
INTRODUCTION

Defining the mechanisms that generate variability in
species abundance involves linking the scales at which
variation is measured to the spectrum of scales over
which deterministic processes operate (Huston 1999).

In theory, the geographical range of a species consists
of a network of occupied and unoccupied patches
(Ricklefs 1990, Rotenberry & Wiens 1998). Whether a
given patch is occupied or not generally depends on
the relative quality of the patch. Compounding this ini-
tial framework is the fact that patches often coexist
within a complex hierarchy of multiple spatial and
temporal scales (Kotliar & Wiens 1990, Chesson 1997).
Consequently, individuals respond to this hierarchy in
diverse ways which are rarely manifested on a single,
discrete scale. Unfortunately, many ecological investi-
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cruises (1994, 1997, 1998), we examined the distributions of 4 species of recently settled groundfish
in relation to spatial scale on the New York Bight region of the continental shelf (USA). A hierarchi-
cal sampling design was used to calculate the percent variability in abundance partitioned over
4 nested scales: submersible transect (~100 m), site (~10 km), shelf zone (~25 km), and sampling line
(~100 km). For all years, early juveniles of Limanda ferruginea (yellowtail flounder) were highly
concentrated at the shelf-zone scale, where abundance followed the thermal contours of a mid-shelf
cold pool of remnant winter water. Conversely, Hippoglossina oblonga (fourspot flounder) and Ci-
tharichthys arctifrons (Gulf Stream flounder) were highly site-dependent, bounding the distribution
of L. ferruginea at inner and outer shelf sites, respectively. Merluccius bilinearis (silver hake) exhib-
ited moderate to high variability partitioned over several scales. For all species, the absence of sam-
pling-line variability suggested that settlement patterns were consistent across the breadth of the
shelf, while substantial residual variance suggested that microscale-level processes generated addi-
tional variability. Annual settlement of these early juveniles is highly specialized and cued to distinct
aspects of the physical and biological setting of the New York Bight. Conceptually, these local habi-
tat parameters can be used to link nodes of high variability with the possible deterministic processes
modifying recruitment. Our results underscore the critical contribution juvenile nursery habitats may
have to the subsequent survival and growth of continental shelf species.
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gations lack a priori knowledge of the range of scales
over which this variability is most pronounced as well
as the suite of deterministic processes which come into
play (Levin 1992, Sale 1999).

Marine fish populations offer a unique challenge to
the investigator interested in spatial scaling and the
distribution of organisms. Fishes occupy an environ-
ment that is often difficult to define and have evolved
corresponding life histories involving magnitude-order
scaling differences between the larval and adult stages
(Rothschild 1986). Benthic fishes are particularly prob-
lematic in this respect, as many species alternate be-
tween a 3-dimensional pelagic larval stage and a 2-di-
mensional benthic juvenile/adult stage. Early work on
fish population structure sought to link population fluc-
tuations with the size and corresponding dynamics of
the adult spawning stock (Ricker 1954, Beverton & Holt
1957). However, factors affecting the survival of early
life stages, particularly the juvenile stage, profoundly
influence subsequent year-class strength (Houde 1987,
Post & Evans 1989, Sogard 1992, Myers & Cadigan
1993, Hixon & Carr 1997, Able & Fahay 1998). In tem-
perate systems, fluctuations in abundance of juvenile
fishes are invariably ‘best explained’ by scales corre-
sponding with temperature and depth gradients (Col-
vocorresses & Musick 1984, Gibson 1994, Neill et al.
1994). There is little doubt that temperature and depth
exert a pervasive influence on all aspects of marine life
histories. However, if these factors are the sole modi-
fiers of recruitment variability (in this context, the tran-
sition from the pelagic larval stage to the benthic ju-
venile stage), it should be easy to predict year-class
strength. This is not the case (Sissenwine 1984). 

Observations of variability in recruitment have been
exhaustively documented in the literature, and mecha-
nisms proposed to explain where recruits are found
and why: large-scale oceanography (Cowen 1985),
warm-core rings (Myers & Drinkwater 1987, Hare &
Cowen 1991), wind stress (Frank & Leggett 1982, Pe-
terman & Bradford 1987, Thorrold et al. 1994), sedi-
ment type (Lough et al. 1989, Norcross et al. 1997),
food availability (Lasker 1978, Sinclair & Tremblay
1984), behavior (Leis et al. 1996, Stobutzki & Bellwood
1998), reef structure (Ebeling & Laur 1985, Carr 1989,
Levin 1991), even sunspot activity (although for the
invertebrate Cancer magister; Love & Westphal 1981).
A common thread running through a majority of stud-
ies is that results are often a direct function of the spa-
tial/temporal scale investigated. A correlation with a
habitat feature does not necessarily reflect the statisti-
cal aggregation of individuals to that feature nor does
it imply that selective forces engineered the response
(Rotenberry & Wiens 1998). Walsh (1992) demon-
strated that late-stage larvae of Limanda ferruginea
are delivered to nursery areas on the Scotian Shelf via

meso-scale circulation patterns (100s of kilometers)
while actual settlement is cued to sediment grain size
(10s of kilometers). To state that ‘sediment type’ alone
determined the observed pattern (i.e. high abundance
on sand) would be an oversimplification of a complex
interaction. Recruitment is more realistically gener-
ated by a wave of deterministic processes acting in
concert over several spatial and temporal scales (Neill
et al. 1994). However, in the great majority of studies,
variability is largely a function of unrecognizable (sto-
chastic) or unsampled patchiness.

