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Spatial analysis shows that fishing enhances the
climatic sensitivity of marine fishes

Chih-hao Hsieh, Christian S. Reiss, Roger P. Hewitt, and George Sugihara

Abstract: We compare the changes in geographic distribution of exploited fish species versus unexploited ones living
in the same environment. For this comparative study, we use the 50-year larval fish time series from the California
Cooperative Oceanic Fisheries Investigations, which allows us to view fishing as a treatment effect in a long-term eco-
logical experiment. Our results indicate that exploited species show a clearer distributional shift in response to environ-
mental change than unexploited species, even after accounting for life history and ecological traits and phylogeny. The
enhanced response (improved signal-noise ratio) to environmental change in exploited species may be a consequence
of reduced spatial heterogeneity caused by fishery-induced age (size) truncation and the constriction of geographic dis-
tribution that accompanies fishing pressure. We suggest that reduced spatial heterogeneity can cause exploited popula-
tions to be more vulnerable to climate variability, an effect that could have considerable importance in the management

of fish stocks. This is the first study to compare the geographic distributions of a large suite of exploited and unex-
ploited fish species from the northeastern Pacific in response to climate variability.

Résumé : Nous comparons les changements dans la répartition géographique chez des especes de poissons exploitées
par comparaison a ceux des espéces non exploitées qui vivent dans le méme milieu. Dans cette étude comparative,
nous utilisons des données chronologiques sur les larves de poissons accumulées pendant 50 ans par « California
Cooperative Oceanic Fisheries Investigations », ce qui permet de considérer la péche comme un effet du traitement ex-
périmental dans une expérience écologique de longue durée. Nos résultats indiquent que les especes exploitées mon-
trent un changement plus marqué dans leur répartition en réaction aux modifications de 1’environnement, méme une
fois prises en compte les caractéristiques de leur cycle biologique et de leur écologie, ainsi que leur phylogénie. La ré-
ponse plus marquée (rapport signal-bruit amélioré) aux changements de 1’environnement chez les especes exploitées
peut étre une conséquence de la réduction de I’hétérogénéité spatiale causée par un plafonnement dans les ages (tailles)
di a la péche et au rétrécissement de la répartition géographique qui accompagne la pression de la péche. Nous pen-
sons que I’hétérogénéité spatiale réduite peut rendre les populations exploitées plus vulnérables a la variabilité clima-
tique, un effet qui pourrait avoir des répercussions considérables sur la gestion des stocks de poissons. La nodtre est la
premiere étude a comparer les répartitions géographiques d’un grand ensemble d’especes de poissons exploitées et non
exploitées dans le Pacifique nord en fonction de la variabilité du climat.

[Traduit par la Rédaction]

Introduction

Understanding synergistic effects of anthropogenic and
climatic impacts on biological populations is important for
ecosystem conservation and management (Walther et al.
2002; Harley et al. 2006). Climatic fluctuations have had im-
pacts on the abundance, geographic distribution, and
phenology of species (Stenseth et al. 2002; Walther et al.
2002; Parmesan and Yohe 2003). At the extreme, climate
change may increase the probability of extinction of species
by reducing suitable habitats (Thomas et al. 2004). In addi-

tion, differential responses of different trophic levels to
climate may cause trophic mismatch in space or time
(Beaugrand et al. 2003; Edwards and Richardson 2004). Al-
though biological responses to environmental variations
have been extensively studied, how anthropogenic effects
may alter the sensitivity of biological populations to envi-
ronmental variations is not well known and is the focus of
this investigation.

For marine fishes, one of the most serious anthropogenic
impacts is fishing, although water pollution and habitat de-
struction may be important. Because fishing pressure may
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reduce the resilience of exploited populations facing climate
variability, climatic effects may have more severe impacts
on commercially exploited species (Murphy 1967; Hsieh et
al. 2005a; Harley et al. 2006). Therefore, an important im-
provement to the management of fisheries is to account for
how fishing affects the ability of fish populations to respond
to climate change (Pikitch et al. 2004). By comparing ex-
ploited with unexploited fish species living in the same envi-
ronment, Hsieh et al. (2006) showed that fishing elevated the
variability of exploited populations, presumably by truncating
their age structure. Here, we extend this comparative ap-
proach to examine how fishing affects the geographic distri-
bution of fish populations in response to climate variability.

In the northeastern Pacific, climatic effects on fish abun-
dance have been extensively studied (Hare and Mantua
2000; Benson and Trites 2002; Smith and Moser 2003), and
effects on fish assemblages have been observed (Holbrook et
al. 1997). The effects of climate variability on the geo-
graphic distributions of fishes in the northeastern Pacific
were also examined (Benson et al. 2002; Rodriguez-Sanchez
et al. 2002; Brodeur et al. 2003). Here, we study the geo-
graphic distributions of a large suite of fish species in re-
sponse to climate in the southern California region.

