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INTRODUCTION

Determining the processes driving community pattern
is of key interest to ecologists. Characteristic of many
communities is their spatial and temporal heterogeneity
of pattern, where variability can be a function of exo-
genous (environmental) and/or endogenous (biological)
processes. Such processes are thought to vary across
multiple scales of space and time (Levin 1992), and are
integrated in potentially non-linear ways (Sokal & Oden
1978, Ricklefs 1987, Thrush et al. 2005). Progress in de-
termining the processes driving community dynamics in
the marine environment has been hindered by

difficulties in defining poorly perceived spatial subdivi-
sion of biotic and abiotic factors (Swearer et al. 2002,
Kinlan et al. 2005), and understanding their co-variance
across scales (Garza 2008). Ultimately, the key to under-
standing the drivers of species diversity (the numbers of
species and their distributions) lies in a better under-
standing of these highly integrated processes (Levin
1981, 1992, Thrush et al. 2000, Gaston 2003). In this re-
spect, a multi-scale approach to the analysis of biotic and
abiotic pattern has been shown to be particularly useful
in both terrestrial and marine habitats (Ohmann & Spies
1998, Williams et al. 2002, Thrush et al. 2005, Chapman
& Underwood 2008, Garza 2008).
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Fjord marine habitats are often classified as estu-
aries based on hydrography and geomorphology
(Ketchum 1983, Burrell 1988). However, fjords may
also be deep (often greater than 500 m water depth)
and comparatively stable over time (Pickrill 1987,
Syvitski et al. 1987), reflecting deeper offshore habi-
tats (Grant 2000, Snelgrove & Smith 2002). This sug-
gests that community structure and related processes
may span a broad range of spatial scales. Within shal-
low water soft-sediment communities, species pattern
often shows strong spatial structure over scales of
metres to 100s of metres (Thrush 1991), where biotic
and abiotic processes acting over such scales are
thought to be important in structuring local communi-
ties. Such processes may include microhabitat dynam-
ics affecting interactions between individuals (e.g.
Edgar & Barrett 2002), water-driven
mechanical and chemical sediment
processes (e.g. Probert 1984, Guichard
& Bourget 1998), disturbance by ben-
thic megafauna (e.g. Parry et al. 2003),
and effects of ‘ecosystem engineers’
(e.g. Berkenbusch et al. 2000), to name
a few. As spatial extent increases to
10s of km, processes related to a com-
munity’s position on similarly scaled
environmental gradients are evident
(e.g. Morrisey et al. 1992a,b, Edgar &
Barrett 2002), being more relevant to
species’ larval distribution/colonisa-
tion dynamics (e.g. Snelgrove et al.
2001), and life history (Legendre et al.
1997). Recent studies have suggested
that large- and small-scale processes
may interact in non-linear ways (Coco
et al. 2006), driving small-scale pat-
terns directly or indirectly (Chapman
& Underwood 2008) in shallow soft-
sediment communities.

The spatial and temporal scales of
processes in deep-sea soft-sediment
communities are thought to differ from
those of shallow water communities.
Small-scale patchiness is common
among deep-sea communities, similar
to shallow habitats (Tyler 1995, Levin
et al. 2001, Gray 2002). However, spa-
tial structure of such patch mosaics
becomes evident over much larger
(km) spatial scales (Grant 2000, Levin
et al. 2001). This suggests that pro-
cesses occurring over larger spatial
scales may be more important for
structuring local deep-sea communi-
ties compared to shallow communities;

for example, surface productivity over latitudinal spa-
tial scales (e.g. Glover et al. 2002), or effects of long-
term historical processes (e.g. Wilson 1998). Thus, con-
sidering these 2 contrasting habitat types (shallow
versus deep soft-sediment habitats), it is not clear
where fjord deep communities lie on this continuum;
determining the scales and interactions of processes
maintaining fjord benthic communities will provide
improved management strategies for these potentially
unique ecosystems.

The Doubtful Sound complex in southwest New
Zealand (Fig. 1) contains a network of deep basins that
are spatially subdivided by shallow sills, giving rise to
potentially strong spatial subdivision not seen in other
marine systems. We employed a hierarchical approach
to investigate processes maintaining deep-basin ben-
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thic community diversity. Brewin et al. (2008) quantita-
tively described the deep benthic macrofaunal commu-
nities in Doubtful Sound, showing that there was con-
siderable patchiness in composition of taxa (identified
to family or practical taxonomic level) and relative
abundance (Shannon-Wiener diversity and Pielou
evenness) at the sample (0.1 m2) spatial scale through-
out the fjord, similar to findings of early shallow-water
fjord studies elsewhere (e.g. Angel & Angel 1967,
Rosenberg 1974, Gage & Coghill 1977). However, de-
spite this high level of patchiness, Brewin et al. (2008)
reported significant between-basin variation in com-
munity alpha and beta diversity along the axes of
Doubtful Sound. In the present study, we investigated
those processes potentially maintaining such a commu-
nity pattern. Previous authors have proposed a number
of testable hypotheses explaining fjord-wide deep ben-
thic community patterns in fjords around the globe.
These include (1) the ‘distance from species pool’,
which reflects spatial variability in fjord colonisation by
species transported into the fjord, (2) the ‘barrier hypo-
thesis’ that describes dispersal limitation by entrance
sill depth, (3) the positive influence of sediment quality
and grain-size heterogeneity on diversity and (4) the
negative influence of high levels of organic carbon due
to competitive exclusion by opportunist species
(Amphipoda, Buhl-Jensen 1986, Buhl-Mortensen 1996;
Crustacea, Buhl-Jensen & Fosså 1991; Mollusca, Buhl-
Mortensen & Høisæter 1993; Foraminifera, Klitgaard-
Kristensen & Buhl-Mortensen 1999). The acceptance of
each hypothesis tended to vary depending on taxa, re-
flecting different ecological tolerances.

In the present study, we aimed to better understand
the ecological position of deep-fjord basin communi-
ties along the continuum of shallow to deep-water soft-
sediment community dynamics by characterising them
in terms of their multi-scaled community structuring
processes. Using community data (identified to family
or practical taxonomic unit) from Brewin et al. (2008),
we examined spatial variability of deep-fjord commu-
nities using partial redundancy analysis (RDA; Legen-
dre & Legendre 1998) to partition the component sig-
nificance of effects of physical and biological processes
acting at the sample (m), basin (km) and fjord (10s of
km) spatial scales. Specifically, we examined the role
of competition/predation, trophic interactions and
physiological tolerance (sample scale); disturbance,
productivity and local connectivity (basin scale); and
connectivity to the regional species pool (fjord scale) in
structuring community composition. This technique
provides the correlation between explanatory matri-
ces, and also the ‘unexplained’ fraction of variation in
community structure. This was examined to gain
insights into the nature of unexplained variation not
accounted for in this study.

