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INTRODUCTION

The processes that shape species distribution are
fundamental concerns of ecology and must be taken
into account for effective conservation and manage-
ment strategies. This is especially important for mar-
ine fishes, as patterns of exploitation add a major
source of variability (Grand & Grant 1994, Essington
& Kitchell 1999, Abrams 2000). Managing stocks to
ensure sustainability may require identification and
protection of the highest quality habitat, which pro-

duces the highest possible biomass. In particular,
closed areas designed to conserve spawning popula-
tions of fish are especially effective if located in high
quality habitats which are always occupied by
spawning adults regardless of whether overall popu-
lation levels are high or low.

Differential patterns of survival and active habitat
selection, separately or together, result in the patchy
distributions of fishes that we observe. The concep-
tual definition of habitat, the area where an animal
lives (Smith & Smith 1998), is intuitive and straight-
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forward. The operational definitions used to define
this area, however, are many and varied. Presence/
absence of a species, niche description and quantifi-
cation (Pittman & McAlpine 2003), variation in distri-
bution of fish communities (Auster et al. 2001), and
variation in population density (Knight & Morris
1996) have all been used to identify habitat. How-
ever, individuals are often found in suboptimal habi-
tats, and the mere presence of an organism in a par-
ticular habitat does not indicate that the population
can sustain itself there (Schultz & Ludwig 2005). Eco-
logical sinks (Pulliam 1988, Pulliam & Danielson
1991, Delibes et al. 2001) and traps (Kristan III 2003)
can promote population of poor habitats. Hence,
incorporating some measure of habitat quality into
our habitat definitions can contribute to the conser-
vation and sustainability of exploited species such as
marine fish. An individual in high quality habitat
enjoys high energy intake and/or low risk of preda-
tion or disease and therefore has high rates of sur-
vival and reproduction. Energy not used in compen-
sating for adverse abiotic factors (temperature,
salinity, dissolved oxygen, current) can also be
diverted into growth or reproduction. We refer gen-
erally to this as a fitness benefit.

Three theoretical constructs have been used to
explain the relationship between abundance and dis-
tribution in marine fishes: the constant density model
(CDM), the proportional density model (PDM), and
the basin model (BM) (Petitgas 1998). The CDM pre-
dicts that local density remains constant and the
range (the total area occupied by the species)
expands and contracts with changes in global abun-
dance (Iles & Sinclair 1982, Hilborn & Walters 1992).
The mechanism driving the CDM could be territorial-
ity (Hilborn & Walters 1992) or, more generally, site
dependence (Rodenhouse et al. 1997). Individuals
claim exclusive access to some site (portion of habi-
tat), and their presence precludes use by other indi-
viduals. Habitat quality does not degrade with occu-
pation of adjacent areas, and more habitat is
occupied as the population grows (Rodenhouse et al.
1997). Individual reproductive success is determined
in part by habitat quality and is unaffected by popu-
lation size (McPeek et al. 2001). The CDM, driven by
site-dependence, predicts that fitness is greater in
higher quality habitat that is occupied first (Roden-
house et al. 1997). Territoriality can be seen as a spe-
cial case of site dependence in which dominant indi-
viduals actively exclude subordinates, but individual
reproductive success is still determined by habitat
quality. This is also equivalent to the ideal domi-
nance model proposed by Fretwell & Lucas (1969).

The PDM predicts that range remains constant and
local density changes proportionally with changes in
global abundance (Houghton 1987, Myers & Stokes
1989, Hilborn & Walters 1992, Petitgas 1998). The
PDM was used to explain North Sea haddock and
American plaice distributions on the Grand Banks of
Newfoundland (Myers & Stokes 1989), but no mech-
anism was proposed to account for it. Local processes
that provide enhanced prey resources could result in
increases in local density in phase with changes in
global population (Petitgas 1998). Spatial hetero-
geneity in post-settlement survival due to availability
of predator refuges (Levin 1994) would also provide
an ecological mechanism for proportional changes in
local abundance in the context of site-dependent
habitat use. As originally described, the PDM made
no predictions regarding fitness, but if a site-depen-
dent mechanism is the basis for the PDM as dis-
cussed above, then differences in fitness should be
detectable among habitats as in the CDM.