In this study, we examine climatic effects on the geo-
graphic distributions of fish populations using the larval fish
data collected from the California Cooperative Oceanic Fish-
eries Investigations (CalCOFI, www.calcofi.org) (Fig. 1) in
the southern sector of the California Current system (Hsieh
et al. 2005h). We assume that the spatial distribution of lar-
vae is indicative of the spatial distribution of spawning pop-
ulation that produced them in the CalCOFI region, as most
larvae taken in plankton nets are in a very early stage of
development. However, effects of physical advection and
diffusion on eggs and larvae may partially obscure this rela-
tionship. These effects may be species-specific and depend
on ecological characteristics of species such as spawning be-
haviors and living habitats. These ecological factors will
also be considered in analyses.

We focus on ocean temperature regimes as the most bio-
logically relevant indicator of climatic state. More specifi-
cally, we use sea surface temperatures (SSTs) from the
CalCOFI region as a proxy for climate. The CalCOFI SSTs
have been shown to reflect both interannual and decadal cli-
matic variations in the northeastern Pacific (Di Lorenzo et
al. 2005; Schneider et al. 2005), as well as the global warm-
ing trend (Di Lorenzo et al. 2005). To investigate potential
basin-wide climatic effects, we also use large-scale climatic
indices, such as the Southern Oscillation Index (Trenberth
1984) and the Pacific Decadal Oscillation Index (Mantua et
al. 1997).

The most important question addressed in this study is
whether fishing has an added effect on the geographic distri-
butions of exploited species as they respond to climate vari-
ability. To examine this question, we compare distributional
responses of exploited and unexploited species to our cli-
mate proxies. Because fishing is a selective process, the ex-
ploited and unexploited groups might not be formed
randomly. To perform a reasonable comparison of the ex-
ploited with the unexploited species, we account for possible
intrinsic biases associated with fishing. These potential bi-
ases include life history traits, ecological traits, and phylog-
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Fig. 1. Map showing the spatial pattern of CalCOFI stations. Only
stations within the solid lines (station 90 and inshore) were used
in this study because the stations outside the box were sampled
with less consistency. The inset map shows the west coast of the
United States, with the study area indicated as the rectangle.
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eny. We show that exploited species are more responsive to
climate in their geographical distribution than unexploited
species, after accounting for the potential biases. To explain
the differential responses of exploited and unexploited spe-
cies, we investigate potential fishing effects on changes in
spatial area of occupancy and spatial heterogeneity of fishes.

Materials and methods

Spatial data

To examine how climate affects geographic distributions
of fish populations, we study the larval fish time series
(1951-2002) developed by the CalCOFI from the southern
sector of the California Current system. We examine 29
coastal or neritic species that are abundant and consistently
enumerated in the CalCOFI surveys (Hsieh et al. 20050), in-
cluding 13 exploited and 16 unexploited species (Table 1).
Among the unexploited species, seven are taken as fisheries
bycatch; however, mortality due to bycatch is not known.
The CalCOFI surveys have collected comprehensive oceano-
graphic and biological data since 1949 (consistent larval fish
data are only available since 1951), with at least four quar-
terly cruises per year (except for triennial sampling from
1967 to 1984) (Hsieh et al. 2005b). We use only data land-
ward of station 90 of the standard CalCOFI grid in this study
(54 stations within the inner box illustrated in Fig. 1) in or-
der to avoid statistical bias due to missing data (because oc-
casionally offshore stations were not sampled during some
cruises) in examining the spatial distribution of fish. Princi-
pal distributions of the species examined here are landward
of station 90 (Moser et al. 2001), except for Tetragonurus
cuvieri, which has a distribution that sometimes expands be-
yond station 90. Therefore, using data of the 54 stations will,
in general, limit bias. The CalCOFI sampling domain lies in
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Fig. 2. Schematic illustrating spatial analyses of change in distribution domain of fishes. (a) Circles and triangles represent hypotheti-
cal distribution center in individual year in the cold and warm periods, respectively. (b) The circle and triangle represent the centroid
of the spatial distribution domain for the cold and warm periods, respectively, and the arrow indicates the magnitude and direction of
the change between the two periods. To test whether the change in distribution between the two periods is significant, we computed all
pairwise distances of distribution centers (¢) within and (d) between the two periods. The change in distribution is significant if the ra-
tio of the average pairwise distances within and between are statistically smaller than the null ratio generated from a randomization

procedure.
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a latitudinal transitional region where subarctic and subtropi-
cal fishes meet (Horn and Allen 1978), which provides a
good opportunity to investigate distributional responses of
fishes to climate. Although the CalCOFI plankton sampling
equipment and protocols have changed over time, these
changes will not bias the spatial statistics used here (Hsieh
et al. 2005b). In addition, although the sampling frequency
is higher than quarterly from 1951 to 1984, we use only the
quarterly data in this study so that the variance associated
with the spatial data is not biased because of the difference
in sampling effort of each year.