MATERIALS AND METHODS

Collection of biological and physical data. Biologi-
cal sampling methodology and sample distribution
within Doubtful Sound were described by Brewin et al.
(2008) who concluded that Seymour Basin is not a true
basin. It was therefore excluded in the present study,
leaving 11 basins under current investigation (Fig. 1).
Randomised samples within basins were taken using a
0.1 m2 Day grab. Numbers of samples per basin were
approximately standardised over total area sampled in
each basin, removing the effect of basin area on diver-
sity. Fauna was extracted on a 0.5 mm sieve; and only
the macrofaunal component of the community was
analysed. All individuals were identified to family level
or the closest practical taxonomic grouping to family
(see Brewin et al. 2008 for details). Inventories and dis-
tribution/abundance analyses were reported by
Brewin et al. (2008). Samples for sediment grain-size
and chemical analyses were collected by sub-sampling
biological grab samples with a hand-held core (5 cm
diameter, to a depth of 10 cm), and immediately frozen.
After thawing, samples were homogenised and split
into thirds for sediment grain-size analysis, carbon and
nitrogen analysis, and archiving. The gravel fraction
(≥–1 phi) was determined by wet sieving, the sand
fraction by dry sieving using 5 whole phi sieves (0 to
4 phi), and the mud fraction (4 to 8 phi) by the pipette
method (Lewis & McConchie 1994). Percent sand, silt
and clay were calculated; the gravel fraction was neg-
ligible in the majority of samples and was therefore
omitted from the analysis. Median phi and sorting
coefficient were calculated using a calculator for stan-
dard sedimentary statistics (RSA v.7.1, W. de Lange,
University of Waikato). Sediments were dried and
ground to a fine powder before analysis of total per-
cent carbon and nitrogen (Carbo-Erba 1108 CHNS-O
elemental analyser to 7 decimal places), in conjunction
with appropriate blanks.

Temperature and salinity data were measured in 9
out of 11 basins, and in an additional open-ocean site
beyond the fjord entrance sill (Seabird SBE-19 CTD);
CTD casts were not taken in Nee and Shelter Basins, as
these are thought to be similar to Bauza Basin due to
their close proximity at the entrance of Doubtful Sound
(Fig. 1). A single cast was made in each basin ap-
proximately monthly between April 1999 and Decem-
ber 2000. Numbers of casts per site varied due to poor
weather conditions and/or time constraints. When time/
weather permitted, additional casts were made be-
tween stations, although these were not used in numer-
ical analyses (see below). CTD measurements were
made throughout Doubtful Sound over an approximate
6 h period, providing what was thought to be a realistic
snapshot of variability throughout the fjord. Raw CTD
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*.HEX files were processed using the standard SEA-
SOFT (v.4.234) protocols and binned into 1 m depth
intervals.

Biotic and abiotic explanatory factors and their
rationale. A Venn diagram can be used to show the
spatial components of variance partitioning in this
study (after Anderson & Gribble 1998; Fig. 2). We con-
structed 3 matrices of directly measured and derived
explanatory variables that proxy those processes
occurring at sample (XS), basin (XB) and fjord (XF) spa-
tial scales. A summary of these variables is provided in
Table 1. Selection of those factors was based on the
flowing rational.

Sample-scale matrix: Proportion of predators: In
shallow water soft-sediment communities, predators
may have a negative effect on diversity due to their
high abundance (Grant 2000). Conversely, in deep-sea
communities, where predators are comparatively rare,
there may be a positive response to community diver-
sity due to reduction in competitive exclusion between
detritivores. Here, the proportion of predators (%) in
each sample (PRED) was used to proxy those effects
related to predation, and to test its effect on diversity.
This is not strictly an independent variable, as predator
data were extracted from the community data matrix.
However, because PRED is not necessarily linearly
related to the community data matrix, it can be used as
an explanatory variable (P. Legendre pers. comm.) and
interpreted ecologically. Taxa were designated as
predators based on published accounts and taxonomist
advice. Here taxa assigned as predators were the Eusi-
ridae (Amphipoda), Cuspidariidae (Bivalvia), Buccini-
dae (Gastropoda), Nudibranchia, Anthuridae and Par-
anthuridae (Isopoda), Stomatopoda, Nemertea, and
Aphroditidae, Dorvilleidae, Eunicidae, Euphrosinidae
Glyceridae, Goniadidae, Hesionidae, Nephtyidae,
Phyllodocidae and Sigalionidae (Polychaeta).

Sediment characteristics: The level of competitive
interaction between individuals may be mediated by
resource partitioning via sediment grain-size charac-
teristics (MacArthur & Levins 1967, Etter & Grassle
1992). Percent sand, silt and clay, and median phi were
measured. However, % sand, % clay and median phi
were removed after statistical pre-screening (see be-
low), leaving % silt (SILT) remaining in the model. A
sorting coefficient (SORT), which indicates the distrib-
ution of grain sizes in a sample, was calculated. Sedi-
ment nutritional quality may further proxy effects of
competition between detritivores (Dauwe et al. 1998).
New Zealand fjord basin sediments are rich in organic
carbon, and well preserved in a highly reducing envi-
ronment (Pickrill 1987). Percent carbon and nitrogen
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Spatial matrix Code Description Process proxied

XS PRED Proportion of predators in each sample (%) Predator-mediated competitive interactions
SILT Proportion of silt in each sample (%) Trophic partitioning between detritivores
SORT Sorting coefficient of each sample Trophic partitioning between detritivores
C* Proportion of total carbon of each sample (%) Physiological stress from sediment anoxia
CN Carbon:nitrogen relationship (slope) Nutritional quality of the sediment

XB SLOPE Slope of hills surrounding the basin (°) Disturbance as related to large terrestrial inputs
SILL* Local basin sill depth (m) Variability of basin anoxia
SI* Surface stratification index Variability in primary productivity
BC Connectivity to adjacent basins Between-basin variability in recruitment

XF CONN* Fjord-wide variability in connectivity Recruitment link to the regional species pool

Table 1. Summary of factors included in XS (sample), XB (basin) and XF (fjord-wide) matrices and the processes that were proxied. 
*indicates that residuals after regression with distance were used in the analyses

Sample matrix
(S)

Basin matrix
(B)

Fjord matrix
(F)

Unexplained
(U)

S + B
(SB) 

B + F
(BF)

S + F
(SF)

S + B + F
(SBF) 

Fig. 2. Venn diagram (after Anderson & Gribble 1998, modi-
fied for this study) of total variation in the species (Y) matrix,
partitioned by environmental matrices (sample scale: XS;
basin scale: XB; and fjord scale: XF) into fractions of variance
explained. Letters in brackets denote fractions calculated in

the variance partitioning analysis
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were measured, and sediment quality was estimated
using the slope of the carbon to nitrogen relationship
(CN). Because nitrogen is related to labile food
sources, the slope indicates how much total carbon is
related to nitrogen, where a relatively poor relation-
ship indicates a predominance of refractory carbon
(Parsons et al. 1984). New Zealand fjord sediments are
low in inorganic carbon (Pickrill 1987). Therefore, ex-
cessive carbon content (being mostly refractory organ-
ic carbon) may reflect the degree to which sediments
become anoxic. Percent carbon (C) was used here to
proxy spatial variability in physiological tolerances of
individuals to high organic carbon content.