The BM predicts that both local density and species
range change with changes in global abundance
(MacCall 1990) and proposes density-dependent
habitat use (Fretwell & Lucas 1969) as the mecha-
nism. Fretwell & Lucas (1969) theorized that habitat
choice is influenced by habitat suitability, now com-
monly interpreted as the fitness value. The fitness
value is also inversely related to population density.
Hence, habitat use is density dependent, and an opti-
mizing individual will leave initially high quality
habitat when high abundance there has depressed
fitness below that which can be obtained in a lower
quality but less crowded habitat. Fretwell & Lucas
(1969) referred to this scenario as ideal free distribu-
tion. MacCall (1990) incorporated these ideas in his
BM, using habitat choice as the driving force behind
changes in local population density, global abun-
dance, and the range occupied by a species. Simpson
& Walsh (2004) concluded that yellowtail flounder
Limanda ferruginea distributions were consistent
with the BM because the range changed with
changes in population size; however, they lacked an
estimate of fitness, and their results could also be
consistent with the CDM. In order to distinguish
between the BM and the CDM one needs to look at
local population density and some measure of fitness.
While the BM predicts that fitness should be the
same across habitats, the CDM, if driven by site-
dependent habitat use, predicts that higher quality
sites will produce individuals with higher fitness. For
this reason, Shepherd & Litvak (2004) recommend
incorporating analyses of spatial variation in fitness
in tests of density-dependent habitat use.
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Linking the demographics of managed species to
particular models of habitat use can have important
implications for development and testing of manage-
ment strategies. The growth potential of a population
will depend on whether the spawning stock is dis-
tributed in a way that homogenizes fitness, or alter-
natively is distributed into sources and sinks. The
need for and potential boundaries of areas to protect
juveniles or spawning adults in a population will
depend on species-specific responses to variation in
population size. Further, understanding and inter-
preting responses to habitat management actions
will also depend on model fit. A decrease in fitness
across a population (e.g. observed as a decrease in
growth or fecundity) may be interpreted as a failure
of a conservation scheme, but this is the expected
response with an increase in abundance for species
that fit the BM.

The objectives of this study were to test predictions
made by these 3 models of habitat use (summarized
in Table 1) with data from portions of a 48 yr long
time series on yellowtail flounder Limanda ferrug-
inea on Georges Bank (NW Atlantic). These data per-
mitted tests of habitat selection theories on a large
spatial scale. We determined if geographical range
increases and local population density remains con-
stant, or if ranges and density both change, when a
low abundance period is compared to a high abun-
dance period. We tested for spatial variation in prox-
ies of fitness as suggested by Shepherd & Litvak
(2004), and determined whether fitness is site driven
or related to population size.

METHODS

The National Marine Fisheries Service has con-
ducted a biannual bottom trawl survey of the north-
east continental shelf since 1963 in order to assess
the abundance of economically important marine

species (Grosslein 1969). The survey covers the
 continental shelf from Cape Hatteras, North Car-
olina, northward into Canadian waters (Fig. 1). Sam-
pling stations are chosen randomly each year within
strata that are defined by depth and temperature.
The number of stations are proportional to stratum
area (Grosslein 1969, Azarovitz 1981), with the
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Model Geographical range Local density Local fitness Spatiotemporal variation in fitness

CDM Increases with N Constant over N Constant over N Spatial variance at high N
PDM Constant over N Constant proportion of N Constant over N Spatial variance at high N
BM Increases with N Increases with Na Decreases with N No change in spatial variance with N

aThe increase may be more pronounced if fish follow a Beverton-Holt stock−recruitment relationship

Table 1. Limanda ferruginea. Model predictions of changes in distribution and fitness with population size (N). Geographical
range is the total area occupied by the species. Local density is the catch per unit effort within a given area. Local fitness is
a measure of fish health generated from length and weight of individual fishes within a given area. Spatiotemporal variation
in fitness is the predicted reaction of the fitness metric to changes in population size. CDM: constant density model; PDM: 

proportional density model; BM: basin model

Fig. 1. Limanda ferruginea. Yellowtail flounder stocks. The
area off the northeast coast of the United States surveyed by
the National Marine Fisheries Service showing sampling
strata (indicated by contour lines) and management areas—
the Gulf of Maine, Georges Bank, and the southern New
England−Middle Atlantic Bight (SNEMAB). Inset shows
Georges Bank, Stratum 1160, Closed Area II (CAII), and
 Statistical Zone 5Z. NS, CAN: Nova Scotia, Canada. CC: 

Cape Cod, CH: Cape Hatteras
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exception of shallow central areas of Georges Bank;
the minimum number of stations in a stratum is 2.
Between 350 and 400 stations are typically sampled
on a survey, approximately 1 for each 200 square
nautical miles.