We determine the center of geographic distribution (mean
latitude and longitude) in each year for each species by first
averaging the station values across the principal season in
which the larvae occur (i.e., spawning season of the species,
Hsieh et al. 2006) and then calculating the distribution cen-
ter as the abundance-weighted average of the annual map.
Thus, a time series of the distribution center is obtained for
each species. In addition, the southern (northern) boundary
is calculated as the minimum (maximum) latitude in which a
species occurs for each year.

We use average sea surface temperature (SST) within our
study region (Fig. 1, the inner box of inset) as a proxy for cli-
matic signals. The SST data are from the CalCOFI stations
(calcofi.org/newhome/data/data.htm). When analyzing the
correlation between SST and the geographic distribution of a

fish species, we use only the SST data corresponding to the
spawning season of that species. The annual average SST is
calculated by averaging the spatial and temporal data (quar-
terly data within the spawning seasons). Hereafter, we use
SST to refer to the annual average SST. We also examine
large-scale climatic indices (the Southern Oscillation Index
(SOI; cgd.ucar.edu/cas/catalog/climind/soi.html) and the Pacific
Decadal Oscillation Index (PDO; jisao.washington.edu/pdo/
PDO.latest)) following the same analytical framework.

Data analyses

For each species, regression analysis is used to investigate
the relationship between the mean latitude and SST and 1-
year time-lagged SST. We also examine the southern bound-
aries for cool-water species and northern boundaries for
warm-water species (Table 1) in relation to the SSTs. Be-
cause the geographic extent of marine populations may be
correlated with population size (Swain and Sinclair 1994,
Marshall and Frank 1995; Blanchard et al. 2005), we control
for abundance and test for the partial correlation between the
mean latitude (or boundaries) and SSTs. We analyze the ef-
fects of SOI and PDO following the same manner.

We also examine the bidecadal scale variation in fish distri-
butions because climatic variability is important at this time
scale in the North Pacific (Mantua et al. 1997; Biondi et al.
2001). We define the cold (1951-1976) and the warm (1977—

© 2008 NRC Canada
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Fig. 3. Examples illustrating the calculation of the spatial heterogeneity index based on Pacific hake (Merluccius productus). The spa-
tial heterogeneity index was calculated as the area under the standardized rank abundance curve. The examples indicate (a) high spatial

heterogeneity in 1960 and (b) low heterogeneity in 1992.
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Fig. 4. An example showing (a) the relationship between mean latitude and mean sea surface temperature (SST) and (b) distribution
centers (1951-1976, solid circles; 1977-1998, solid triangles; 1999-2002, open circles) for California halibut. In (b), the size of the

symbol is proportional to the mean abundance for a given year.
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1998) period following the definition of the PDO (Mantua et
al. 1997). A transition back to another cold period may have
occurred in 1999 (Ohman and Venrick 2003; Peterson and
Schwing 2003), but the post-1998 time series is too short to
confirm; therefore, data beyond 1998 are omitted in the anal-
yses at the bidecadal scale. For each species, the centroids of
the cold and warm periods are calculated from the time series
of the distribution center using the method of 50% convex
hull peeling, with all data equally weighted (Zani et al. 1998).
This method is robust to the bias caused by outliers. We track
the direction and magnitude of the movement from the cold
to the warm period for each species. To test whether the
change in larval distribution domain from the cold to the
warm period is statistically significant, we use an ANOVA-
like nonparametric test by comparing all pairwise distances of
distribution centers within and between the two periods (illus-
trated in Fig. 2). The statistic is computed as follows:

(1) We compute the sum of all pairwise distances between distri-

bution centers within period 1,

QI:Z‘

x,«]—xﬂ 5 liJ,l>J

32.5

-120 -118

Longitude (°W)

-118

and within period 2,

where x; and x;, represent points in two-dimensional Eu-
clidean space in periods 1 and 2, respectively, and i and j are
indices for years (Fig. 2c).

We then compute the average of pairwise distances within
periods,

X =xp| % ji>]

(@)

W= !
NN -1)/2+ MM -1)/2

Q +Q))

where there are N and M points in periods 1 and 2, re-
spectively.

We compute the average of pairwise distances between
periods,

3

p= LS -xo

where k =1 to N and / = 1 to M (Fig. 2d).
The statistic 7 = W/B is used to determine whether there
is a significant change in distribution domain.

“
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Fig. 5. Magnitudes and direction of changes in distribution from the cold (1951-1976) to the warm (1977-1998) period for different

fish species.
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Fig. 6. Comparison of life history traits of shifting and non-
shifting species. Means are shown with 95% bootstrapped confi-
dence limits with bias correction. No significant difference is
found between the shifting and nonshifting species (p > 0.05),
although the shifting species have, on average, higher average
maximum length, length-at-maturation, age-at-maturation, and fe-
cundity. Statistical power associated with the bootstrapped ¢ test
is also shown.
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A significant change in larval distribution domain between
the two periods corresponds to a small 7. We randomize the
data 1000 times and obtain the null ratios 7*. The change is
deemed significant if 7 falls in the 5% lower tail.

