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ABSTRACT: We used Mantel’s tests and correlograms to statistically detect and describe large-scale
spatial patterns during spring and summer in zooplankton biomass in the northeast Pacific Ocean
following winters of varying degrees of wind stress. During the spring of 1963, a sampling period fol-
lowing a winter of moderate wind stress, we found that sites separated by 1 to 100, 201 to 400 and 1101
to 1200 km had similar biomass levels, and that areas of high biomass occurred around the periphery
of the Gulf of Alaska. We found similar results for spring data from other years following winters of high
wind stress. During summers following winters of low wind stress, biomass levels were similar among
sites within 1 to 100 km of each other, but they were generally lower than the spring values. We did not
detect spatial patterns in biomass during springs following winters of low wind stress, or during sum-
mers following winters of high wind stress. Elevated winter wind stress appeared to favor the formation
of discernable spatial patterns in zooplankton biomass during the subsequent spring, but the pattern
did not persist into the summer. It appears that spatial patterns (‘zooplankton patches’ at <400 km
scales) may be formed by meso-scale eddies, while the similarities over larger distance intervals may

be attributed to gyre currents and spring bloom dynamics.
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INTRODUCTION

Most studies that have focused on statistical descrip-
tions of the distribution of oceanic plankton have
focused on small-scale spatial patterns in biomass, typ-
ically on the order of 1000 m or less (Haury 1976,
Mackas & Boyd 1979, Star & Mullin 1981). Few investi-
gators have attempted to detect patterns at large scales
(10% to 10" km) in the world's oceans. The ability to
detect spatial patterns at these larger scales and to
achieve a better understanding of the mechanisms that
give rise to them are critical steps in assessing and pre-
dicting changes in plankton that can lead to dramatic
shifts in global fisheries production.

Spatial patterns of zooplankton are undoubtedly
affected by variability in ocean currents driven by shifts
in climate. Recent analyses have revealed evidence of
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low-frequency temporal oscillations in climate over the
north Pacific Ocean (Trenberth & Hurrell 1994). For
instance, winter sea level pressure in this region had
a relatively constant mean of ca 1010 mb from 1946 to
1977, changed to ca 1007 mb from 1977 to 1988, and
then returned to ca 1010 mb after 1988 (Trenberth &
Hurrell 1994). These climate shifts were found to influ-
ence the ocean ecosystem in fundamental ways. In par-
ticular, reductions in sea level pressure resulted in
increased winter wind stress which drew relatively
warm subarctic current water poleward and initiated a
significant biological enrichment event through strong
gyre upwelling (Brodeur et al. 1996).

One of the most striking changes in the north Pacific
Ocean ecosystem associated with the reduction in sea
level pressure was an increase in the abundance of
zooplankton (Brodeur & Ware 1992). Brodeur & Ware
(1992) documented an increase in summer densities of
zooplankton in the Gulf of Alaska, and they suggested
a shift in the distribution of zooplankton from the cen-
ter of the Alaskan Gyre to the continental shelf. Their
analyses, however, were limited to 1 season (15 June to



182 Mar Ecol Prog Ser 171: 181-186, 1998

31 July), and their interpretations of spatial patterns
relied on subjective criteria based on visual in-spection
of interpolated values.

Our main objectives for this paper are to statistically
detect and describe the spatial patterns of zooplankton
biomass in the northeast Pacific Ocean and to deter-
mine how biomass levels and spatial patterns change
across seasons and as a function of winter wind stress.

MATERIALS AND METHODS

Zooplankton biomass was measured during summer
(15 June and 31 July) during 1956 to 1963 and 1981 to
1989 (sans 1986) in the Gulf of Alaska. Sources of data
are described in Brodeur & Ware (1992). We augment
their data set with additional spring sampling (1 April
to 15 June) conducted during 1956 to 1963 (LeBrasseur
1965). A complete description of sampling methods is
included in Brodeur & Ware (1992) and references
therein. We include only a brief summary of sampling
methods here. Estimates of zooplankton biomass at
each sampling station were made from hauls using
NORPAC nets with a 330 to 351 pm mesh. The nets
were hauled from 150 m to the surface at 1 ms™".

We partitioned the zooplankton biomass data into
spring and summer sampling periods following winters
of low, moderate and high wind stress. Wind stress
relates to the intensity of alongshore winds from the
south along the eastern edge of the Gulf, and from the
east along the northern edge. Increases in wind stress
are associated with accelerated circulation of the
Alaskan Gyre, leading to increased upwelling and
divergence in the center. Wind stress is reflected in
values of Ekman transport, in units of 10 metric t km™!
s7!, computed using wind data collected at 60°N,
149° W (Bakun 1973, unpubl. data). The most complete
spatial sampling coverage of zooplankton across the
Gulf of Alaska occurred during spring sampling (4
April to 6 May) in 1963 (N = 225 stations). We chose to
analyze this data set separately because of the large
spatial extent of the sampling and the even distribution
of sampling stations. Further, this sampling period fol-
lowed intermediate winter wind stress (Ekman trans-
port = 124), and thus served as a baseline with which to
compare results from years with more extreme wind
forcing. We considered the following years (with val-
ues of Ekman transport in parentheses) as having low
winter wind stress: 1957 (95), 1960 (48), 1961 (93), 1988
(72) and 1989 (53). Conversely, we considered the fol-
lowing years as having high winter wind stress: 1956
(156), 1959 (169), 1982 (154) and 1983 (169). Several
years in the database were excluded based on limited
numbers of samples. Data on zooplankton biomass
were pooled among years within these 2 categories,