Trawls are conducted in a standardized fashion.
Details of the trawl survey design in addition to this
summary can be found in Reid et al. (1999). A net is
towed by the survey vessel for 30 min, during which
the ship covers about 1.5 nautical miles. For each
tow, environmental data (water temperature, depth,
salinity) are collected, and the catches are sorted by
species, counted, and a subsample is weighed and
measured. Catch per unit effort (CPUE) is estimated
as catch per tow. The area swept by the net appears
to be consistent based on calculations made during
the 2006 season. The mean area swept was 0.74 km2,
and the standard deviation was 0.0007 km2, assum-
ing that door spread is constant at the mean value of
22.15 ± 0.21 m.

We chose to use yellowtail flounder Limanda fer-
ruginea for our geospatial tests of habitat models
because it has exhibited wide variation in population
size (Fig. 2). Low (1992 to 1995) and high (1999 to
2004) abundance periods were selected based on
stock assessments (NEFSC 2008). This species is
managed as 3 sub-populations: Cape Cod to Gulf of
Maine, Georges Bank, and the southern New Eng-
land−Middle Atlantic Bight (Fig. 1). We focused on
the Georges Bank stock because yellowtail flounder
are most numerous there. Some areas of Georges
Bank have been closed to commercial fishing as part
of fisheries management plans. Closed Area II (CAII)

was closed by the United States in 1994 (Fig. 1). The
area has been open on a limited-access basis since
1999 for harvest of sea scallops Placopecten magel-
lanicus, with restrictive controls to minimize bycatch
of yellowtail flounder. Canada closed parts of Area
5Z (Fig. 1) to groundfish harvest from January to May
from 1994 through 2004. Georges Bank trawl survey
CPUE was higher by a factor of 4 during the high
abundance period.

To test predictions regarding the effect of abun-
dance on geographical range, individual catch
records were plotted using a geographic coordinate
system (North American Datum of 1983 [NAD 1983])
using the latitude and longitude where each trawl
began. Coordinates were then reprojected into Uni-
versal Transverse Mercator (UTM, Zone 19N; NAD
1983) system to permit accurate measurements of
distances, geospatial relationships, and areas occu-
pied. Geographical range (i.e. total area occupied) at
high and low abundance periods was quantified
using a kernel density estimator. The kernel density
estimator calculates fish density within a circular sur-
face around a point based on a selected search radius
and the number of fish caught there. The result is dis-
played as a raster coverage. We used an a priori
value of 20 km for our search radius, based on known
yellowtail migration distances from tagging studies
(Stone & Nelson 2003). The output raster data were
converted to polygons so that the area could be cal-
culated (ArcGIS 9.3.1, 10.0). Differences in mean
areas occupied during high  versus low abundance
periods were tested via a 2-sample t-test.

To test predictions regarding local density, we com-
pared localized population densities within high qual-
ity habitat to those on Georges Bank as a whole. Stra-
tum 1160 (Fig. 1) is assumed to be high quality habitat
based on the consistently high numbers of yellowtail
flounder found there. Yellowtail flounder eggs, larvae,
juveniles, and adults are all found in this area (John-
son et al. 1999); it has the sandy substrate (Almeida et
al. 2005, Kostylev et al. 2005, Link et al. 2005) and
food items that yellowtails prefer (Johnson et al. 1999,
Link et al. 2002). Tagging studies also indicate limited
movements of yellowtails out of this area (Stone &
Nelson 2003). The total survey catch from Stratum
1160 for each year was expressed as a percentage of
the catch from Georges Bank as a whole, and the rela-
tionship between the catch in Stratum 1160 and the
total catch on Georges Bank was tested via regression.
We also compared CPUE within Stratum 1160 to that
on the rest of Georges Bank.

We tested predictions regarding spatial hetero-
geneity in fitness using a condition index expressing
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Fig. 2. Limanda ferruginea. Relative abundance of yellow-
tail flounder on Georges Bank from 1990 to 2005 in the
spring and in the fall (data from NEFSC 2008). Arrow indi-
cates the beginning of closures of Areas CAII and 5Z in 1994

(see ‘Methods’). CPUE: catch per unit effort



Pereira et al.: Geospatial analysis of habitat use in yellowtail flounder

relative fish mass. Individual fish masses and lengths
have been recorded in trawl surveys beginning in
1992. The relationship between mass and length in
fishes has long been used in various forms as a meas-
ure of health or condition (Le Cren 1951), and is an
indicator of energy available for reproduction (Bur-
ton & Idler 1984, Burton 1994). We used the residual
mass index described in Jakob et al. (1996): we esti-
mated the predictive mass−length relationship via
log-log regression (Fig. 3) and determined each indi-
vidual’s deviation from the regression. Prior to esti-
mating each individual’s residual mass index, the
mass−length data were subdivided into groups based
on season, sex, and gonadal development. Length−
weight relationships are likely to be different in
spring and fall because of gonadal development dur-
ing the spawning season. Mature ovaries can com-
prise 20% or more of a female yellowtail flounder’s
mass (Wilk et al. 1990), so fish of the most frequently
occurring maturity stage were used for the analysis
for each season to minimize these differences. The
maturity classification scheme used was that first
proposed by Morse (1979). Each fish was classified
upon capture as immature (I), developing (D), ripe
(R), spent (S), resting (T), or unknown (X). Yellowtail
flounder spawn in the spring; most of the fish cap-
tured during the fall survey were in Class T, while
most of the fish during the spring survey were in
Class D.