We then consider whether shifting and nonshifting species
have significantly different life history traits (Perry et al.
2005). Here, “shifting species” are defined as species show-
ing a significant distributional (including mean latitude and

Table 2. Contingency table showing numbers of shift-
ing and nonshifting species in each taxonomic order.

Order Shifting Nonshifting
Clupeiformes 2 0
Gadiformes 1 0
Perciformes 4 4
Beloniformes 0 1
Osmeriformes 2 0
Lampriformes 0 1
Pleuronectiformes 2 5
Scorpaeniformes 3 3
Ophidiiformes 1 0

Note: Results of the Monte Carlo two-way contingency
table analysis indicate that phylogeny does not determine
whether or not a fish species shows a distributional re-
sponse to temperature (p = 0.982).

boundaries) relationship with SST or climate index or a sig-
nificant change in distribution domain from the cold to the
warm period. We examine six life history traits: maximum
length, length-at-maturation, age-at-maturation, fecundity,
spawning duration, and trophic level (Hsieh et al. 2006). For
each trait, we use bootstrapped ¢ tests to examine whether or
not a significant difference in the mean value of life history
trait exists between shifting and nonshifting species and
compute the associated statistical power (Beran 1986). Boot-
straps are carried out 1000 times, and 95% confidence limits
of the mean are calculated with accelerated bias correction
(Efron and Tibshirani 1986). We then use a Monte Carlo
two-way contingency table analysis (Romesburg and Mar-
shall 1985) to test whether fish species showing a significant
distributional response to climate have a particular phylo-
genetic relationship (based on fish species orders). In addi-
tion, a logistic regression is applied to determine whether the
shifting species are associated with specific ecological traits
(geographic affinity, habitat, and spawning mode (Hsieh et
al. 2006)) and exploitation (exploited or not).

Two indices are developed to investigate potential fishing
effects on spatial pattern of fish: spatial area of occupancy
and spatial heterogeneity of abundance distribution. These
two aspects of spatial distribution are selected because it has
been suggested that fishing may reduce spatial area of occu-
pancy and spatial heterogeneity of exploited populations
(Berkeley et al. 2004). The spatial area of occupancy of each

© 2008 NRC Canada
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Fig. 7. Time series of spatial area of occupancy (blue) and index of spatial heterogeneity (green) for (a—m) exploited, (n—t) bycatch,
and (u—ac) unexploited groups. Plotted are raw indices (solid circles) along with the smoothed curve based on locally weighted
scatterplot smoother (LOWESS). Time series of exploitation fraction of certain species (a—g) are plotted (red lines with solid circles)
with a scale from 0 to 1. Values of exploited fraction were extracted from stock assessment reports (Appendix B). A moratorium was
applied to (d) Sardinops sagax and (e) Scomber japonicus. Figure 7 is continued on pages 954 and 955.
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Fig. 7 (continued).
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Table 3. Results of logistic regressions showing effects of eco-
logical traits and fishing on fish species’ responsiveness to cli-
mate variations.

Model Variable p value

Shifting = fishing Fishing 0.006
+ geographic affinity Geographic affinity 0.319
+ habitat Habitat 0.852
+ spawning mode Spawning mode 0.601

Note: Ecological traits of fish species are described in Hsieh et al.
(2006). Geographic affinity: cold water, warm water, or widely distributed.
Habitat: free-living in water column, living on soft bottom, or associated
with kelp. Spawning mode: pelagic spawners, demersal spawners, or live-
bearers.

species is calculated as the area of the minimal polygon that
encloses stations with positive abundance for each year.
Thus, changes in the spatial area of occupancy are indicative
of constriction or expansion of spatial distribution. The in-
dex of spatial heterogeneity is calculated as follows. For
each year, we first standardize the abundances in all stations
to be between 0 and 1, i.e., dividing abundances by the max-
imal abundance value. We then plot the abundance rank

S N | )\
1980 1990 2000
Year

curve (Fig. 3) and calculate the area under the curve as the
index of spatial heterogeneity. If fish abundances are more
evenly distributed in stations, the abundance rank curve
tends to be more evenly distributed (e.g., Fig. 3a). By con-
trast, if fish abundances are concentrated in only a few sta-
tions, then the abundance rank curve is highly skewed (e.g.,
Fig. 3b). Because we standardize abundances by the maxi-
mal value, a highly skewed abundance rank curve results in
a smaller area under the curve (Fig. 3b) and thus a lower in-
dex of spatial heterogeneity. Time series of spatial indices
are obtained for each species. To show the temporal trend of
each species, we plot a smoothed curve using a locally
weighted scatterplot smoother (LOWESS) with a span of
5 years (Cleveland and Devlin 1988). We then normalize
each smooth curve to unit mean and variance and summarize
the overall trend of spatial indices for the fish assemblage by
plotting all curves together and calculating the average.