Basin-scale matrix: Slip frequency: Ecological distur-
bance can be an important community structuring pro-
cess (Buckling et al. 2000, McCabe & Gotelli 2000), cre-
ating habitat patch mosaics at various stages of
colonisation succession across landscapes. New Zea-
land fjord catchment areas are tectonically active, and
the steep, densely vegetated fjord walls are subject to
slope failures that vary spatially and temporally
throughout the fjord. Large inputs of light, disaggre-
gated muds and clays, including organic material, de-
posited by slips may disperse at basin-wide spatial
scales (R. A. Pickrill unpubl. data). We defined slope
failure as a basin-scale process of disturbance that oc-
curs over long temporal scales. We measured the slope
(SLOPE, °) of the fjord wall surrounding each basin site.
Slope of the hillside is a good predictor of slips in New
Zealand fjords, where steep walls will have a higher
slip frequency (approx. 1 in 150 yr) compared to shal-
low sloped walls (approx. 1 in 2000 yr; (R. A. Pickrill un-
publ. data). SLOPE was calculated using the formula:

θ = arctan(y/x) × 180/π (1)

where θ is the slope angle in degrees, y = the vertical
height (m) of the highest peak adjacent to the basin,
and x = the horizontal distance (m) from the slope peak
to the shoreline. Measurements were taken from
topographic charts of Doubtful Sound (Irwin & Main
1981). Slope for the basin was calculated using the av-
erage of 4 equally spaced measurements from each
side of the basin.

Sill depth: Typical of fjords world-wide (Farmer &
Freeland 1983), Doubtful Sound has strong fjord estu-
arine circulation, with a persistent low-salinity surface
layer above saline, oceanic water (Stanton & Pickard
1981). Because fjords are generally deep, surface wa-
ters remain highly structured throughout the fjord, and
relatively stable over time compared to shallow estuar-
ies where bottom-induced frictional forces cause con-
tinual mixing of upper layers. This well-structured sur-
face layer and suppressed mixing with deeper water
means that basin water can become statically isolated,
resulting in periods of hypoxia or anoxia as a result of

biological oxygen demand (Timothy & Soon 2001). In
Doubtful Sound, reduced oxygen levels were recorded
down to 2.53 mg l–1 in Bradshaw Basin, 2.47 mg l–1 in
Deep Basin, 1.02 mg l–1 in Hall Basin and 0.34 mg l–1 in
Precipice Basin (P. Brewin unpubl. data, measured us-
ing standard Winkler protocols; coincident tempera-
tures were approximately 12°C). Anoxic or hypoxic
events may have catastrophic effects on basin biota,
and may also be species dependent (Diaz & Rosenberg
1995). In the water column, reduced oxygen may have
a unifying effect on the whole benthic community by
completely overpowering any smaller-scale effects.
Aure & Stigebrandt (1989) demonstrated that rate of
oxygen consumption increases linearly with decreas-
ing sill depth in fjord silled basins. We used sill depth
(SILL, m) as a proxy for the basin-wide effects of
potential oxygen depletion or complete anoxia.

Primary productivity: Photosynthetically active radi-
ation can be reduced to less than 1% at only 25 m
depth in Doubtful Sound due to absorption by high
concentrations of dissolved organic compounds (e.g.
tannins, humic substances) in the surface low-salinity
layer (Goebel et al. 2005). Due to strong horizontal gra-
dients in the low-salinity layer, there are coincident
gradients in the underwater light field, giving rise, in
part, to strong horizontal gradients in pelagic primary
productivity (Goebel et al. 2005). Gradients in primary
productivity are reported to be major community struc-
turing features in both shallow (e.g. Muylaert et al.
2000) and deep-sea soft-sediment habitats (e.g. Glover
et al. 2001, 2002). Because the depth of all communities
examined in the present study extends well beyond
the detectable light levels (P. Brewin unpubl. Li-Cor
spectro-radiometer measurements), deep-benthic
communities are likely to be, in part, dependent on the
phytodetrital rain for a carbon source. We used a sur-
face stratification index (SI) to capture the long-term
vertical structure of the upper 15 m water column. SI
was calculated by the formula:

SI = ΔS / ΔZ (2)

where ΔS is the difference in salinity (S) between the
surface and 15 m depth, and ΔZ is the depth over which
the difference in salinity was measured (i.e. 15 m). SI
was then averaged over the number of CTD samples.
Because vertical mixing is related to increased produc-
tivity, and the inverse of mixing is stratification, high
values of SI represent on average highly structured sur-
face layers and are less likely to be productive. Thus, SI
was used to proxy spatial and temporal variability in
potential primary productivity above each basin.

Between-basin connectivity: Basin communities may
be connected via density-driven water intrusions
spilling over the sill (Burrell 1988, Gillibrand et al. 1995)
from adjacent basins. This process may vary spatially
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and temporally throughout the fjord. Although in-
trusion events may be closely related to the processes
regulating basin anoxia (see SILL, above), here intru-
sions are likely to be more frequent than anoxic or re-
duced oxygen events. Between-basin connectivity (BC)
was captured by measuring the frequency of changes
in bottom water temperature within each basin over
time. Although water intrusion events are thought to be
density driven, changes in bottom temperature give a
clearer signal, as deep-water temperature is strongly
correlated to density. Turnover within each basin was
determined by calculating the change in average bot-
tom water temperature (average temperature of water
below the sill; T) between consecutive months (t)
throughout the study period at each site, i.e.:

ΔT = ⏐Tt – Tt +1⏐ (3)

The frequency distribution of ΔTs at each site was
examined, and values of ΔT above the 25% quartile
were considered to be ecologically significant changes.
Finally, the number of significant ΔTs per site was di-
vided by the number of casts per site. This means a high
BC indicates a high intrusion rate and, therefore, is likely
to be well connected to adjacent basins. As a conse-
quence of this method, there is no error estimate for BC.

