjord
prom ote the co-existence of tube-building sedentary
polychaetes (dom inating in the CENTR association)
and m obile detritus-feeding bivalves and polychaetes
(dom inating in the GLAC association, W lodarskaKowalczuk & Pearson 2004), w hich are likely to com 
p ete for space and food in stable conditions (Wilson
1991).
The decrease in species diversity as one approaches
the glacier is consistent w ith p atterns described for dif
ferent disturbance gradients. Surprisingly, taxonomic
distinctness did not follow th at trend; it w as highest in
the glacial bay and its variance w as lowest there, i.e.
species w ere evenly distributed across the hierarchical
taxonom ic tree (Warwick & C larke 2001). In several
cases a decrease in taxonom ic distinctness and in c re a
se in its variance followed events of anthropogenic d is
turbance, or environm ental deterioration (Warwick &
C larke 1995, W arwick et al. 2002), even if the species
diversity indices rem ained constant or even increased.
For this reason it has b e en proposed as a very sensitive
m ethod for detecting disturbances and environm ental
changes. Its usefulness in disturbance studies has been
prom oted on the basis that 'in grossly p ertu rb ed situa
tions com m unities are m aintained in an early stage of
succession and often com prise guilds of closely related
sibling species' (Warwick & C larke 2001). Some cases
have b een rep o rted w h ere taxonom ic distinctness
m easures did not show the effect of severe environ
m ental contam ination (Somerfield et al. 1997), thus
raising doubts about the universal applicability of
taxonom ic distinctness indices in the detection of
disturbance effects. In the disturbed environm ent of
the glacial bay w e obviously do not have a small set of
closely related species; instead w e have a taxonom ically diverse group of species w ell ad ap ted to the
environm ent in w hich they live. This difference from
classical disturbance assem blages m ay stem from the
'longer history' of this natural disturbance com pared to
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relatively 'recen t' anthropogenic disturbances or the
'chronic' an d 'pred ictab le' character of disturbance in
the glacial bay, in contrast to m any anthropogenic
events of m ore 'episodic' an d 'u n p red ictab le' char
acter. T hat m ight allow several u n related groups of
anim als to find their w ays to adapt.
Functional group diversity m ay be a b etter determ i
n an t of ecosystem function th an species richness. In
Kongsfjord, both biodiversity m etrics an d trophic com 
plexity becom e h igher w ith distance from the glacier,
ag reein g well w ith other studies. The simplification
of functional structure in disturbed com m unities has
b e e n described for cases of organic pollution (Pearson
& R osenberg (1978) an d d red g e disposal (Rhoads et al.
1978). Bonsdorf & Pearson (1999) noted a d ecrease in
the n um ber of trophic groups along a g radient of dis
tu rbances connected w ith low ered salinity in the Baltic
Sea. Even if the identity of the dom inant guild differs
in cases of organic pollution (mobile tubiculous su b 
surface detritus feeders, Pearson & R osenberg 1978)
or d red g e disposal (tube-dw elling surface-detritus
feeders, Rhoads et al. 1978) from those in the glacial
bay (mobile surface-detritus feeders), the d ecrease in
functional group diversity in disturbed com m unities
is similar in all cases. In areas not experiencing the
disturbance, th e simple, 'pioneer' com m unities w ith
sim pler benthic infaunal food w ebs dom inated by one
functional group are rep laced by m ore com plex com 
m unities com posed of anim als from a w ide range of
size an d functional types, presum ably exploiting m ore
resource niches (creating m ore com plex food webs).
The relation b etw een benthic variability and beta
diversity an d disturbance is unclear. In the glacial bay
the ß diversity an d faunal dispersion w as low er th a n in
other p arts of th e fjord. Kendall et al. (2003) studied
m ultiscale p attern s of species turnover in a northern
p art of the Kongsfjord glacial bay. They found the

low sedim entation
shelf influence
strong currents

low sedim entation
stable sedim ents

m oderate sedim entation
stable sedim ents

fauna in the inner basin of Kongsfjord to be very
hom ogenous (50% similarity betw een sam ples se p a 
rated by 2 km, and no difference in similarity b etw een
pairs of sam ples ta k en at the sam e station or 500 m
apart). A com parison of species accum ulation curves
for Kongsfjord associations indicates that the pool of
species in the glacial bay is relatively low. T here are
few er species available to possibly vary am ong sam 
ples, and the variability is simply lim ited to some
changes in the dom inance p attern of a small set
of dom inants. W arw ick & C larke (1993) presen ted
several exam ples of increased variability of m arine
com m unities connected w ith increased level of p e rtu r
bation. They proposed the IM D as a m easure of com 
m unity dispersion — a possible sym ptom of an th ro 
pogenic disturbance effects. However, no increase in
variability, as expressed by the IMD or other m easures,
w as observed in studies of effects of m ine tailings dis
charge (Lancellotti & Stotz 2004), organic pollution
(Krassulya 2001), sew age discharge and w aste d um p
ing (C hapm an et al. 1995, Stark et al. 2003).

CONCLUSIONS
We have p resen te d a case of a high-latitude fjord in
w hich chronic physical disturbance of natural origin is
accom panied by low organic m atter input. This com bi
nation affects benthic ab u n dance (density, biomass)
and diversity (species richness, evenness, taxonomic
distinctness, functional and structural diversity, ß d i
versity) (Fig. 6). The benthic com m unities in n e a r
glacier bays are dom inated by sm all-bodied m obile
surface-deposit feeders and characterised by low bio
mass, low species richness and low species diversity. A
com parison of our data w ith published cases of various
disturbances of different natural and anthropogenic

high sedim entation
Instable sedim ents
iceberg scouring
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d e crea se in biom ass, sp ec ie s richness, sp ecies diversity, beta diversity, faunal dispersion
maximum density and sp ecies richness in transitional zone
simplification of functional group composition
Increase in taxonom ic diversity

=>

Fig. 6. T rends in m acrobenthic ab u n 
dance an d diversity along a gradient
of glacial disturbance. D om inants
in K ongsfjord associations (according
to W lodarska-K ow alczuk & Pearson
2004) include polychaetes (Clip: Cho
n e paucibranchiata, Ch: C haetozone
group), Cl: Cossura longocirrata, Hf:
H eterom astus filicornis, Ms: M aldane
sarsi, Lt: Leitoscoloplos sp., Ts: Tere
bellides stroemi, Cp: C lym enura po la 
ris, Go: G alathowenia oculata, Pr: Pri
onospio sp., St: Spiochaetopterus typi
cus), bivalves (Ys: Yoldiella solidula,
Th: Thyasira dunbari, Yl: Yoldiella
lenticula, Nt: N uculom a tenuis), gas
tropods (Le: Lepeta caeca), sipunculids (Sp: S ipunculida n. det.) an d ophiuroids (Or: Ophiura robusta)
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origins indicates that the p attern s of density, biomass,
species richness, species diversity an d functional
group diversity are similar, regard less of th e distur
ban ce source. Even at the contrasting levels of organic
m atter input n ear th e source of glacial disturbance
an d organic enrichm ent (Pearson & R osenberg 1978)
th e p attern s in standing stock (decrease in biomass,
th e h ighest density in transitional zone) rem ain similar.
The trends in taxonom ic distinctness, b eta diversity
an d faunal dispersion are m ore variable an d dep en d
on th e n atu re of the stress-g en eratin g factors. This
suggests th at th e m easures of taxonom ic distinctness
an d faunal variability should be tre a te d w ith m ore
caution before b ein g recom m ended as th e universal
diagnostic indicators of disturbance in benthic biota.
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