Results

Climate variability significantly influences the geographic
distributions of some fish populations, and this influence de-
pends on temporal scale. Again, shifting species are defined
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Fig. 7 (concluded).

Unexploited
10 Argentina sialis 10 {0 Cololabis saira 4 Hypsoblennius jenkins 10
() ) S () B
L] L
8f 18 8| 5 8
3
*
6 . o? 6 . 6
L] . 5 e® *
[ ] . - L]
4 4 . 4
- 1
e H o . o<
2 2 ° . ° 2
e K b 8% e 0.5 N
Y L] L] . ® — oo i e Y - .. ® =
1%50 1960 1970 1980 1990 2000 1%50 1960 1970 1980 1990 2000 1%50 1960 1970 1980 1990 2000
&; Icichthys lockingtoni N Leuroglossus stilbius ; N Ophidion scrippsae 8
o i v) et e o, @ . . ”
(=2} 7 1 T
() ]
E 6 1 4 =
2 -]
c 5 1 g
© 1 3 o=
o (]
3 4 8 . 3
o
(3] a 6 . %
o L 2 3
= (]
o 2 4 -
© <
2 . n i i & LS80 Ll o 1 ? 2 >—& ‘. " o0 . i 1
< 1%50 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000 1%50 1960 1970 1980 1990 2000
Oxylebius pictus 15 Tetragonurus cuvieri ] io Trachipterus altivelis i
@ - | @) @c)
L]
18 8 8
- .
2| 3
6 6 6
° L]
4 4 4
1 2
2 2 2
3 T R
1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000 1950 1960 1970 1980 1990 2000

Year
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was applied in the 1970s, which has strongly influenced the trend of the spatial indices. In general, the indices increased from 1950s

to late 1960s and decreased afterward.

> >
£ - : £ 3
(] 7
5 (a) Ll ! 5 ,
N
=i rb(‘il\\z}\“\: . ! (= S
o 2 PATRETY s ht ! o 2 S
= \ e NEY N i = S
o . 3 AN 1 I % Vo
I
£ £ 2,"\\ /,’,
—1 — " -
5 L. ] T
T i ® I\f;\\“i“#f\‘
NS
@ 0 ¢ 8 o S|
S ;;L Y ]
5 1 P ,«”Vlm' \}Q): N ik X ;‘: 1
B —1f36,d, n VAT E AT SR T- ]
£ [pHe) RN T e N I -
-g AN ! Y | \ _8
' v
a-2f')/ i v -2 ]
= |/ - =
E E
= =
o o -
= 1950 1960 1970 1980 1990 2000 = 1950 1960 1970 1980 1990 2000
Year

© 2008 NRC Canada



Can. J. Fish. Aquat. Sci. Vol. 65, 2008

956

(100T 'Te 12 1927]) serads payojdxa Auew JOj USY) QOUIS PAsLIDUI Sey 110Jjo SUIYsyy asnedaq pasn aIom G9G| Joye eep A[uQ :3)oN

100°0> ¥65°0 91°0 97T 0~ 1000 SIS0 1500 11€°0- s1j2ay]p sna23diyov.]

100°0> TIL0 LLTO 1220 €00°0 69t°0 9L0°0 L8T0 LI2IAND SNANUOSDAIZ],

L9€°0 YLIO 1250 2o wTo ¥TT0 £96°0 6000 snpord sniqajxQ

100°0> 16L°0 LTY0 LT O~ 2000 ¥19°0 $99°0 9600 apsddiios uopiydo

L80°0 ¥LT0 9¢0°0 €€¢°0 9€9°0 LLOO— 1000 9610 sn1qus snssojsoinay

100°0> SSLO 100°0> 8660~ 100°0> LSO S00°0 SEP 0 1wop§uryo0] skyyo1o]

811°0 790 ¥95°0 8600~ 8120 LOT0 0r9°0 0800 supyual sniuua)qosdigy

100°0 18290) LYL0 6500~ 91°0 €520 810 8TI'0— DAIDS §19D]0]0)