Fjord-scale matrix: Connectivity to the regional
species pool: Local communities are maintained, in
part, by connectivity to the regional species pool (Mac-
Arthur & Wilson 1967, Loreau & Mouquet 1999). In
Doubtful Sound, offshore habitats are thought to be an
historic and contemporary regional source of fjord spe-
cies (Pickrill 1987, Knox 1980, Smith 2001, Brewin et al.
2008). Fjord estuarine circulation describes the inward
flowing, mass-balance driven oceanic counter-current
layer between by the highly stratified, seaward flow-
ing low salinity surface layer and somewhat iso-
lated basin waters (see SILL, above; Gibbs et al. 2000).
This counter-current layer may act as a conduit by
which larval propagules are transported into and
throughout the fjord, and which may vary throughout
the fjord via spatio-temporally variable meteorological
(wind and rain) and tidal forcing (Gibbs et al. 2000).
We captured the variability of the counter-current
layer within each basin by calculating the average dif-
ference between mid-water salinity for each basin and
that of the open ocean at coincident depths and sam-
pling times; i.e. if basin and open-ocean water masses
are similar, then they are likely to be well connected.
Salinity (S) was used for this analysis, as it is a highly
conserved property of a water mass in the upper lay-
ers, giving the clearest signal. For each sampling inci-
dent, variability in connectivity (CONN) of each basin
to the open ocean was calculated as:

CONN = (ΔSmax – ΔSmin) (4)

where at coincident depths between 20 and 100 m:

ΔS = ⏐Soceanic – Sbasin⏐ (5)

CONN for each basin was then averaged over all
sampled months. A low CONN value indicates that the
basin is relatively well connected to the open ocean
(i.e. a low average difference between oceanic and
basin mid-water salinity), and a high CONN value
indicates that the basin is not well connected to the
open ocean (i.e. a high average difference between
oceanic and basin mid-water salinity). Therefore,
CONN tests the role of connectivity to the regional
species pool on local community diversity.

Data analysis. Community data were Hellinger
transformed in order to apply equal weight to both rare
and abundant species (Legendre & Gallagher 2001).
Probability plots of all explanatory variables were exa-
mined for normality; PRED was asin(√x) transformed as
a result. Examination of Pearson’s correlation matrix
showed that SILT was negatively correlated with %
sand and median phi (–0.966 and –0.901, respectively)
resulting in their removal from analysis. Examination
of variance inflation factors was done to reduce col-
linearity of variables (Ohmann & Spies 1998, Muylaert
et al. 2000), and backward elimination procedures
were used to ensure the most parsimonious model
while preserving interactions (Legendre & Legendre
1998), resulting in % clay being removed. Lastly, exa-
mination of linear correlations between distance from
the fjord entrance and explanatory variables showed
that a large proportion of variation in some variables
was explained by distance. Considering that species’
positions on a gradient will reflect similarity of envi-
ronmental conditions, and not their position in physical
space (Ardisson & Bourget 1992), such spatial structure
may act as a synthetic variable overlaying environ-
mental pattern in space, leading to an overestimation
of species–environment relationships (Borcard et al.
1992). Therefore, the spatial interaction was removed
by detrending with respect to distance along the fjord
in order to effectively isolate the pure effect of ex-
planatory variables (Borcard et al. 1992, Githaiga-
Mwicigi et al. 2002). Explanatory variables were de-
trended by linear regression (Legendre & Legendre
1998) if distance explained more than 50% of the vari-
ation in that variable (Table 1). Consequently, the
residuals of factors C, SILL, SI and CONN after regres-
sion against distance were used in the analysis.

Simple RDA was used for direct gradient analysis
(arch effects were not detected in object ordinations
after principal component analysis (PCA); Ter Braak &
Prentice 1988, Legendre & Legendre 1998). Partial
RDA was used to partition the variation in community
matrix (Y) explained by the 3 explanatory matrices
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containing variables that proxy processes acting at
sample (XS), basin (XB) and fjord-wide scales (XF)
(Table 1). The ‘vegan’ (v.1.17-3) library in R (v.2.11.1)
was used for simple and partial RDA analyses, which
includes the Peres-Neto et al. (2006) method for esti-
mating unbiased explained variation (R2). Shared frac-
tions (SB, BF, SF, see Fig. 2) could not be tested as they
are not independently calculated components of varia-
tion (Legendre & Legendre 1998). In ecological data
sets, it is common to have a large unexplained (frac-
tion U) portion of variation (Ter Braak & Prentice 1988,
Ohmann & Spies 1998). Therefore, PCA was done on
the residual (Yresid) matrix, and eigenvalues were
mapped to explore the nature of unexplained variation
(Borcard & Legendre 1994).

RESULTS

Sample-scale variables (XS)

Predatory taxa made up 8.3% of the total fauna col-
lected. Highest proportions (%) of PRED were found in
the entrance basins (mean ± SEM, Nee: 12.21 ± 1.67,
Bauza: 12.18 ± 4.99, Shelter: 11.17 ± 4.59, Utah: 12.43 ±
6.94; Table 2). Also notably high were proportions of
predators in the 2 inner basins (Crooked: 12.36 ± 23.99,
Precipice: 12.02 ± 17.69). In these basins, very high
between-sample patchiness of predatory polychaetes
has been reported (see Brewin et al. 2008 for taxo-
nomic lists).

Sediment grain size varied between samples as well
as between basins (Table 2). However, generally sedi-
ments from entrance basins (Bauza, Nee, Shelter) con-
sisted of low SILT, i.e. a high percentage sand (percent
silt and sand are negatively correlated, see ‘Materials
and methods: Data analysis’). Entrance basin sediments
were well sorted with low mean SORT, suggesting that
these basins are subject to wave action or current flow.
Other basins generally had a higher SILT component
(i.e. lower sand component); however, there was higher
within-basin variability among inner basins. Sorting co-
efficients were higher than in entrance basins, suggest-
ing a weaker current regime by comparison.

C was generally lowest in entrance basins (Bauza,
Nee and Shelter Basins), and highest in inner fjord
shallow basins (Crooked, Deep, Hall and Precipice
Basins), despite wide variation between samples
(Table 2). The relationship between % carbon and dis-
tance from the fjord entrance gave an r2 = 0.62 (n =
157); therefore, the variable used in subsequent analy-
ses is the residual of C versus distance. Percentage
nitrogen followed a similar pattern. However, at
entrance basins, nitrogen was often below detectable
levels. The quality of sedimentary carbon as a food
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source varied between basins as reflected by the value
of CN. Entrance basins and Precipice Basin had the
lowest carbon to nitrogen relationship, suggesting that
an excess of refractory carbon was present, and there-
fore sediments were nutritionally of low quality. CN
values for Crooked, Deep, Hall and Kellard Basins
were slightly higher, suggesting nutritionally better
quality sediment. Highest CN values and, therefore,
highest quality sediments were found in Bradshaw,
Thompson and Utah Basins.