The New York Bight (NYB) encompasses a stretch of
coastal ocean from Cape May, New Jersey to Montauk
Point, New York (Long Island). The waters of the Bight
have historically provided a valuable nursery habitat
for commercially important benthic/demersal fish spe-
cies, including Centropristis striata, Limanda ferrugi-
nea, and Merluccius bilinearis (McHugh 1972). Monthly
beam trawl surveys (June 1996 to July 1997) have
revealed strong, broad-scale habitat associations (10s
of kilometers) for juveniles of several species, and pro-
vided an overview of community structure in general
(Steves & Cowen 2000, Steves et al. 2000). Recent sub-
mersible studies (1994, 1997, 1998) have begun docu-
menting smaller-scale microhabitat associations (0.01
to 0.1 km) as well as the dispersion patterns of recent
settlers (Sullivan et al. unpubl. data). Although a wide
range of patch sizes (0.01 to 100s of kilometers) cor-
responds with variations in juvenile abundance, no
attempt has been made to link the scales at which
recruitment is measured to the scales at which vari-
ability generating processes operate. 

This study uses a hierarchical sampling program to:
(1) identify the spatial scales over which abundances of
4 species of recently settled benthic fishes are most
variable on the NYB continental shelf; (2) calculate the
relative amount of variability encompassed at these
respective scales; (3) develop an appropriate mecha-
nistic framework for evaluating the processes respon-
sible for generating local recruitment variability.

METHODS

Sampling design and technique. Hierarchical ANOVA
techniques (e.g. nested ANOVA) have classically been
used by quantitative geneticists who wish to gauge the
magnitude of variance contributed by different levels
of an experiment (Weir 1990, Sokal & Rohlf 1995). Re-
cently, investigators interested in the importance of
scaling in population ecology have used this method
to detect variability in abundance at multiple spatial
scales (Morrisey et al. 1992, Lindegarth et al. 1995,
Hughes et al. 1999). The hierarchical design of the pre-
sent study was built around a video census of juvenile

142



Sullivan et al.: Spatial variability of shelf recruitment

fishes from 3 late-summer (August 3 to 12, 1994; Sep-
tember 4 to 10, 1997; August 18 to 24; 1998) submer-
sible cruises (Delta Oceanographics, Channel Islands
Harbor, California) encompassing a total of 124 tran-
sects. Sampling configurations varied between years,
depending upon weather conditions and cruise goals;
however, all years accommodated at least 2 completely
sampled lines of 5 to 7 sites (Fig. 1). 

Typically, 4 submersible transects were completed at
each site. Individual transects lasted 20 min and cov-
ered an average bottom area of 75 m2. Transect head-
ings were determined randomly by a shipboard scien-
tist, while quartets of transects were separated by
5 min transit periods during which juveniles were not
counted. Observers counted all individuals within a
0.6 m wide swath (referenced by 2 centrally located
laser lights, 0.2 m apart). Transects were recorded with
an external Hi-8 mm Sony video system mounted on
the front of the submersible and accompanied by an

audio ‘narration’ of species counts by the observer.
Hydrographic data (conductivity, temperature, depth)
was logged continuously with an external sensor array
(Hydrolab Corp., Austin, Texas). Upon completion of a
site, video tapes of individual transects were viewed a
second time by the original observer and 2 additional
scientists to verify counts within a given transect and
resolve questionable identifications. This technique has
proven to be extremely effective for deriving unbiased
abundance estimates of highly cryptic benthic juve-
niles (Able et al. unpubl. data). Replicated 2 m beam-
trawl tows were also performed at each site to further
enhance species identification and size composition.
In 1997, 4 of the 13 sites were sampled via beam trawl
only due to inclement weather (Fig. 1). These abundan-
ces were converted to equivalent submersible counts
with species-specific catchability coefficients derived
from beam trawl/submersible efficiency comparisons.
Species with consistently high numbers of young-of-
the-year juveniles among years were utilized in the
hierarchical analysis: Limanda ferruginea (yellowtail
flounder, sensu Cooper 1996), Hippoglossina oblonga
(fourspot flounder), Citharichthys arctifrons (Gulf Stream
flounder), and the merlucciid Merluccius bilinearis (sil-
ver hake). Information on settlement timing and age-
specific distributions for these species can be found in
Steves et al. (2000).