£00°0 0 100°0> ¥€5°0 881°0 TIT0 6000 010 SIS DULUISLY paytordxaupn

100°0> YrL 0 91°0 S€T0 100°0> $6S°0 19t°0 STI0 vipuaLf sidajoruvy

6¥0°0 €8¢°0 6¥0°0 €8¢°0— S6£°0 IL10 191°0 LLTO- SnpnvoLIY snanyduids

8€0°0 62€°0 1820 SLT'0— 66°0 1100~ 6ST°0 €81°0— 1uvpaol $21svqag

1210 €92°0 8L0°0 860~ 190°0 S1¢°0 1€S°0 801°0~ S1DIII2A SKYIYO1UOINI]J

7200 79¢€°0 090°0 00€°0~ 0S0°0 TI€0 961°0 60T0~ sij1xa pyasdody

0210 S6T°0 LESO 0T10- 700 LLEO 61€0 T61°0 viputo)s vuissojsoddiry

€00°0 205°0 0€T°0 S12°0 I11°0 7820 800°0 SSH°0 stuundyound s1uoay) LRILRINT

€TI0 8¥CT°0 900°0 0Er 0~ 69L°0 800~ €60°0 6970~ SNOLUIUWIUIAS SNANYIDLT

$01°0 €€€0 €92°0 €€T0 19t°0 SS1°0 8€T'0 SHT0 D2jud5D PUIDALYAS

100°0> 695°0 £00°0 St 0— €Yo 681°0 $S0°0 90¢°0- sundsionvd saispqag

¥10°0 68¢°0 800°0 8140~ 6S1°0 0€T0 8€0°0 YEC0— DAOIND $2ISDGIS

£00°0 6610 0720 9170~ L10°0 80%°0 LO¥0 LYT°0- smpLouLIul SEYIY21UINd1008

100°0> 185°0 100°0> L99°0 €100 60t°0 682°0 81°0 snoodpl 12quiodg

100°0> 90L°0 100°0> S1L°0 100°0> $65°0 100°0> 1590 xp3ps sdoutpivg

$00°0 SSY°0 0r0°0 6£€°0~ 100°0> $09°0 LOT0 TITo- snpnioa skiydotvg

6¥0°0 0€€°0 1680 ¥20°0~- 1LT0 681°0 9020 9120 SNONULOSIDD SKYIYIDADS

100°0> $89°0 €020 LTTO 100°0> €€9°0 91°0 6vT0 SHIDAYID]D XDAGDIDADS

100°0> 0£9°0 8+6°0 110°0 100°0> 9¢L°0 18€°0 P10 snotf1ovd snui0iSoL1

L98°0 LT0°0 096°0 8000~ 2100 €6¢°0— ¥S1°0 0€T0— snponposd snioonjLI

100°0 805°0 S0S°0 6010 100°0> 9660 991°0 €TT 0~ xvpLout SINpASuy payordxyg
d V] d V] d ] d V] so10adg snje)s uoneyojdxyg

duepunge ‘sA QU “SA duepunge ‘sA QU “SA

Kouednooo jo vary

K1ouagorday [eneds

‘QouepuUNge puk SOIpUl [ereds UQIM)dq puB QW) pue

soo1pul [eneds Ueam)dq SISA[EUER UONB[ALIOD JO SINSY ‘§ I[qEL

© 2008 NRC Canada



Hsieh et al.

957

Fig. 9. Comparison of correlation coefficients (r) between (a) time and spatial area of occupancy, (b) time and the indices of spatial
heterogeneity, and (c¢) time and abundance for exploited and unexploited groups. The patterns of bycatch and unexploited groups are
similar; therefore, data of these two groups are combined as the unexploited. Only data after 1969 were used because fishing effort has
increased since then for many exploited species (Leet et al. 2001). Sardinops sagax and Scomber japonicus are excluded because a
moratorium was applied in the 1970s. On average, the decreasing trend of spatial indices of exploited species are stronger than that of
unexploited species (a and b), although this difference is not statistically significant (bootstrapped ¢ test, p > 0.05). By contrast, the
decreasing trend of abundance of exploited species are identical to that of unexploited species (c¢). Each solid circle represents r of
each species; the square represents the mean value; and horizontal bars represent 95% bootstrapped confidence limits. Statistical power

associated with the bootstrapped ¢ test is also shown.
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as species showing a significant interannual spatial relation-
ship with SST or climate index or a significant bidecadal
scale change in distribution from the cold to the warm pe-
riod.

At the annual scale, seven of the 29 species significantly
shift their mean latitude in relation to SST (Table 1; see
Fig. 4a for an example). In addition, five warm-water spe-
cies significantly shift their northern boundaries inter-
annually in relation to SSTs, and one cool-water species,
Scorpaenichthys marmoratus (cabezon), significantly shifts
its southern boundary in relation to the 1-year lagged SSTs
(Table 1). All shifting species show a positive correlation
with the SSTs, except for Zaniolepis frenata (shortspine
combfish). For the shifting species, the rate of shift in mean
latitude ranged from 17 to 37 km-°C™' (average = 25 %
5 km-°C™!, seven species). The only shifting cool-water spe-
cies moved 49 km-°C~! in its southern boundary. The rate of
shift in the northern boundary of warm-water species ranged
from 21 to 43 km-°C™! (average = 31 = 7 km-°C™!, five spe-
cies).

Fewer species (eight) show a significant relationship to
the climate indices (PDO or SOI) in their latitudinal distribu-
tion (Table 1) compared with their relationships to the SST.
Most of the species that show a significant relationship to
the climate indices also exhibit a significant relationship to
the SST. The only exceptions are Sebastes aurora and
Leuroglossus stilbius, which show significant relationships
to the PDO in its southern boundary and mean latitude, re-
spectively (Table 1), and Engraulis mordax, which shows a
significant relationship to both the PDO and SOI in its mean
latitude (Table 1).