Basin-wide variables (XB)

SLOPE surrounding each basin varied between the
steepest slope in Utah Basin (45.8°) to the shallowest
slope on the islands around the entrance basins
(Bauza, Nee: 14.6°, Shelter: 24.2°; Table 2). By compar-
ing this to Pickrill’s unpublished results, our data sug-
gest that the occurrence of slips is highest in Utah
Basin (about 1 in 200 yr), and least frequent at the
entrance (1 in 2000 yr). The frequency of slips in most
basins is greater than 1 in 500 yr.

Between-basin variability in probability of anoxia
was proxied by SILL. Entrance basins and main chan-
nel basins had the deepest sill (≥100 m depth), while
inner-most fjord basins and Crooked Basin had the
shallowest sills (approximately 50 m depth; Table 2).
The relationship between sill depth and distance from
the entrance of the fjord gave an r2 = 0.51 (n = 157).
Therefore, the residuals of SILL versus distance were
used in the analysis to remove the effect of gradients in
sill-forming geological processes that may mask the
effect of SILL on the basin community.

Spatial and temporal variation in the SI of the upper
15 m water layer varied spatially and temporally
throughout Doubtful Sound (Table 2). The lowest
mean SI was found at the entrance of Doubtful Sound
(Bauza, Shelter, Nee Basins), and an equally low stan-
dard deviation (0.46 ± 0.33) suggests that low stratifica-
tion is consistent over time. Mean SI in Bradshaw and
Thompson Basins was also low (0.80 ± 0.48 and 0.50 ±
0.47, respectively), although temporally they were
more variable. Deep and Hall Basins showed highest
mean SI (1.64 ± 0.64 and 1.53 ± 0.42, respectively). SI
was correlated to distance from the fjord entrance (r2 =
0.60, n = 157); therefore, the residuals of SI versus dis-
tance were used in the analysis.

BC varied spatially throughout Doubtful Sound
(Table 2), and intrusion events were confirmed by
examination of contour plots (not shown here). Gener-
ally, entrance basins had a high frequency of intru-
sions, being well connected to adjacent basins, while
inner-most basins (Deep, Precipice and Crooked
Basins) had on average fewer deep-water intrusions,

and are therefore less well connected to adjacent
basins (Table 2). Hall Basin (an inner fjord basin)
showed unusually high BC compared to others, being
more comparable to mid-fjord basins.

Fjord-wide variables (XF)

Spatial and temporal variation in connectivity of
basins to the entrance of Doubtful Sound is captured
by CONN. Here, the portion of the water column of
interest is between approximately 20 and 100 m depth,
i.e. the zone of the oceanic counter-current layer
(see ‘Materials and methods: Fjord-scale matrix’). The
along-fjord salinity contoured profiles for April 1999
and July 2000 are shown in Fig. 3 as examples of spa-
tial and temporal variability of salinity in the counter-
current layer. Note that the depth of the 35 psu isoha-
line varies temporally and spatially throughout the
fjord. In April 1999, the 35 psu isohaline was depressed
to a depth below that of the Deep Basin entrance sill,
suggesting that Deep Basin was possibly not well con-
nected to the open coast at that time. Conversely, the
35 psu isohaline was above the sill depth in July 2000,
suggesting that at that time Deep Basin was possibly
better connected to the open ocean via the oceanic
counter-current layer. Entrance basins were generally
well connected with the open ocean, although some
variability in this region was detected. Inner-most
basins (Crooked, Hall, Deep, Precipice Basins) were
generally poorly connected to the open ocean, al-
though variability in Crooked Basin was particularly
high (Table 2). Connectivity was related to distance
(r2 = 0.71, n = 157), therefore CONN versus distance
residuals were used in the analysis.

Direct gradient analysis

Results of simple gradient analysis are shown in
Table 3. The total variation in the community matrix
explained by all environmental variables was 36.17%.
The first and second canonical axes explained 61.58%
(axis I = 34.9%, axis II = 26.6%) of community variation
constrained by all environmental variables. A tri-plot
depicting the positions of basins and taxa along envi-
ronmental gradients in 2D ordination space is shown in
Fig. 4. The main gradients associated with axis I are
variations in the PRED and BC (negative direction),
and high SILT and SLOPE (positive direction). Axis II
represents a gradient of low to high CONN and C. The
positions of basins along these gradients are implied in
this plot, showing that Bauza, Nee and Shelter Basins
are well connected to each other and contain high pro-
portions of predators compared to Deep Basin at the
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other end of this gradient, where Deep Basin was char-
acterised by high SILT and relatively steep sloping
walls. Along axis II, Precipice and Crooked Basins
were related to highly variable connectivity to the
open ocean and high carbon content of the sediments,
while Bradshaw Basin was positioned at the other end
of this gradient.

The relative position of taxa along environmental
gradients can also be inferred. In this representation, a
perpendicular line can be drawn from the position of
the taxa to the environmental vector, indicating the
position of the taxon on that gradient, and can be con-
sidered to be a measure of environmental tolerance.
For plot clarity, the first 30 important taxa are shown in
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Fig. 3. Examples of spatial and temporal variability in along-fjord (west–east) vertical salinity stratification between 20 and 200 m
depth for April 1999 and July 2000. The 35.00 psu isohaline is highlighted for reference purposes. Note differences in psu scales
between plots. Vertical dashed lines depict locations of CTD casts. Also shown is the approximate bottom topography of the fjord

entrance sill and Deep Basin entrance sill (outlined grey blocks)

Total inertia (PCA) = 99.83003, total variance (PCA) = 0.63994
percentage of the total variance of Y accounted for (PCA) = 36.17544.
Canonical analysis:
total inertia = 36.11274, total sum of canonical eigenvalues = 0.2314

Canonical axis
I II III IV V VI VII VIII IX X

Percentage of total variance of PCA
12.64 9.64 4.56 3.13 2.38 1.67 0.83 0.65 0.43 0.26

Cumulative percentage of total variance of PCA
12.64 22.28 26.84 29.96 32.34 34.01 34.83 35.49 35.92 36.17

Canonical eigenvalues
0.08088 0.06167 0.02918 0.02001 0.01521 0.01067 0.00529 0.00419 0.00275 0.00164

Cumulative percentage of canonical variance
34.94 61.58 74.19 82.83 89.40 94.01 96.30 98.11 99.29 100.00