Statistical analysis. Hierarchical analysis of variance
(ANOVA) techniques were used to partition the
explained variability in abundance of each species by
spatial scale (Underwood 1981, Searle et al. 1992).
Sampling configurations were nested into the follow-
ing hierarchy based purely on spatial considerations:
sampling lines (~100 km each), shelf zones (~25 km
each), sites (~10 km each), and submersible transects
(~100 m each) (Fig. 2). Accordingly, the linear model
becomes,

Xijkl = µ + Li + Z(L)j(i) + S[Z(L)]k[j(i)] + ∈ ijkl

where µ is the parametric mean of the population, Li

is the contribution of the ith subgroup (sampling line),
Zj(i) is the contribution of the jth subgroup (zone), Sk[j(i)]

is the contribution of the k th subgroup (site) and ∈ ijkl

is the error term (replicate sub transect, residual). Thus,
Xijkl is the observed abundance of Species X on the lth
submersible transect at the k th site in the jth zone of
the ith line. The magnitude of variation in abundance
of settlers was evaluated among years using a single-
classification ANOVA design with ‘year’ as the only
factor (Sokal & Rohlf 1995). This hierarchical approach
is particularly robust in that it allows spatial scales to
be individually tested for significance while simultane-
ously deriving an estimate of the percent variance ex-
plained (Searle et al. 1992). However, it is important to
note that our design is not completely balanced due to
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Fig. 1. Locations of underwater sites within New York Bight.
First 4 sites of the upper transect (Shinnecock Inlet) were
sampled with a 2 m beam trawl only in 1997. Identical sites
were occupied on the central line (Hudson Canyon) in 1997

and 1998
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sampling constraints (most notably, adverse weather
conditions in 1997). Underwood (1997), while acknow-
ledging the significant drawbacks of an unbalanced
design (alternative tests of significance such as the
Satterthwaite approximation), recommends using all
available data when faced with potentially low sample
sizes. Rather than reducing submersible transects and
dropping sites across the board, we opted to analyze a
full complement of transects. 

Nonparametric procedures. Variances of the abun-
dance data were highly heteroscedastic at almost
every spatial scale (Cochran’s C-test; Fry 1993), with
the exception of Limanda ferruginea in 1998. In some
instances, log transformation, log(x+1), failed to
homogenize variances. In order to confirm the validity
of the parametric results, randomization tests were uti-
lized to generate nonparametric distributions from ran-
domly reordered variates (Manly 1991). Data matrices
(species × year) were randomized and reanalyzed
using hierarchical ANOVA (n = 5000 iterations). The
ANOVA test statistic (F-value) obtained from the
observed data was then compared against this ran-
domized distribution of reordered values and a non-
parametric significance level determined for each hier-
archical level. The randomization test confirmed
whether abundance varied significantly over a given
scale. 

Hierarchical ANOVA analyses were performed using
BIOMstat (Version 3.2a, Applied Biostatistics, Inc., Se-
tauket, New York). Cochran’s C-test was calculated
using Statgraphics (Version 3.0, Manugistics, Inc.,
Rockville, Maryland). Randomization tests were gen-
erated and evaluated with the MATLAB software
package (Version 5.1, The MathWorks, Inc., Natick,
Massachusetts).

RESULTS

Settlement pattern and variability

Over 3 sampling seasons (1994, 1997, 1998), more
than 2000 recently settled benthic fishes were observed
in the New York Bight on 124 different submersible
transects (including 12 beam trawl tows), at 35 sites,
in 18 zones, over 6 sampling lines. Settlement pattern
was consistent among years for the 4 species examined
(Fig. 3). Generally, individuals of Limanda ferruginea
occupied combinations of mid-shelf sites, bounded by
concentrations of Hippoglossina oblonga along the in-
ner shelf, and Citharichthys arctifrons at the outer shelf.
Merluccius bilinearis was less predictable from year-to-
year, but typically settled over a range of mid/outer-shelf
sites (Fig. 4). While recruitment pattern was predic-
table, recruitment magnitude was significantly differ-
ent among years for individual species (Table 1). Fur-
thermore, this variability was rarely tracked by all
4 species within a given year. For example, L. ferru-
ginea and H. oblonga both peaked in 1994 (maximum
individual transect abundance = 2.04 and 0.52 m–2, re-
spectively), while C. arctifrons and M. bilinearis
peaked in 1997 (1.42 and 1.36 m–2, respectively; Fig. 3).
However, all 4 species were characterized by average
to poor settlement cohorts in 1998, with H. oblonga
representing the absolute minimum over all years with
only 9 recently settled individuals observed (Fig. 3).
Because of this low sample size, H. oblonga was ex-
cluded from further statistical analyses for 1998. 