To test the predictions regarding fitness, we ana-
lyzed variability in condition in 2 spatial domains. We
conducted an among-stratum analysis via a nested
mixed-model analysis of variance (ANOVA). The
main effects in this model were abundance (2 levels:

low and high), stratum (11 levels), season (fall and
spring), and year (random effect nested within each
combination of abundance, stratum, and season).
The analysis was conducted separately for each sex.
We used the MS (error) of the nested effect in the
denominator for F-tests of each interaction and main
effect. We conducted a mesoscale (10s to 100s of kilo-
meters) analysis via geospatial tools for assessing
spatial autocorrelation. This analysis was conducted
separately on each combination of sex, season, and
abundance. We constructed a prediction surface
using kriging or cokriging (see Appendix 1). To
determine whether there was significant spatial
autocorrelation in condition, we regressed observed
values of condition against the expected values
 estimated by kriging, referred to henceforth as k⌢.
A statistically significant regression was taken as
 evidence of spatial autocorrelation in condition.
Because there is the potential for confounding spatial
and temporal effects in these multi-year datasets, we
tested for combined effects of year and k⌢ on observed
values of condition in analyses of covariance (ANCO-
VAs). We also tested for a year effect on k⌢ in 1-way
ANOVAs. Year was included as a categorical vari-
able in each analysis.

RESULTS

Yellowtail flounder Limanda ferruginea occupied
larger geographic ranges during the high abundance
period (Table 2). The areas occupied were signifi-
cantly greater during the high abundance period in
both the spring (p = 0.03) and the fall (p = 0.002). In
both seasons, the mean area occupied increased from
about 4000 to about 8000 km2.

Over time, local population density in high qual -
ity habitat (Stratum 1160) increased more quickly
than on the rest of Georges Bank and was an
increasingly larger percentage of the total survey
catch (Fig. 4). In the early 1970s about 30% of the
survey’s catch of yellowtail flounder was captured

283

Season Area (km2) p
Low period High period

Fall 3966 8676 0.002
Spring 3844 7907 0.03

Table 2. Limanda ferruginea. Geographical range of yellow-
tail flounder on Georges Bank. Differences in mean areas
occupied during low and high abundance periods were 

significant (p < 0.05) for both fall and spring

Fig. 3. Limanda ferruginea. Log-log regression of mass and
length from fall-caught female yellowtail flounder. Devia-
tion from regression (details indicated) is used as a measure 

for individual condition
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from Stratum 1160. By 2004 it had risen to nearly
70% of the Georges Bank sample (Fig. 4) and was
an order of magnitude higher than CPUE elsewhere
(Fig. 5). The geographical distribution of the popu-
lation is shown in Fig. 6.

Condition indices for females were significantly
lower when populations were high but not for males

although they trended in that direction (Fig. 7).
Males had significantly lower condition indices in the
spring when compared to the fall (Table 3). The sig-
nificant stratum result in the males was due to a dif-
ference between 2 strata, 1170 and 1200 (Fig. 1).
Year nested within abundance period, season, and
stratum was significantly different for both males and
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Fig. 4. Limanda ferruginea. Proportional abundance of yel-
lowtail flounder in preferred habitat (Stratum 1160, see
Fig. 1). Abundance is expressed as a percentage of the total
survey catch on Georges Bank. Equation for least-squares
regression, correlation coefficient, and p-value are indicated

Fig. 5. Limanda ferruginea. Comparative density (as catch
per unit effort, CPUE) of yellowtail flounder in high quality
habitat (Stratum 1160, see Fig. 1) and elsewhere on Georges
Bank by year. Arrow indicates the beginning of closures of 

Areas CAII and 5Z in 1994 (see ‘Methods’)

Fig. 6. Limanda ferruginea. Distribution of yellowtail flounder population on Georges Bank during (A) low and (B) high abun-
dance. The cross-hatched area represents the area within which approximately 66% of the population resided. The hatched
area represents the distribution of an additional 33 % of the population. Together they account for 99 % of the area occupied 

by the population. For area details see Fig. 1
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females (Table 3). Mean condition indices were
most ly positive despite the fact that they were based
on residuals because we selected the most common
reproductive stages during the spring and fall sur-
veys to minimize differences due to spawning condi-
tion. Fish that were categorized as recently spawned
or spent (S) were more likely to show a negative con-
dition index than the stages most common during the
surveys, namely resting (T) for the fall and develop-
ing (D) in the spring.