resulting in 4 data sets with sufficient sample sizes to
detect patterns (spring, low winter wind stress, n = 170;
spring, high winter wind stress, n = 147; summer, low
winter wind stress, n = 157; summer, high winter wind
stress, n = 121). As in Brodeur & Ware (1992), we
restricted our analysis in these latter 4 data sets to sam-
pling stations north of 48°N. We computed means of
zooplankton biomass for these data sets to reveal any
marked trends across season and winter wind stress.

We constructed Euclidean distance matrices for each
of the 5 zooplankton biomass data sets. Distances (i.e.
differences in zooplankton biomass) were calculated
among sample stations. A Euclidean distance matrix
was also created for sample site locations by calculat-
ing distances between sites using their latitude and
longitude coordinates. To test for a general association
between geographic position and zooplankton bio-
mass, 2-tailed Mantel's tests (Mantel 1967) were used
to compare zooplankton biomass distance matrices to
geographic distances [compiled BASIC program from
Manly (1991) and modified by K. M. Somers, Ontario
Ministry of Environment and Energy, Dorset, Ontario,
Canada]. These tests enabled us to discern north-south
or east-west trends in biomass. Spearman's rank corre-
lation was used to test for the degree of concordance
between the distance matrices. Consult Dietz (1983)
for a further elaboration on this technique. Signifi-
cance levels (set at p = 0.05) for these analyses were
determined using a randomization procedure involv-
ing a series of matrix permutations. The p-values
reported herein are based on 10000 permutations for
each set of matrices to achieve a stable p-value (Jack-
son & Somers 1989).

To describe the presence and extent of spatial pat-
terns in zooplankton biomass, we constructed correlo-
grams (extension of BASIC program described above).
Geographic distances between sampling stations were
divided into 100 km intervals, and all pairs of points
within each distance class were tested for association
using Mantel's test. Thus, the first class included all
pairs of sampling stations between 1 and 100 km apart,
the second class included all sampling stations
between 101 and 200 km, and so on. The resulting cor-
relation coefficients were then plotted against distance
class to give a representation of the underlying spatial
pattern in zooplankton biomass. Significance at each
distance interval was set at p = 0.05.

RESULTS AND DISCUSSION

We detected a general association between zoo-
plankton biomass and geographic location during
spring of 1963, a year of moderate winter wind stress
(overall Mantel's test, p < 0.05). Biomass was relatively
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Fig. 1. Northeast Pacific Ocean showing locations of the net zooplankton sampling stations. Zooplankton biomass during 4 April
to 6 May 1963 is shown at each station using a gray scale. The correlogram reports the results of the statistical tests for spatial
patterns. Asterisks appearing over values for correlation coefficients indicate significance at p = 0.05

high in the extreme western and eastern portions of
the study area, but markedly lower in the central
region (Fig. 1). The correlogram indicated significant
positive correlations at distance intervals of 1 to 100,
201 to 400 and 1101 to 1200 km (Fig. 1).

Changes in biomass from low to high winter wind
stress were very dramatic during the spring (Fig. 2a,
b). We found a 2-fold increase in zooplankton biomass
accompanying the increases in winter wind stress
(spring, low winter wind, 98 mg m™3; spring, high win-
ter wind, 203 mg m~*). We detected no significant geo-
graphic spatial patterns in either spring data set (Man-
tel's test, p > 0.05}), although spring biomass collected
following winters of high wind stress was generally
greater in the western and central regions of our study
area (Mantel's test, p = 0.07; Fig. 2b). The correlogram
for spring biomass following a winter of low wind
stress was relatively flat, with no significant correlation
at any distance interval. The correlogram representing
conditions following a winter of high wind stress
events had a more jagged appearance, with significant
correlations occurring at distance intervals of 1 to 100,
301 to 400 and 1101 to 1200 km. The geographic distri-
bution of biomass and the spatial patterns reflected in
the correlogram following a winter of high wind stress
were similar to those observed during the spring of
1963 (described above), except that values were
higher in the center of the gyre.