Within years, patterns of abundance in relation to
spatial scale were investigated using the hierarchical
ANOVA design. Results are presented in terms of the
significance of pattern as well as the relative magni-
tude of variation explained at each scale (Table 2,
Fig. 5). Although various combinations of scales and
species were shown to have no statistically significant
added variance component, it is still appropriate to dis-
cuss the amount of variability contributed by these lev-
els, as more degrees of freedom may be necessary to
uncover a significant difference (Sokal & Rohlf 1995).
Variance components are partitioned as the percent-
ages of the total variation in abundance explained for
each year (i.e. the relative magnitude of variation). 
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Fig. 2. Hierarchical groupings by year. Shaded and open
circles differentiate separate lines (L1, L2). Note some designs
are not completely balanced due to sampling constraints. 

(See second subsection of ‘Methods’ for definitions)
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Line

For all 4 species, the sampling line level (100s of
kilometers spatial scale) failed to contribute signifi-
cantly to the observed variability in abundance during
any of the 3 yr examined (Table 2). Merluccius bilin-
earis was moderately variable between-lines in 1997
(28.1% variability explained); however, this compo-
nent was not significant (Table 2). In order for line
variability to be significant, constituent sites must dif-
fer consistently across entire sampling lines (for exam-
ple, high abundance at 1 particular site cannot, in and
of itself, generate substantial line variability). Conse-
quently, several species exhibited minor percentages
of line variation (Table 2) due to peaks at particular
sites that did not propagate throughout entire lines:

1994, Hippoglossina oblonga (3.2%), Citharichthys
arctifrons (3.0%); 1998, C. arctifrons (1.1%). None of
these patterns was significant. In a statistical sense,
the low number of degrees of freedom afforded by the
line scale (df = 1) made it the least powerful level in
the hierarchy.

Zone

With 4 degrees of freedom throughout, the zone
level was statistically more powerful than the line
level, while arguably generating the most revealing
patterns of any scale in the hierarchy. Limanda ferrug-
inea had a statistically significant percentage of vari-
ability explained for multiple years at the zone level
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Fig. 3. Limanda ferruginea, Hippoglossina oblonga, Citharichthys arctifrons, and Merluccius bilinearis. Settlement pattern and
variability in 1994, 1997 and 1998. Note varying scales of z-axis (abundance). The aspect ratio is skewed slightly to facilitate 

viewing of abundance magnitudes as well as the spatial orientation of sets of submersible transects
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(90.8% in 1994, 68.9% in 1997; Table 2). However, in
1998, patterns of abundance for L. ferruginea were
only partially explained by this scale (37.5%). Hippo-
glossina oblonga and Citharichthys arctifrons occasio-
nally had substantial, but not significant, percentages
of their total variability in abundance explained at
the zone level (31.2 and 44.9%, respectively in 1997;
Table 2), while Merluccius bilinearis abundance was
poorly explained at this scale during all years investi-
gated (0% throughout). 

Site

Although partitioned purely based on spatial consid-
erations, the site scale (10s of kilometers) captured a
wide range of variability. Consequently, this hetero-
geneity was reflected in the results. With the exception
of Limanda ferruginea in 1994, all species exhibited
highly significant p-values at the site scale for all years
(Table 2). Hippoglossina oblonga and Citharichthys
arctifrons consistently had the highest percentages of
variability explained at this level, with a maximum of
91.1 and 82.2%, respectively. L. ferruginea and Mer-
luccius bilinearis also exhibited consistent among-site
variability; however, for the former, the bulk of the
actual variance percentage was always concentrated
at the zone level (with the exception of 1998). 

Transect

The transect level (100s of meters) potentially offered
the most rewarding results in terms of elucidating the
role of microhabitat in generating variability. However,
this level was also the most difficult to interpret. Being
the lowest level in the hierarchy, the transect scale
could not be tested statistically for significance (i.e. no
lower mean square was available to generate an F-
statistic; see ‘Residual’ in Table 2). Thus, the percent-
age of variation explained by this scale is a combination
of transect level patchiness as well as unexplained,
residual patchiness — presumably a function of lower,
unsampled levels (see Chesson 1997). Generally, years
of high abundance (Limanda ferruginea 1994, Hip-
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Table 1. Limanda ferruginea, Hippoglossina oblonga, Cithar-
ichthys arctifrons, and Merluccius bilinearis. Results of single-
classification ANOVA testing among-year variability in abun-

dance. Abundance data transformed log(x + 1). **p < 0.01

Species Source df MS F p

L. ferruginea Year** 2 0.0580 10.57 0.0000
H. oblonga Year** 2 0.0042 6.80 0.0015
C. arctifrons Year** 2 0.0659 15.54 0.0000
M. bilinearis Year** 2 0.0320 10.28 0.0000
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poglossina oblonga 1994, Citharichthys arctifrons 1997)
were characterized by negligible percentages of resid-
ual variance (6.9, 5.7, 2.6%, respectively), indicating
that most of the observed variability was explained at
higher hierarchical levels, in this case, site and zone.
Indeed, juveniles often appeared to saturate a given
underwater site, registering surprisingly consistent

counts within quartets of sub-
mersible transects (for example, 81,
74, 67, 81 individuals for C. arctifrons
at the outer site of the central tran-
sect in 1997). Conversely, years with
reduced abundances of settlers were
characterized by higher percentages
of among-transect variability (most
notably C. arctifrons in 1998 with
46.0%, and Merluccius bilinearis in
1994 with 63.1%). 