Geospatial analysis suggested that there was
mesoscale variability in condition, some but not all of
which was due to confounding of spatial and temporal
effects. Outliers identified by robust regression
showed no consistent pattern with regard to location,

temperature, salinity, or depth. In the
fall, during both low and high abun-
dance periods, the cross-validation
slope of observed condition versus
predicted values from k⌢ was signifi-
cant, and 15 to >25% of the variability
in condition was due to spatial effects
(Table 4). In the spring, when abun-
dance was low, condition was not
 spatially autocorrelated, but, during
the high abundance period, condition
was again spatially autocorrelated,
explaining 9 to >25% of the variance.
The ACD, the maximum distance at
which condition was spatially auto -
correlated, differed with abundance
for each sex/season combination save
2 (Table 4). The ACD was comparable

for males and females during the high abundance pe-
riod (roughly 80 km during the fall season and 30 to
40 km during the spring). It was larger during the
low abundance period among males in the fall and fe-
males in the spring. The level of variability in condi-
tion among samples outside of the influence of spatial
autocorrelation (partial sill) was typically lower during
high population periods than for low population peri-
ods. To tease out the effect of among-year variability
in condition in the geospatial analysis, we tested for
combined effects of year and k⌢ in ANCOVAs and the
effect of year alone in ANOVAs (Table 5). When year
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df Males Females
MS F p MS F p

Abundance (a) 1 0.0043 1.13 0.29 0.044 6.3 0.01
Stratum (s) 9 0.068 2.0 0.05 0.0038 0.6 0.79
Season (e) 1 0.032 8.41 0.005 0.002 0.26 0.61
a × s 8 0.032 1.06 0.4 0.02 0.36 0.94
a × e 1 0.0003 0.08 0.8 0.004 0.55 0.46
s × e 9 0.049 1.43 0.19 0.02 0.35 0.94
a × s × e 5 0.0226 1.2 0.32 0.0013 0.21 1.0
Year(a × s × e) 76, 84 0.287 2.69 <0.0001 0.6 3.5 <0.0001

Error 950, 921 0.0014 0.002

Table 3. Limanda ferruginea. Test of spatial and temporal variability in con -
dition. Results of mixed-model ANOVA, testing each sex separately. Abun-
dance: abundance period. When the degrees of freedom (df) for an effect dif-
fered between males and females they were both listed (as males, females).
MS: Type III mean squares. F and p-values given for the null hypothesis that 

there is no effect. Significant p values (≤0.05) in bold

Abund. N Slope R2 ACD Partial
period (km) sill

Fall
Female Low 114 0.131** 0.148 7.6 0.00261

High 414 0.92** 0.261 80 0.000712
Male Low 121 0.895** 0.174 215 0.000236

High 301 1.13** 0.225 76 −0.0779

Spring
Female Low 101 −0.658 0.018 125 0

High 411 1.21** 0.259 38.5 0.000762
Male Low 126 0.546 0.025 0.065 0.000348

High 516 1.05** 0.086 29.9 0.00007

Table 4. Limanda ferruginea. Geospatial test statistics for
variability of condition, for each combination of season, sex,
and abundance period from the semivariogram. N: sample
size; slope: cross-validation regression slope of the relation-
ship between each observed value and the expected value
estimated by kriging (k⌢) while deleting the observed value;
R2: measure of the regression’s goodness of fit; ACD: auto -
correlation distance (see Appendix 1); partial sill: semi -
variance between points that are sufficiently far apart to be
uncorrelated. **Significant at p < 0.01, under nullhypothesis 

that the slope is 0

Fig. 7. Limanda ferruginea. Mean (±SD) condition indices
for yellowtail flounder during low and high abundance
 periods, fall and spring data combined. Sample size in
parentheses. The difference is significant for females, but 

not for males



Mar Ecol Prog Ser 468: 279–290, 2012

and k⌢ were both included in ANCOVAs, the effect of
k⌢ was significant in all cases  except in the spring sea-
son during low abundance periods, as described
above; the effect of year was typically not significant,
except among males sampled in the fall season during
the high abundance period. The interaction between
year and k⌢ was significant in 1 dataset. When year
alone was included in ANOVA, it was significant in 5
datasets, i.e. it took up some of the variance that had
been represented by k⌢ in the ANCOVA. However, the
variance explained by year alone was not as great
as the variance explained by k⌢ alone: R2 values in
Table 5 are less than R2 values in Table 4, with 2 ex-
ceptions, males and females during low population
periods in the spring. When we investigated the effect
of stratum and season on the condition indices of males,
the R2 values from the ANOVA for stratum (0.025) was
equivalent to the R2 value of the non-significant re-
gression for males in the spring during the low popu-
lation period (Table 4). The R2 value for season (0.001)
was lower than all other values in Table 4.