At the bidecadal scale, broad distributional shifts are ob-
served for the assemblage as a whole (see Fig. 4b for an ex-
ample). A total of 24 species (cool-water species, 6 out of 9;
warm-water species, 10 out of 11; widely distributed spe-
cies, 8 out of 9) shifted their distribution poleward from the
cold period to the warm period (Fig. 5). This is a highly sig-
nificant ensemble result (binomial test, p < 0.001), suggest-

ing that most species move poleward in response to the
warming in the southern California Current ecosystem. The
movements range from 1 to 86 km (average = 31 + 7 km).
However, upon closely investigating their distribution cen-
ters, only nine of the species show a significant shift in their
geographic distribution (Table 1). Thus, although most spe-
cies show a tendency to move poleward in response to
decadal-scale warming regimes, the signal is clear in only
nine out of 29 species.

Additionally, regardless of the time scale examined, the
tendency for a species to exhibit a clear response to tempera-
ture is significantly associated with fishing (Table 1). Con-
sidering the annual and bidecadal scales together, 14 species
show a clear distributional shift in response to climate, and
among them, 10 are exploited species and only four are un-
exploited species (Table 1). We find no significant differ-
ences in life history traits between shifting and nonshifting
species (p > 0.05; Fig. 6), although the statistical power is
low (< 0.35) because of a small sample size. Furthermore,
whether or not a species exhibits a significant response to
temperature changes or climate index is not associated with
their phylogeny (Table 2), geographic affinity, habitat, or
spawning mode (Table 3).

The reason that exploited species showing a stronger asso-
ciation with climate may be related to fishing effects on spa-
tial distribution of fish, as suggested by the analyses on
spatial area of occupancy or spatial heterogeneity of fish
(Fig. 7). This can be seen in several exploited species by
comparing the trend of spatial index and the trend of exploi-
tation fraction (i.e., the fraction of fish population removed
by fisheries) (Figs. 7a—7g). For example, fishing mortality
for Merluccius productus increased from late 1960s and spa-
tial indices declined since then, although with significant
variation (Fig. 7b). Fishing effects on spatial indices can be
seen in Sardinops sagax and Scomber japonicus by compar-
ing spatial indices before and after a moratorium (Figs. 7d
and 7e). The spatial indices were relatively low and fishing
mortality was relatively high before the moratorium, and the
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spatial indices bounced back after a moratorium. For S. japo-
nicus, the spatial heterogeneity again decreased when fishing
mortality increased (Fig. 7e).

Overall (excluding S. sagax and S. japonicus), the average
spatial indices increased from the 1950s to the late 1960s
and then decreased thereafter (Fig. 8), albeit with significant
variations. Sardinops sagax and S. japonicus are excluded in
this calculation because a moratorium was applied in the
1970s, which strongly influenced the trend of spatial indices.
The existence of such a common trend suggests climatic ef-
fects on spatial distribution of the fish assemblage. Coinci-
dently, fishing effects also increased around the late 1960s
and early 1970s for many exploited species (MacCall et al.
1976; Leet et al. 2001). Such fishing effects can be seen
from the temporal trend of fishing mortality for some spe-
cies (Figs. 7a—7h) and can be inferred from the history of
fisheries for the species for which fishing mortality estimates
are not available (Appendix A). Thus, climatic and fishing
effects are confounded here.

To separate fishing and climatic effects, we calculate the
correlation between the spatial indices and time using data
after 1969 (Table 4) and compare the trends (correlation co-
efficients) between exploited and unexploited species using
bootstrapped ¢ tests. When the raw spatial indices are used
for the comparison, the declining trends in spatial index are
on average stronger in the exploited group than unexploited
group; however, this difference is not statistically significant
(» > 0.05; Figs. 9a and 9b). We notice that the temporal
trends of spatial indices are not independent of changes in
abundance for several species (Table 4). Reduction in spatial
area of occupancy and heterogeneity is associated with re-
duction in abundance. However, when the same correlation
analysis is carried out for the abundance data, we find that
the declining trends in abundance are almost identical for the
exploited and unexploited groups (Fig. 9¢). These findings
suggest that fishing has impacts on population spatial struc-
tures and that such effects may be overlooked if we investi-
gate abundance trends alone.