DISCUSSION

Tropical marine ecologists have
confirmed the utility of investigating
sources of variability at multiple
spatial scales (Doherty 1991, Con-
nell & Kingsford 1998, Hughes et al.
1999). For example, Fowler et al.
(1992) found recruitment pattern to
be predictable among years at sev-
eral scales (geographic, regional,
site) for a coral reef fish, although
recruitment magnitude was highly
variable. Lindeman et al. (1998)
recently used archived habitat data
to develop a cross-shelf framework
for synthesizing multiple scales of
critical nursery habitat for juvenile
snapper. To date, few temperate
studies have addressed scaling
issues on a multi-year, multi-species
basis (but see Levin et al. 1997). The
hierarchical approach taken by the
present study facilitated the identifi-
cation and characterization of spatial
scales inherent in the recruitment
success of 4 benthic fish species
occupying settlement habitats on
the NYB shelf (Fig. 5). 

Settlement pattern and variability

Spatial information on settlement
pattern and intensity is critical for

accurately characterizing where benthic species are
found and why (Connell 1985). Cross-shelf patterns of
settlement were similar among years (with the exception
of Merluccius bilinearis), suggesting that juveniles
require discrete nursery habitats which are utilized
consistently from year to year (inner shelf: Hippo-
glossina oblonga, mid-shelf: Limanda ferruginea, outer
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Table 2. Limanda ferruginea (Lf), Hippoglossina oblonga (Ho), Citharichthys arcti-
frons (Ca), and Merluccius bilinearis (Mb). Results of hierarchical ANOVA analyses
testing effects of spatial scale on abundance. Randomization results are included 

to right of parametric values. *p < 0.05, **p < 0.01, ***p < 0.001

Year, Source df Species MS F p-value Random p % explained

1994
Line 1 Lf 0.6799 0.35 0.589 0.508 0.0

Ho 0.0715 1.19 0.337 0.322 3.2
Ca 0.0041 1.20 0.335 0.330 3.0
Mb 0.0011 1.32 0.315 0.320 1.7

Zone 4 Lf 1.9702 37.11 0.002 0.000 90.8**
Ho 0.0602 0.72 0.623 0.623 0.0
Ca 0.0034 0.67 0.648 0.640 0.0
Mb 0.0008 0.20 0.928 0.941 0.0

Site 4 Lf 0.0531 2.33 0.079 0.008 2.3
Ho 0.0840 64.59 0.000 0.000 91.1***
Ca 0.0051 23.26 0.000 0.000 82.2***
Mb 0.0041 3.23 0.026 0.021 35.2*

Residual 30 Lf 0.0228 – – – 6.9
Ho 0.0013 – – – 5.7
Ca 0.0002 – – – 14.8
Mb 0.0013 – – – 63.1

1997
Line 1 Lf 0.0120 0.45 0.541 0.540 0.0

Ho 0.0061 0.59 0.486 0.473 0.0
Ca 0.1306 0.14 0.731 0.723 0.0
Mb 1.0130 3.97 0.117 0.122 28.1

Zone 4 Lf 0.0269 8.21 0.009 0.013 68.9**
Ho 0.0142 2.30 0.159 0.144 31.2
Ca 0.9613 2.92 0.103 0.103 44.9
Mb 0.2545 1.03 0.456 0.439 0.0

Site 7 Lf 0.0033 5.67 0.000 0.001 17.6***
Ho 0.0045 11.00 0.000 0.000 50.6***
Ca 0.3290 73.81 0.000 0.000 52.5***
Mb 0.2487 15.27 0.000 0.000 57.4***

Residual 35 Lf 0.0058 – – – 13.5
Ho 0.0004 – – – 18.2
Ca 0.0045 – – – 2.6
Mb 0.0163 – – – 14.5

1998a

Line 1 Lf 0.0013 0.04 0.849 0.853 0.0
Ca 0.0216 1.09 0.356 0.397 1.1
Mb 0.0099 0.99 0.376 0.367 0.0

Zone 4 Lf 0.0323 2.74 0.130 0.130 37.5
Ca 0.0199 1.34 0.357 0.204 9.3
Mb 0.0100 1.00 0.475 0.450 0.0

Site 6 Lf 0.0118 6.59 0.000 0.000 36.5***
Ca 0.0149 4.79 0.001 0.000 43.6**
Mb 0.0100 11.67 0.000 0.000 72.7***

Residual 36 Lf 0.0018 – – – 26.0
Ca 0.0031 – – – 46.0
Mb 0.0009 – – – 27.3

aH. oblonga was not analyzed in 1998
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shelf: Citharichthys arctifrons: Fig. 4). These patterns
agree with those reported by Steves et al. (2000) for the
NYB shelf (beam-trawl assessment, 1996 to 1997). Sim-
ilar juvenile zonation strata have been documented for
other regional assemblages (Mid-Atlantic Bight estu-
ary: Burke et al. 1991; Pacific Northwest inner conti-
nental shelf: Norcross et al. 1997; Gulf of Mexico estu-
ary: Allen & Baltz 1997), suggesting that early life-
history strategies may evolve, in concert, to partition
resources among species. On the NYB shelf (Steves et
al. 2000), as well as within its estuaries (Able & Fahay

1998), benthic fish distributions become less special-
ized and more cosmopolitan as the adult stage is ap-
proached, underscoring the critical contribution of these
early stage benthic habitats to subsequent survival and
growth.