DISCUSSION

We found the strongest support for the BM, some
responses that were consistent with the CDM and no
support for the PDM. As abundance increased, geo-
graphical range increased (supporting CDM and
BM), local density increased (supporting BM), and
average fitness decreased (at least in females), sup-
porting the BM. Condition, our metric of fitness, was
spatially autocorrelated (supporting CDM) in 6 of 8

sex/ abundance/ season combinations we examined
(Table 5).

Geographical range occupied by yellowtail floun-
der Limanda ferruginea on Georges Bank doubled
from ~4000 to around ~8000 km2 (Table 2) when
abundance increased. Yellowtail flounder in Cana-
dian waters on the Grand Bank showed a similar
response (Brodie et al. 1998, Simpson & Walsh 2004).
Both the CDM and BM predict this change; the PDM
predicts that geographic range is constant and does
not change with abundance.

Local density within preferred habitat (Stratum
1160) increased over time. This result (Fig. 5) sup-
ports the BM over the CDM, which predicts con-
stant density within preferred habitat. Moreover,
density in preferred habitat increased dispropor-
tionally (Fig. 4), contradicting the PDM. Barange et
al. (2009) noted similar results for multiple anchovy
and sardine populations in various locations. Local
population density (similar to our results here) also
increased when abundance increased. The BM
predicts this disproportionate increase in density if
the relationship between spawners and recruits
follows a Beverton-Holt type relationship (MacCall
1990). Both Cushing (1973) and Shepherd (1982)
agree that a Beverton-Holt stock– recruitment
curve is expected for most flatfish. Brodziak &
Legault (2005) have demonstrated that a Beverton-
Holt type response is a good fit for yellowtail
flounder. The proportion of the survey catch in
Stratum 1160 between 1999 and 2004 continues to
increase (Fig. 4) even as the abundance for
Georges Bank peaks and then begins to decline
(Fig. 2). This may be due to continued recovery of
the habitat and the lack of fishing activity and is in
keeping with the Beverton-Holt stock−recruitment
response.

Condition in females was lower during periods of
higher abundance (Table 3, Fig. 7), which also is con-
sistent with the BM. The CDM and PDM predict that
condition at a given site should remain invariant with
changes in abundance, because fitness is determined
by site and not population size. Condition indices in
males were not significantly different when high and
low abundance periods were compared (Table 3,
Fig. 7). Male energy requirements are lower than for
females, especially during spawning season, and
they were probably able to find enough food even
though population size was larger and there was
more competition for food.

The increase in abundance occurring over the time
period we selected (Fig. 2) was due in large part to
the closures of CAII and 5Z, which almost completely
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Abund. ANCOVA ANOVA
period p (yr) p (k⌢) p (yr × k⌢) p (yr) R2

Fall
Female Low 0.48 0.0004 0.33 0.11 0.053

High 0.46 <0.0001 0.36 0.18 0.019
Male Low 0.63 0.0043 0.80 0.0074 0.097

High 0.0002 <0.0001 0.41 <0.0001 0.13

Spring
Female Low 0.49 0.55 0.28 0.0044 0.13

High 0.13 0.0003 0.079 <0.0001 0.23
Male Low 0.27 0.81 0.023 0.31 0.029

High 0.06 <0.0001 0.26 <0.0001 0.082

Table 5. Limanda ferruginea. Effect of interannual differ-
ences in condition on geospatial analysis, for each combina-
tion of season, sex, and abundance period (low or high).
P-values: for effect of categorical variable year (p[yr]), con -
tinous variable k⌢ (p[k⌢]), with k⌢ being the expected value
of condition, and their interaction p[yr × k⌢]). Significant 