Zooplankton biomass was higher in summer follow-
ing a winter of high wind stress than one of low wind
stress (Fig. 2¢, d), although the difference (ca 50%
increase) was less pronounced than that observed dur-
ing spring (summer, low winter wind stress, 107 mg
m~%; summer, high winter wind stress, 157 mg m™),

Summer biomass was greatest in the western region of
the study area following a winter of low wind stress
(Mantel's test, p = < 0.01; Fig. 2c), but there were no
obvious spatial patterns in the distribution of summer
biomass following a winter of high wind stress (Man-
tel's test, p = 0.12; Fig. 2d). The correlogram generated
from the summer data following low winter wind stress
revealed a significant positive correlation at the dis-
tance interval of 1 to 100 km. The correlogram for sum-
mer data collected following high winter wind stress
revealed no spatial patterns (Fig. 2d), suggesting a
random distribution of zooplankton biomass through-
out the Gulf of Alaska.

It appears that following winters in which wind
stress is high regular spatial patterns of zooplankton
biomass occur, but not during the summer. The spatial
patterns that we detected appear to fall into either
meso- (<400 km) or gyre- (>1000 km) scale structures.
The patterns we detected are most likely caused by
hydrodynamic features, coupled with biological pro-
duction mechanisms influencing reproduction in zoo-
plankton (Mackas et al. 1985). We speculate that the
patterns in zooplankton biomass noted at meso-scales
are structures (e.g. ‘patches’ or rings) resulting from
physical processes occurring within eddies. Roden
(1977) examined meso-scale physical structures over
much of the mid-latitude north Pacific Ocean and
found eddies typically 150 to 200 km in diameter,
which corresponds to the distance intervals at which
we detected associations in our zooplankton data.
These meso-scale physical disturbances have been
noted to be prevalent in the western and central north
Pacific, but relatively rare in the eastern north Pacific
(Kenyon 1978) where our data were collected. The
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Fig. 2 {above and facing page). Zooplankton biomass data collected during the spring sampling period following (a) low and
(b) high winter wind stress, and during the summer following (c) low and {d) high winter wind stress. All else as for Fig. 1

transects where these physical observation were
made, however, were conducted at latitudes south of
our study region (28° and 35° N). Regions or ‘patches’
of high biomass appeared to be either in areas adja-
cent to coastal upwelling zones (e.g. in the northwest
part of our study region), or in areas near the conver-
gence of 2 offshore current fields (e.g. the Alaskan
Stream running parallel to the Aleutian Islands and the
Subarctic Current straddling the 45° N line). These
regions are know to propagate meso-scale distur-
bances that can influence biological properties of
entrained water masses, which may result in the for-
mation of meso-scale ‘patches’ of zooplankton.

The patterns we detected at gyre-scale distance
intervals (ca 1000 km) may be related to physical fac-
tors involved in spring bloom dynamics. Parsons et al.
(1966}, through visual inspection of the plotted data,
noted a crescent-shaped pattern of high zooplankton
biomass extending over 1000 km based on the

April-May 1963 data presented here. The statistical
tests we applied in this study provide more rigorous
support for the existence of this feature in the Gulf of
Alaska. Parsons et al. (1966) argued that this phenom-
enon was driven by high rates of primary productivity
around the periphery of the gyre resulting from pat-
terns in the critical depth and the depth of the mixed
layer. Our more extensive analysis allowed us to detect
a similar ring pattern of zooplankton biomass during
springs following winters of high, but not low, wind
stress. These results suggest the presence of this bio-
logical feature may be climate dependent.

Our analysis of changes in zooplankton biomass
under different levels of winter wind stress gives
results which are generally consistent with the conclu-
sions drawn by Brodeur & Ware (1992} in their analysis
of summer zooplankton distributions under low and
high winter winds. However, our analysis of spring
data suggest the effect of winter wind stress that char-
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acterized the recent climate regime shift (during 1977
to 1988) may have had an even more pronounced
effect on biological production than originally indi-
cated by Brodeur & Ware (1992), who based their con-
clusions on data collected only during June and July.
Indeed, while our estimated summer zooplankton bio-
mass increased by approximately 50 %, spring biomass
more than doubled. The period of highest biomass of
zooplankton measured at Ocean Station ‘P’ (50°N,
145° W) from the surface to 150 m depth occurs in late
May to early June (McAllister 1961), which suggests
that, if a biological enrichment event occurs, it should
be most pronounced during the spring.

As aresult of pooling data among years, our analyses
are insufficient to fully address whether the spatial pat-
terns we report are geographically fixed from year to
year. The similarity in the overall biomass and spatial
patterns detected in the data set that included only
within-year samples (spring of 1963) and the data sets
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that pooled among-year samples (spring, high winter
wind stress) suggest that any interaction between year
and winter wind stress, which could confound our inter-
pretation, was not pronounced. This question becomes
quite critical when investigators infer seasonal and
interannual changes in the plankton community in the
northeast Pacific Ocean based on sampling at only 1
location (e.g. Ocean Station 'P’). A plankton sampling
program that includes a more evenly distributed sam-
pling grid of stations would help address this issue
more rigorously.
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