In contrast to spatial pattern, the magnitude of settle-
ment was extremely variable between years, and
rarely tracked by all 4 species within a given year
(Fig. 3). The potential causes and consequences of this
variability, in conjunction with spatial scale, probably
vary on a species to species basis.
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Fig. 6. Bottom temperature contours (°C) and average abundance of Limanda ferruginea (D). Note single-station ‘cold pool’ shift 
(toward shelf break) in 1998

Fig. 5. (a) Limanda ferruginea, (b) Hippoglossina oblonga, (c) Citharichthys arctifrons, and (d) Merluccius bilinearis. Percent vari-
ability explained as a function of spatial scale. —— 1994; —— 1997; —— 1998. Significant scales of variability are noted on each

curve: *p < 0.05 **p < 0.01 ***p < 0.001
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Limanda ferruginea

A striking pattern among years was the fidelity of
Limanda ferruginea to the zone scale (= 25 km), where
the dominant annual physical feature in the NYB
(early summer to late fall) is a mid-shelf cold cell of
remnant winter-bottom water (Houghton et al. 1982).
This consistent spatial/temporal pattern is character-
ized by a pronounced accumulation of explained vari-
ability at scales of 25 to 50 km (Fig. 5a). Abundances
of L. ferruginea in 1994 and 1997 were significantly
related to the zone scale where 91 and 69% of the ob-
served variability was explained, respectively (Fig. 5a).
The highest concentrations of individuals for both years
were located within the mid-shelf zone, where bottom
temperatures reached a minimum of 6°C (with outer
and inner-shelf zones ranging from 9 to 13°C; Fig. 6).
This spatial pattern broke down in 1998, but only as a
result of a single site extension of the cold pool into the
outer-shelf zone (thus transferring a bulk of the varia-
tion to the site scale; Fig. 5a). 

Ichthyoplankton work has revealed entire assem-
blages of larvae tracking water masses with distinct
temperature and salinity signatures (Raynie & Shaw
1994, Rakocinski et al. 1996, Grothues & Cowen 1999).
It is likely that late-stage larvae/early juveniles of
Limanda ferruginea actively track the mid-shelf cold
pool (or experience significant mortality outside its
thermal boundaries), such that initial settlement pat-
terns are set by processes operating at the zone level.
Subsequent post-settlement mortality may, therefore,
be more localized in nature (at particular sites or
within individual transects), while directly contingent
upon the longevity of the cell (Steves et al. 2000). 

While the zone scale appears to be a critical node
of recruitment variability for Limanda ferruginea, the
lack of appreciable variance between sampling lines
(100s of kilometers; Fig. 5a) suggests that settlement
patterns are predictable across the breadth of the shelf.
This is not a surprise, as juveniles of most NYB species
(including the remaining 3 discussed herein) track dis-
crete depth contours throughout settlement (Steves et
al. 2000). Settlement intensity (i.e. the relative number
of juveniles) was also consistent across the shelf within
years (for example, the strong L. ferruginea settlement
cohort of 1994: Fig. 3), indicating that fluctuations in
shelf-wide larval supply may be synchronizing initial
settlement magnitudes among sampling lines.

Hippoglossina oblonga and Citharichthys arctifrons

The distinctive settlement pattern of Limanda ferrug-
inea is reinforced by the complementary distributions
of the 2 other dominant shelf flatfish species,

Hippoglossina oblonga and Citharichthys arctifrons
(Fig. 4). Both species exhibit inverse variability patterns
to those displayed by L. ferruginea. High proportions of
explained variability are partitioned into scales mirror-
ing individual sites (10s of kilometers), with the zone
scale playing a significantly reduced role (Fig. 5b,c). Al-
though both species track the inner and outer-shelf
zones, respectively, suggesting a negative cold-pool re-
lationship, the correspondence is not as predictable as
with L. ferruginea (Fig. 3). For example, in 1997 a small
tongue of C. arctifrons recruits extended into the inner-
shelf zone of the northern line. Unfortunately, it is un-
clear whether this strong site attachment is a function of
available pre-settlement individuals, post-settlement
processes related to habitat, or an interaction of both
(see Fowler et al. 1992 for the same dilemma). Although
the variability curves are virtually identical for both
species, H. oblonga and C. arctifrons settle into vastly
different shelf habitats: the former into a high energy
environment characterized by sand-wave ripples, scat-
tered shell hash and cerianthid anemone fields, the lat-
ter into a barren, low-energy mud/silt landscape of
polychaete mounds and marginated seastars (Sullivan
et al. unpubl. data, Fig. 4 in present study). Experimen-
tal work has confirmed the importance of substrate type
for growth and survival of numerous benthic fish spe-
cies (Gibson & Robb 1992, Neuman & Able 1999); how-
ever, in nature, sediments often vary as function of tem-
perature and depth, making correlations difficult to
statistically resolve (Keefe & Able 1994, Norcross et al.
1999, Steves et al. 2000).