p-values in bold



Pereira et al.: Geospatial analysis of habitat use in yellowtail flounder

contain the region we regard as preferred habitat
(Stratum 1160). Abundance was relatively high in
Stratum 1160 prior to the closures (Fig. 5); parts of
Stratum 1160 had been dubbed the ‘Yellowtail Hole’
by commercial fishers (Stone & Nelson 2003). By
eliminating commercial fishing, the closures reduced
mortality in preferred habitat and probably in -
creased it elsewhere through redirection of fishing
effort. Fig. 5 shows that abundance increased within
preferred habitat after the closure, while it stayed the
same or decreased on the rest of Georges Bank. In
addition to reducing the mortality rate of recruited
classes of fish, the cessation of fishing also has a
direct effect on habitat quality. Fishing activity
impacts habitat (Auster et al. 1996, Auster & Langton
1999), which may recover upon cessation of fishing
(Lindholm et al. 2004, Kaiser et al. 2006, Asch & Col-
lie 2008). The rapid increase in local abundance and
the recovery of the habitat (an increase in carrying
capacity) may be a unique response following estab-
lishment of closed areas and may explain results sup-
porting the CDM. MacCall (1990) predicts that the
rapid increase in population density of fish under a
Beverton-Holt, spawner−recruit relationship would
not be accompanied by an increase in area occupied.
The improving habitat and the rapid increase in local
density may in fact mimic a site-dependent response.

Geospatial analysis revealed considerable meso -
scale variability in condition at most times (Table 4).
According to the predictions in Table 1 this result
supports the CDM versus the BM, which predicts
that condition should be the same across habitats. It
could also be the result of a Beverton-Holt spawner−
recruit response along with the area closures as we
have noted before. The ACDs shown in Table 4 for
males and females during high abundance in the fall
are similar (80 vs. 76 km) as are those in the spring
(38.5 vs. 29.9 km). These distances probably reflect
the 2 habitats identified in the closed area. The ACD
may be larger in the fall because food is more abun-
dant over a larger area at this time of year or because
the fish have begun their fall migration. The large
discrepancy in range between males and females
during low population periods in the fall probably
reflects the effect of stratum on fitness of males
(Table 3) arising from the difference in habitat qual-
ity between Strata 1170 and 1200 (Fig. 1).

Spatial variability in condition was absent in the
spring season during low abundance periods. These
samples were taken prior to the establishment of the
closed areas so fishing pressure was equal every-
where (or proportional to local population density),
and the habitat was altered by commercial fishing

activity. Density-dependent habitat use is in effect
during these low abundance periods as evidenced by
the fact that there is spatial heterogeneity in abun-
dance (Fig. 5), but not in condition (Table 4). Note
that even prior to the closures, population density
was higher in Stratum 1160 than on the rest of
Georges Bank (Fig. 5). Condition may have been par-
ticularly homogenous over locations in the spring
because this is a spring-spawning species. As much
as 20% of female body mass is contained in the
ovaries (Wilk et al. 1990). The higher energy
demands, coupled with the fact that the fish occupy
the same area as in the fall when energy demands
are lower, may have depleted local resources result-
ing in a density-dependent response. When popula-
tions were high in the spring, the population occu-
pied a larger area (and presumably more habitats),
resulting in the spatial heterogeneity in fitness (the
site-dependent response) that we observed. In the
fall, energy needs are lower, food may be more abun-
dant, competition is less, and fish may occupy a
wider range of habitats (i.e. may have begun their
fall migration). Site dependence results in the spatial
heterogeneity in condition that we see.

The spatial heterogeneity in fitness we found is
consistent with previous work by Link et al. (2005).
They found 2 different habitats within CAII, a low
energy sand habitat and a high energy sand habitat.
Yellowtail flounder were larger inside the closed
area when compared to those sampled outside it, and
were also larger in the low energy habitat when com-
pared to the high energy habitat within CAII (Link et
al. 2005). Link et al. (2005) also showed that the low
energy habitat contained greater abundance and
diversity of benthic invertebrates than the high
energy habitat. This would seem to indicate higher
food availability since yellowtail flounder eat prima-
rily polychaetes and small crustaceans (Langton
1983, Link et al. 2002). These habitats appear to
 continue into 5Z, the closed area on the Canadian
side of the border (Kostylev et al. 2005). Link et al.
(2005) did not find greater abundances of yellowtail
flounder inside the closed area, but they only sam-
pled 3 nautical miles outside CAII, well within
known migratory distances for yellowtail flounder
(Stone & Nelson 2003) and consistent with spillover
effects of adult fishes observed from areas closed to
fishing (Murawski et al. 2005).

Our results here support the BM, which is a model
driven by density dependence. We do, however, see
evidence of site dependence (the driving force
behind the other 2 models of habitat use) in the spa-
tial heterogeneity of condition indices we detected in
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our geospatial analysis. Rodenhouse et al. (1997) has
suggested that site dependence is not necessarily an
exclusive alternative to density dependence; the 2
responses may work in concert. Fish in preferred
habitat may show a site-dependent response until
population levels reach the point where density
dependence begins to act.