Table 3. Results of the simple redundancy analysis between the community matrix (Hellinger transformed) and an environmental
matrix of all environmental variables combined. Non-canonical axes not shown. PCA: principal component analysis
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Fig. 4, and some key examples are noted here. The
polychaete families Spionidae (suspension and/or sur-
face deposit feeders) and Cirratulidae (surface-deposit
feeders) are closely related to high proportions of pre-
dators (Bauza, Nee, Shelter, Utah). Of the taxa describ-
ing those basins, 3 predatory taxa explained significant
amounts of variance (Glyceridae, Nephtyidae, Nemer-
tea). The positions of the Manzanellidae, Lucinidae
(bivalves) and Pogonophora are of interest because
they harbour chemoautotrophic bacteria (Brewin et al.
2008). These were related to Thompson and Kellard
Basins and the positive gradients of between-basin
connectivity and sill depth, and negative gradients of
variable connectivity to the open ocean and % carbon
in the sediments. The position of the Cossuridae (sur-
face deposit feeding polychaetes) was related to inner-
most basins (Deep and Hall), and placed along gradi-
ents of high silt content of the sediments, steeply
sloping fjord walls and high surface stratification. The
Sipuncula were positioned along the positive gradient

of high carbon in sediments, and highly variable con-
nectivity to the open ocean, particularly in Precipice
Basin.

Partitioning of variability

The partitioned (adjusted) variance of the commu-
nity matrix (Y) by the 3 matrices of explanatory vari-
ables is shown in Table 4. Total variation explained by
all variables (36.17%) was significant (p = 0.001). The
variance explained solely by sample-scale variables
(XS) was 8.64%, which was lower than the variation
explained by basin-scale factors (XB: 12.71%), but
larger than that explained by the fjord-scale factors
(XF: 2.71%). Explained variation for each matrix was
significant (p = 0.001) after 200 permutations. Because
the degrees of freedom (df1) are equal to the number
of variables in each matrix, it can be said that basin-
and fjord-scale variables explained more than sample-
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Fig. 4. Redundancy analysis (RDA) ordination tri-plot of the first 2 canonical axes showing site centroids (filled triangles), environ-
mental variables (arrows), and taxa (open diamonds). Environmental values and taxa values were equally scaled. For plot clarity,
the first 30 taxa explaining the most variation in the 2 axes are shown. See Table 1 for variable names. Key to taxa abbreviations:
nemer = Nemertea, syll = Syllidae, neph = Nephtyidae, glyc = Glyceridae, eunic = Eunicidae, lumb = Lumbrineridae, onuph =
Onuphidae, spion = Spionidae, magel = Magelonidae, cirrat = Cirratulidae, trocho = Trochochaetidae, orbin = Orbiniidae, para =
Paraonidae, cossur = Cossuridae, capit = Capitellidae, mald = Maldanidae, flab = Flabelligeridae, ampha = Ampharetidae, tricho =
Trichobranchidae, manz = Manzanellidae, lucin = Lucinidae, lasae = Lasaeidae, gadil = Gadilidae, ceph = Cephalocarida, mycid = 
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scale variables on a per-variable basis (Table 4). Worth
noting are the correlations between each matrix of
variables. The correlation between sample- and basin-
scale variables (fraction SB; see Fig. 2) = 7.89%, sug-
gesting some correlation between the 2 sets of vari-
ables. The low variation explained by fractions BF
(–0.2%) and SF (0.8%) suggests that the fjord-scale
variable CONN is close to completely independent of
interactions between other explanatory variables. The
negative value for fraction SBF (variance shared by all
matrices) suggests that the fit for the whole model ex-
plains variation in the community matrix slightly better
than the sum of the individual effects. This may be due

to 1 or more explanatory variables having effects of the
opposite sign to the y variables (Legendre & Legendre
1998). The residual fraction (U: unexplained variation)
is 68.06%.

Analysis of residual matrix

The matrix of unexplained variation (Yres) was ana-
lysed using PCA. This analysis helps determine poten-
tial factors that explained variation in the community
matrix. The first 2 principal axes explained 26.61% of
the variation in the community residual matrix, and
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Total inertia (PCA) = 99.82993,
total sum of canonical eigenvalues = 0.23149, df1 df2 F p

Total explained variation = 0.36175 10 146 8.27477 0.001

Fraction Sum of canonical Explained variation df1 df2 F p Variance explained  
eigenvalues (adjusted R2) per variable

S 0.024593 0.08636 5 146 4.83 0.001* 0.01727
B 0.032522 0.12714 4 146 8.05 0.001* 0.03179
F 0.007000 0.02709 1 146 6.85 0.001* 0.02709
SB 0.018679 0.07885 0 Cannot be tested
BF –0.000262 –0.00221 0 Cannot be tested
SF 0.001519 0.00783 0 Cannot be tested
SBF –0.000313 –0.00570 0 Cannot be tested
U 0.147751 0.68063

Table 4. Results of partial redundancy analysis between the community matrix (Hellinger transformed) and 3 environmental
matrices (sample, basin and fjord scales). Fractions are those shown in the Venn diagram (Fig. 2). *Significant after 999

permutations under the reduced model. PCA: principal component analysis

PCA axis I = 14.13% PCA axis II = 12.48%

Fig. 5. Results of principal component analysis (PCA) of the partial redundancy analysis residual community matrix (unexplained,
fraction U). Shown are the mean site scores for PCA axis I and axis II. Dark bubbles are negative values; clear bubbles are positive
values. Relative area of bubble should be observed within each plot, but not between plots. Diamonds indicate basin sites, see Fig. 1
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object (basin) score centroids of PCA 1 and 2 are plot-
ted on a map of Doubtful Sound in Fig. 5. The largest
residual variation was found in basins along the main
Doubtful Sound axis (Deep, Kellard, and entrance
basins), compared to lower residual variation along the
Bradshaw-Thompson Basin axis. Within each axis of
the Doubtful Sound Complex, residuals varied be-
tween positive and negative variation, suggesting that
factors unaccounted for in this study may not be
related to along-fjord gradients, but more likely at the
basin or within-basin spatial scales.

DISCUSSION

The deep basin habitats of Doubtful Sound can be
placed along a number of gradients that vary over mul-
tiple spatial and temporal scales. Direct gradient
analysis showed that physical and biological processes
that vary across sample, basin and fjord spatial scales
all made significant contributions towards explaining
spatial variations of taxa variety and distribution (iden-
tified to family level, Brewin et al. 2008). Canonical
ordination showed the relationships between commu-
nity patterns constrained by biological and environ-
mental factors in physical space. However, because we
removed the effect of distance along the fjord (physical
space) by detrending environmental factors, we deter-
mined species distributions in realised niche space
(sensu Hutchinson 1957, Pielou 1975, Begon et al.
1990), i.e. the position of a taxon along a continuous
gradient of pure environmental factors. Therefore, we
explained 36% of the canonical variation of commu-
nity distribution in realised niche space. Comparing
our results to previously presented hypotheses ex-
plaining fjord benthic community pattern by Buhl-
Mortensen and co-workers (see Introduction), all 4
hypotheses may be invoked here: (1) distance to spe-
cies pool, (2) the barrier hypothesis of limited dispersal
due to sills, (3) nutritional quality of sediments and (4)
high % carbon as an indication of physiological stress.
In addition to these, we found that biotic interactions
between individuals mediated by predators, and vari-
ability in reduced oxygen or anoxic conditions in the
water column also drove benthic community patterns
in Doubtful Sound.