Recent studies have suggested that pelagic, late-
stage larvae of some NYB species (Tautogolabrus ad-
spersus, cunner, Etropus microstomus, smallmouth
flounder; Cho 1996) as well as several South Atlantic
Bight expatriates (Xyrichtys novacula, razorfish, Bo-
thus sp.; Cowen et al. 1993) may use vertical migration
behavior to mediate rapid cross-shelf transport from
offshore sites to inshore nursery habitats. These obser-
vations implicate the influence of mechanisms operat-
ing on scales much greater than the final individual
distributions would initially suggest. In this respect,
caution should be used in attributing fluctuations in
abundance among sites to processes operating strictly
on comparable scales.

Merluccius bilinearis

In contrast to the complementary scaling patterns
of the 3 flatfish, Merluccius bilinearis abundance was
best explained by a broader band of moderate to high
variability partitioned over a wide range of spatial
scales (0.1 to 10 km), with the site scale serving as the
best proxy for settlement pattern (Fig. 5d). Steves &
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Cowen (2000) suggest that early settlement patterns of
M. bilinearis are cued to a narrow interaction of tem-
perature and depth (indicative of spikes in abundance
at single sites) with a subsequent broadening of habi-
tat preference as juveniles grow and local physical
regimes shift (turnover of the cold pool, mid-late fall).
The zone scale was a poor indicator of abundance
for this species (Fig. 5d) and, thus, may become more
important only as individuals radiate out from parti-
cular sites. 

The importance of microhabitat

One frequently undersampled scale of variation in
temperate early life-history studies is the microhabitat
level (0.01 to 0.1 km), where variability is largely inac-
cessible by traditional sampling techniques (Felley &
Vecchione 1995). In the present study, submersible
technology facilitated the accurate estimation of abun-
dances of recent settlers, as well as their microscale
habitat associations on the order of meters. In years
where individuals saturated entire submersible tran-
sects (Limanda ferruginea in 1994, Citharichthys arc-
tifrons in 1997), transect-level variability in abundance
approached zero and the bulk of explained variability
was contributed by sites and zones (Fig. 5a,c). This
suggests a scenario whereby a species is swamping a
given microenvironment with such intensity that
microhabitat selection is virtually impossible. In con-
trast, during years of low overall abundance, species
tended to exhibit high among-transect variability –
presumably a result of differential mortality or some
form of habitat selection (C. arctifrons in 1998, Merluc-
cius bilinearis in 1994; Fig. 5c,d). This scenario is con-

sistent with the habitat-suitability predictions of the
basin model as proposed by MacCall (1990).

Recent submersible/remotely operated vehicle work
in the Middle Atlantic Bight has suggested that juve-
niles, as well as adults, of many fish species select from
the available background matrix, discrete microhabi-
tat patches on the order of meters (Auster et al. 1995,
1997). Microhabitat structure is clearly critical for juve-
nile survival in some species. However, how this de-
pendence filters up to population-level spatial scales is
difficult to explain mechanistically. The tropical litera-
ture is replete with examples (both conceptual and
empirical) of stage-specific habitat associations with
population-level repercussions (Caley et al. 1996). Si-
milar dynamics for temperate counterparts are just
now beginning to be worked out for heavily exploited
species such as Atlantic cod Gadus morhua (Lindholm
et al. 1998). For example, on Georges Bank, late-stage
cod larvae are delivered to potential nursery areas via
mesoscale gyre circulation (100s of kilometers). Early
juveniles then select for gravel substrates as a refuge
from predation (100s of meters). Finally, late-stage
juveniles abandon this gravel dependence and take up
a more cosmopolitan existence (10 to 50 km scale) as
adults (Lough et al. 1989, Langton et al. 1995, Langton
1998). Clearly, dynamics operating at lower scales can-
not be completely ignored in the light of larger-scale
physical processes.

A collection of recent studies has documented the
impact of mobile fishing gear on a wide range of ben-
thic habitats (Dayton et al. 1995, Auster et al. 1996,
Currie & Parry 1996, Kaiser & Spencer 1996, Collie et
al. 1997). Among these, Gislason (1994) estimates that
the area swept annually by beam trawls in the North
Sea is approximately equal to the entire area of the Sea

itself. In order to completely gauge the
importance of these lower scales of vari-
ability, experimental field studies must
be performed to ascertain the short-as
well as long-term impact of bottom dis-
turbance on the survival of early-stage
benthic fishes.