The geospatial approach we used here has applica-
tions in fisheries management. Using basic data rou-
tinely collected during resource assessment surveys,
such as capture location, length, weight, and abun-
dance, we were able to identify an important yellow-
tail flounder population center, demonstrate that fish
may use habitat in both site-dependent and density-
dependent ways, and determine the area over which
those forces were operating. We also demonstrated a
seasonal component in their distribution and that
there was a transition in habitats within the closed
areas confirming earlier work by Link et al. (2005).
Bottom depth, water temperatures, and salinities,
oceanographic conditions commonly used to de -
scribe large-scale habitat attributes, provided addi-
tional information to refine the model. These types of
data could be used in the future to determine sites for
additional closed areas or to test the efficacy of areas
which are already closed.
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Appendix 1. Geospatial modeling of condition

Kriging or cokriging was used to construct a surface rep-
resenting the spatial variation in condition. Kriging is an
interpolation method used to create a prediction surface
from a 2-dimensional array of point data. Cokriging uses
additional information (water depth, bottom temperature,
surface temperature, or bottom salinity at those points in
this case) to improve the accuracy of the prediction sur-
face. Data from nearby points are more heavily weighted
in the interpolation than data from those farther away.
Weighting factors for kriging come from a semivariogram.
The semivariogram is a plot of the semivariance (one-half
the squared difference between 2 condition values, a
measure of similarity) and the geographic distance
between the 2 points. If spatial autocorrelation exists, the
plot will rise and then level off at some distance where the
relationship no longer holds (Fig. A1). If no spatial autocor-
relation exists, the plot will be a flat, horizontal line. The
parameters of a line, fit through the empirical semivari-
ogram, provide the weighting factors. The range is the dis-
tance over which autocorrelation exists. I have called this
the autocorrelation distance (ACD) through out the text so
as not to confuse it with the geographical range occupied
by the population. The sill represents the greatest differ-
ence between 2 points where autocorrelation still exists.

To construct the semivariogram, we had to apply a small
amount of random variation to the catch location for
each fish. Originally all of the fish captured in a trawl
were assigned to a single point (i.e. the starting point of
the trawl). The ArcGIS® Geostatistical Analyst extension
(ArcGIS®, ESRI Corporation) requires input of the mean,
or the minimum or maximum value when analyzing multi-
ple samples assigned to the same location. Since these
 values would be binned (averaged over a distance or lag)
later in the construction of the semivariogram, the loss of

variation at this stage could have made it less likely to
detect spatial heterogeneity in our proxy for fitness, bias-
ing the analysis. We modified the latitude of each coinci-
dent sample slightly such that individual fish were ‘shifted’
up to 555 m, less that the length of the trawl track and well
within the 20 to 40 km bin used in fitting the semivari-
ogram. Once the coincident samples had been separated,
the data were detrended if necessary and kriging or cok-
riging was used to create a predictive surface of log mass
residuals.

Kriging requires fitting one of several parametric semi-
variance models to the sample semivariogram. The stable
model was used for all semivariograms except for 1
instance where the spherical model gave a slightly better
result. The stable model is:

where θs ≥ 0 and θe ≤ 2 and h is the lag size, θs is the sill
parameter, θr is the ACD parameter and θe is the shape
parameter which varies between 0 and 2 and controls the
curvature of the line representing the fitted semivari-
ogram. The spherical model is:

where h is the lag size, θs ≥ 0 is the partial sill parameter
and θr ≥ 0 is the ACD parameter.

We inferred the significance of the spatial variability in
condition with a cross-validation procedure. In the cross-
validation procedure, each observed value for condition is
regressed against an expected value k⌢ that is generated by
kriging the dataset without that observed value. In such
analyses, eliminating extreme values that may be produced
by kriging and would have undue leverage on the regres-
sion is recommended (Webster & Oliver 2001). We used ro-
bust regression, which iteratively removes extreme values.
Values >2 standard deviations from the regression line
were removed, and a new regression was carried out on the
remaining data (Ryan 1997). The process continued until
there were no more outliers or until the next iteration
 resulted in cumulative elimination of >10% of the data.
The outliers produced by this procedure were plotted in
 ArcGIS® to seek patterns in their geographical location. A
t-test was used to compare depth, water temperature, and
salinity in areas containing outliers versus those areas that
did not to determine if these factors were related to the ex-
tremes in condition index detected by the robust regression.
After removal of outliers, a significant regression slope was
taken as evidence of spatial autocorrelation. The correlation
coefficient R2 measures the strength of the relationship.
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Fig. A1. A generalized semivariogram showing evidence
of spatial autocorrelation and the location of the range 

(autocorrelation distance) and the sill
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