Data presented here support the notion of multi-
scale control of local species abundance and distribu-
tion, as may be the case for marine environments in
general (Legendre et al. 1997), where the partitioned
basin-scale processes explained more variation than
sample-scale processes, and fjord-scale processes
explained the least amount of variation. In addition,
processes are not necessarily mutually exclusive.
Indeed, sources of variation can be hidden (e.g. John-

son & Goedkoop 2002) or confounded (e.g. Ohmann
& Spies 1998) by correlations (inter-dependence) be-
tween environmental factors. Partitioning of variation
showed that sample- and basin-scale factors were cor-
related; the shared explained variance accounted for
8% (fraction SB, Fig. 2) of the variation in the commu-
nity structure. The correlations between basin- and
fjord-scale factors (fraction BF), and sample- and fjord-
scale factors (fraction SF) were low, suggesting that
fjord-scale factors (CONN) were reasonably indepen-
dent of processes at small and local scales and not con-
founded by them.

Basin-scale processes of disturbance (potential for
anoxia, terrestrial slips), recolonisation (between-basin
connectivity), and local productivity (variability in sur-
face stratification) explained the largest proportion of
variation in benthic community structure, both collec-
tively and on a per-variable basis. This suggests that
they may be the dominant processes maintaining com-
munity structure and composition throughout the
Doubtful Sound complex, particularly among the
deepest, medium diversity basins (Thompson, Brad-
shaw, Utah, Kellard). However, these mechanisms
need further elucidation. For example, processes pro-
moting or preventing anoxia are likely to be correlated
with processes of water restriction, nutrient input and
flux, and productivity (Timothy & Soon 2001). Results
here showed that SILL, BC and SI (our predictor of
local productivity) were poorly correlated (Fig. 4). This
supports the notion that although they operate across
similar spatial scales, they are likely to vary across dif-
ferent temporal scales. However, highly structured
surface layers may enhance the risk of basin anoxia if
stratification over the sill is great enough to inhibit
water exchange between basins and, at the same time,
have an effect on between-basin connectivity of ben-
thic communities. It may be that our proxies reflect
real-world independence between these processes in a
general sense, but at certain times they have combined
effects that are not reflected well by our analyses.

Spatial variability in productivity was proxied by
measuring the variation in SI. However, productivity
encompasses a number of other physical variables that
may confound SI. Goebel et al. (2005) showed that
phytoplankton concentration was, on average, highest
towards the entrance of Doubtful Sound; in the present
study, results for SI suggested a similar pattern. How-
ever, SI as a proxy for productivity may at best only
partially explain local variation in productivity, as it
does not account for variability in heterotrophic pro-
cesses in the water column, nor does it balance inward
or outward advection processes of the basin water col-
umn. Finally, it should be noted that SI, as well as other
measurements derived from CTD data (BC, CONN),
were based on less than monthly CTD data (Table 2).
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Surface oceanography can change dramatically over
the course of hours in Doubtful Sound (Gibbs et al.
2000). Therefore, our estimates of surface variability
may be conservative compared to natural variability.
This is likely to be the case for those basins with the
fewest measurements (entrance basins). However,
deeper measurements are likely to have better cap-
tured variability, particularly in inner fjord basins
where higher numbers of measurements were taken.

Within basins at the sample spatial scale, processes
estimated here accounted for 11% of the canonical
variation in community variation throughout Doubtful
Sound. This combination of biotic and abiotic inter-
actions may maintain the observed patchy nature of
basin biotic (Brewin et al. 2008) and abiotic (this study)
landscapes. At these scales, sporadic falls of terrestrial
material (leaves, branches, logs or whole trees), which
are nutritionally refractory for most macrobenthos,
may have deleterious effects on the benthos due to
microbial degradation creating anoxic patches. Inner
basin sediments generally had high total carbon simi-
lar to that of boreal fjord systems (Burrell 1988), but
greater than those reported by Syvitski et al. (1989),
Buhl-Mortensen (1996) and Buhl-Mortensen & Høi-
sæter (1993) for sub-Arctic fjords. Brewin et al. (2008)
reported a gradient of medium- (Thompson, Bradshaw,
Utah and Kellard Basins) to low-diversity (Precipice,
Crooked, Hall and Deep Basins) communities, which
parallels the gradient in increasing sedimentary C and
decreasing sediment nutritional quality (CN) reported
here. Although our method of sediment sample collec-
tion may have blurred sediment quality data (having
homogenised surface and deeper sediments), this high
refractory carbon gradient was reinforced by the pres-
ence of unique members of those communities harbor-
ing chemoautotrophic bacteria (Brewin et al. 2008).
Indeed, such carbon inputs are likely to be vital in sup-
porting the wider basin food web (McLeod & Wing
2007). Furthermore, species such as Echinocardium
cordatum (a burrowing echinoid; Brewin et al. 2008)
may be key species in these high carbon communities,
increasing sediment turnover and reducing anoxia in
sediments (Osinga et al. 1995).

The proportion of predators was used here to proxy
the potential effects of predators. If we assume that
similar to the deep sea, food for detritivores is limited,
predators may decrease detritivore densities, leading
to reduced competitive exclusion of rare species by
dominant species, and result in increased diversity
(Dayton & Hessler 1972, Grant 2000). The generally
poor nutritional quality of sediments shown here, and
generally low densities of taxa found throughout
Doubtful Sound (Brewin et al. 2008), support this
assumption. However, the effect of predators is not
clear among deep-sea soft-sediment habitats, and it is

possible that predators decrease diversity, similar to
shallow habitats (Grant 2000). In Doubtful Sound, com-
munities with the highest proportions of predators
were concurrent with high diversity (Brewin et al.
2008) and low nutritional quality of sediments, sug-
gesting that a positive effect on diversity due to re-
duced competitive exclusion is plausible. In addition to
predators sampled here, there may be an additional
effect of predation by epibenthic megafauna and/or
demersal fish. Brewin (2003) presented 103 still images
of the fjord benthos (images available on CD-ROM),
showing occasional fish (possibly Macrouridae), and
large gastropods (indicated by trails in the sediment)
that may feed on polychaete palps, bivalve siphons or
whole organisms (McLellan 1977, Wilson 1991). How-
ever, images suggest their densities are likely to be
very low, and the overall effect of such predation on
diversity of soft-sediment communities remains un-
clear (Wilson 1991). A closer examination of trophic
interactions at the species level and throughout the
wider food chain would benefit further comparisons
between small-scale patterns in deep and shallow fjord
habitats.