Synthesis

With the recent collapse of several sig-
nificant northwest Atlantic fisheries, one
of the critical concerns of fishery man-
agers has been the identification and
evaluation of ‘essential fish habitat’, EFH
(Benaka 1999). For a majority of North-
west Atlantic species, critical knowledge
has accumulated concerning the poten-
tial suites of habitats occupied by an

150
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extents. Variance data taken from Limanda ferruginea 1997. Question

marks depict scales not addressed in this analysis
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individual over its lifetime; however, in order to effec-
tively manage exploited stocks, essential habitat must
be considered explicitly in a spatial/temporal frame-
work (Langton et al. 1995). This necessarily involves
working from the population scale (where habitat
scales are cumulative) downward. As demonstrated by
the above discussion for the 4 NYB species and echoed
by Levin (1992), attempting to dissect recruitment vari-
ability generating mechanisms into individual scales
and processes is a difficult and, often, contradictory
task. An alternative approach, as proposed by Langton
et al. (1995), involves synthesizing pattern and process
from a range of scales simultaneously. 

A conceptual model for juveniles of Limanda ferrug-
inea from the NYB illustrates the synergistic effect of
multiple spatial scales (Fig. 7, Table 3). Areas of high
variability (i.e. 25 to 50 km for L. ferruginea) can be
used to create a framework within which one can
gauge the relative importance of entire suites of scales.
Thus, for L. ferruginea, complex evolutionary proces-
ses acting on population-level scales set the initial
geographical range of the species (Miller et al. 1991).
Scaling down into the New York Bight region, the sam-
pling line scale reveals a settlement pattern for local
populations that is predictable throughout the length
of the shelf, and modified primarily by meso-scale pro-
cesses (physics and transport). Among individual shelf
zones (inner, mid, outer), juveniles are found predomi-
nantly within the confines of the mid-shelf cold pool,
which exerts a profound influence on the basic physi-
ology of individuals (via temperature and depth inter-
actions). Within the cold pool itself, abundance is mod-
ified yet again as sediment type and its corresponding
suite of prey and predator regimes come into play at

individual sites. Among transects within sites, local
microtopography (sand-wave fields, cover) as well as
social interactions may modify distributions a final
time, ultimately resulting in patterns which can be
detected on the order of meters. In this example, while
the distribution of scales spanned 4 orders of magni-
tude, the number of spatial scales directly addressed is
probably an oversimplification (i.e. a large spatial gap
exists between the 0.1 and 10 km levels). In addition,
this framework will shift significantly with the vagaries
of the geographical region under consideration (range
location, habitat type, local physics) making the detec-
tion of pattern and process in this particular species
more complex as one moves from region to region
within its range (1000s of kilometers). 

Despite providing valuable information regarding
settlement pattern, variability and scaling, the present
approach still amounts to what is essentially a series of
static, single-stage snapshots (see Sale 1999 for a simi-
lar criticism). What is the relative abundance of compe-
tent pre-settlement larvae and how are they distrib-
uted? How have the observed juvenile abundances
been modified by pre-sampling processes (i.e. Limanda
ferruginea begins settlement as early as May)? In order
to completely evaluate the interplay of multiple scales,
future sampling clearly needs to be expanded in a spa-
tial (concomitant larval sampling) as well as temporal
(tracking of larval and juvenile abundances) sense. For
the NYB, dynamics of larval and juvenile fish assem-
blages have been well-documented independently (Fa-
hay 1983, Morse et al. 1987, Cowen et al. 1993, Steves
et al. 2000); however, until attempts are made at synop-
tically linking both stages, a substantial piece of the
recruitment mechanism remains unexplained.
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Table 3. Limanda ferruginea. Selected studies addressing life-history aspects at various spatial scales. The smallest (0.01 km) and
largest (1000 km) scales were not addressed in analysis of present study

Scale (km) Region Main objective Source

0.01–1 NY Bight Microhabitat associations Sullivan et al. (unpubl. data)

10–50 NY Bight Juvenile nursery habitats Steves et al. (2000)
Review Impact of habitat quality and quantity Gibson (1994)
Various Density-dependent mortality Myers & Cadigan (1993)
Scotian Shelf Juvenile nursery habitats Walsh (1992)

100 Mid Atlantic Bight Larval assemblages and hydrography Grothues & Cowen (1999)
NY Bight Larval assemblages and hydrography Cowen et al. (1993)
Scotian Shelf Larval drift and distribution Frank et al. (1992)
Scotian Shelf Larval drift and distribution Walsh (1992) 

1000 NW Atlantic Latitudinal variability Leggett & Frank (1997)
NW Atlantic Latitudinal variability Miller et al. (1991)
Mid Atlantic Bight Larval distributions Morse et al. (1987)
Mid Atlantic Bight Community composition Colvocoresses & Musick (1984)
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