The contemporary fjord-wide processes of connec-
tivity to the open ocean (i.e. regional species pool) may
play a small role in maintaining community structure
in the basin of Doubtful Sound. Doubtful Sound has
been considered a semi-closed system, based on stud-
ies of population dynamics and genetic structure of a
subtidal species (Mladenov et al. 1997, Lamare &
Stewart 1998, Wing et al. 2003, Perrin et al. 2004). Data
presented here support the notion that larval exchange
between the fjord and the open ocean is restricted,
where a gradient of high to low CONN was demon-
strated from outer to inner fjord basins (remembering
that effect of distance was removed; Fig. 4). In New
Zealand fjords, so called ‘deep-water emergent’ spe-
cies have been reported, whereby some taxa that are
more characteristic of deep-sea habitats have been
found in shallower fjord habitats (e.g. Brewin et al.
2008); this may be explained by the deepest basins
(Thompson, Bradshaw, Utah, Kellard) being better
connected to the open ocean larval source than inner
fjord basins. Interestingly, at the end of this study a
record moment magnitude scale (MW) 7.2 earthquake
occurred about 10 km offshore of Doubtful Sound
(21 August 2003, 45.14° S, 166.90° E), causing major
landslide damage to large areas throughout the entire
Doubtful Sound complex (Reyners et al. 2003), and
likely having a catastrophic impact on wide areas of
deep benthic habitat. After such events, fjord commu-
nities are likely to be re-established from ridge and
platform systems to the north and south of the region,
and the deep Tasman Sea to the west, similar to when
New Zealand fjord communities were first established
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(Fleming 1950, Dell 1956, Knox 1980, Pickrill 1987,
Smith 2001), and similar to historical and contempo-
rary processes of fjords globally (e.g. Hromic et al.
2006). Thus, fjord-wide connectivity to the regional
species pool may be an essential process in long-term
maintenance of fjord deep benthic communities, par-
ticularly after local extinction events.

Examination of the large residual variation in com-
munity structure (63.8%) suggests that further elucida-
tion of physical and biological variables is needed to
separate co-varying effects of variables measured
here, and that other spatially structured variables have
not been accounted for in this study. A high residual
fraction is thought to be a common feature of ecologi-
cal data (Ter Braak & Prentice 1988) because of the
patchy nature of species distributions at small spatial
scales. Data show a seemingly random distribution of
positive and negative departures from the partial-RDA
model at the basin scale (Fig. 5). This lack of fjord-wide
spatial structure suggests that there is no obvious
fjord-wide residual effect, and that future studies
should focus on basin-scale effects. Unexplained vari-
ation may have various sources, from small-scale sto-
chastic processes, to unpredictable effects of historical
events (Githaiga-Mwicigi et al. 2002). Also, the ability
to detect large-scale effects may depend on the scale of
sampling (Karlson & Cornell 2002), or variables may be
related at different spatial scales. Patterns presented in
this study are interpreted mainly with respect to their
spatial manifestation; there may be strong temporal
variation (e.g. seasonal, annual, decadal) of physical
processes that was not accounted for in this study, such
as regional atmospheric and oceanographic forcings
driving deep-basin water turnover (Arneborg et al.
2004). In addition, processes facilitating recruitment
into and/or within the fjord necessarily must be syn-
chronous with reproductive mode and timing. Life his-
tory strategy is particularly important when consider-
ing re-colonisation of habitats after disturbance.
Species may be fast growing, or disperse widely, and
are therefore good colonisers of disturbed habitats,
while others colonise later and eventually outcompete
original colonisers (Levin et al. 2001). Defining the dis-
persal potential of component species (e.g. Carson &
Hentschel 2006) would be useful for elucidating pro-
cesses driving dispersal/colonisation across appropri-
ate spatial and temporal scales (Kinlan & Gaines 2003).

Our results suggest that community-structuring pro-
cesses occur primarily at the scale of the community
(assumed here to be the within-basin community).
However, these processes are correlated to sample-
scale processes measured in the study. In this respect,
the spatial and temporal scales of community mainte-
nance in Doubtful Sound suggest that the fjords can be
considered to be ‘ecotone’ habitats (sensu Gosz 1993)

showing properties of both deep-sea and shallow soft-
sediment systems, but also having unique properties of
their own. It has been suggested that New Zealand’s
fjords, and fjords in general, exhibit many deep-sea
like biological (reviewed by Brewin et al. 2008) and
physical properties (Pickrill 1987, Syvitski et al. 1987,
Burrell 1988). However, the difficulty in comparing
deep-sea and shallow soft-sediment habitats is primar-
ily in determining the boundaries of deep-sea spatial
and temporal processes (Levin et al. 2001), whereas in
shallow habitats, spatial and temporal boundaries are
more discrete. Fjords have been described as ‘ideal
natural laboratories’ (Syvitski et al. 1989) for such stud-
ies of effects of ecological gradients and effects of spa-
tial scales on fjord communities due to their apparent
spatially constrained, strong horizontal and vertical
gradients across multiple spatial scales, and we sup-
port that notion.

In addition to small and local processes, we have
shown that fjord-wide processes of connectivity to the
open ocean also play a significant role in local commu-
nity maintenance. Process gradients may not necessar-
ily represent a continuum of change along a transect
(physical space), but rather follow an ‘abstract dimen-
sion of ecological space’ (Austin 1985). In Doubtful
Sound, we show spatial discontinuities in realised
niche space (remembering that environmental factors
were detrended with respect to distance), while basin
communities are also discontinuous in physical space.
The existence of such discontinuities suggests that a
fjord-wide mechanism of connectivity may play an
important role in local community maintenance, par-
ticularly when there is a high probability of local
extinction (e.g. by way of disturbance by slips or an-
oxia). Thus, despite its relatively low explanatory
power in numerical terms, this analysis may signifi-
cantly underestimate the importance of connectivity to
the regional species pool in fjord habitats. Examination
of these phenomena among other fjords might further
elucidate the importance of large-scale dispersal pro-
cesses, and how they are dynamically linked to
smaller-scale biotic and abiotic patterns and processes
(Leibold et al. 2004, Cottenie 2005, Guichard & Steen-
weg 2008) within the marine metacommunity of New
Zealand fjords.
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