Discussion

Climate variability affects geographic distributions of fish
populations within the California Current ecosystem, although
the signal is not very strong. Among the 29 species examined,
only 12 species show a significant interannual distributional
shift (mean latitude or boundaries) in relation to SST or cli-
mate indices. This may be because the latitudinal range of the
current study (30-35°N) is small and none of the studied spe-
cies is bounded by this range. Our results are consistent with
those of other studies (Murawski 1993; Brander et al. 2003;
Perry et al. 2005) reporting poleward shifts of most fishes in
response to warmer average SST. The mean latitudinal shift
rate of 25 km-°C™! reported here is smaller than that reported
for either North Sea fishes (average 87 km-°C~! calculated
from Perry et al. 2005) or North Atlantic fishes (ranges from
56 to 89 km-°C! reported by Murawski 1993). The smaller
shift rate may be due to the smaller latitudinal range of this
study (30-35°N) compared with those of the North Sea study
(51-62°N) and North Atlantic study (36—45°N), because esti-
mates of distribution centers may be biased when the true
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population moves beyond the study boundary. Thus, the shift-
ing rates may be underestimated in this study. Alternatively,
species living at lower latitudes might be less sensitive to
warming (Root et al. 2003).

When comparing the fish distribution centroid in the cold
period with that of the warm period, we find that 83% of
species move poleward in response to warmer average SST.
The average shifting distance of the distribution centroid is
31 km. Again, this value may be underestimated owing to
the limitation of our sampling range. Whether such a distri-
butional shift may have impacts on the living habitat, food
source, and thus survival of fish populations warrants further
investigation.

Among the 29 species, only nine species pass the random-
ization test for a shift in their distribution centroids, further
indicating that the signal is not very strong. Given the geo-
graphic limit of our study area and noisiness of the data, our
results show that most species have responded to tempera-
ture, but some species show a stronger response than others.

Which factor determines whether or not a species shows a
significant response in the distribution (i.e., high signal—
noise ratio)? More often than not, the shifting species are
those that are commercially exploited, i.e., exploited species
exhibit a higher signal-noise ratio. Other factors such as life
history traits, phylogeny, and ecological traits are not as im-
portant. In addition, no significant difference in mean abun-
dance exists between the shifting and nonshifting species
(bootstrap ¢ test, p > 0.05, power = 0.303).

We hypothesize that the higher signal-noise ratio may be
explained by fishery-induced constriction of geographic dis-
tribution combined with size (age) truncation of a fish popu-
lation. Consider an unexploited population that normally has
a relatively large number of spawners, larger geographic area
with complex spatial margins, and higher spatial heterogene-
ity (MacCall 1990; Berkeley et al. 2004). The larvae pro-
duced by these spawners, along with effects caused by
advection and diffusion, might be expected to show higher
spatial heterogeneity. Under this condition, with complex
spatial margins, the center of distribution that we calculated
from unexploited species may not accurately reflect the true
spatial location of the natural population. Therefore, al-
though the spatial domain of an unexploited population
might have changed from one environmental condition to
another, this signal might not be clearly represented by a
shift in the center of distribution. In contrast, when a fish
population is under fishing pressure, its distribution area
may shrink, spatial heterogeneity may be diminished, and
the number of spawning individuals may decline (MacCall
1990). Thus, the distribution center of an exploited popula-
tion represents more precisely the spatial location of the nat-
ural population as spatial heterogeneity is greatly reduced. In
addition, such effect may be further reinforced by fishery-
induced size (age) truncation. Poorly managed fisheries tend
to truncate the age—size structure of fish populations by
removing large and old individuals through size- or age-
selective fishing mortality (Conover and Munch 2002;
Berkeley et al. 2004; Hutchings and Reynolds 2004). Recent
studies have shown that such effects would have evolution-
ary consequences (Conover and Munch 2002; Swain et al.
2007). Evidence of size (age) truncation has been found in
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several exploited species examined in this study (Hsieh et al.
2006). Because large and old individuals tend to produce
higher quantity eggs and because spawning locations may be
age-dependent (Hutchings and Myers 1993; Marteinsdottir
and Steinarsson 1998; Berkeley et al. 2004), fishery-induced
size (age) truncation can potentially reduce the heterogeneity
in the spatial structure of populations.

Our hypotheses are partially supported by our analyses on
spatial area of occupancy and spatial heterogeneity of fish
distribution. The declining trends of spatial indices after
1969 are stronger in the exploited group, although the differ-
ence is not statistically significant. This suggests that fishing
effects may have reduced the spatial coverage or altered the
spatial structure of fish populations. This mechanism some-
times can operate without revealing a clear declining trend
in abundance. Such kinds of fishing effects on population
spatial structures may happen, even when fishing mortality
is at a level thought to be moderate (Berkeley et al. 2004).

A significant shift in larval distribution in response to cli-
mate is more likely to be observed for an exploited population
that has a more local (thus environmentally homogeneous)
spatial distribution. This may operate if fishing reduces the
heterogeneity in the spatial structure of exploited populations,
in other words, if fishing forces exploited populations to “put
all their eggs in a smaller spatial basket”. As a consequence,
exploited populations may become more vulnerable to envi-
ronmental stochasticity and more sensitive to climate effects
(Berkeley et al. 2004). This may explain why exploited spe-
cies show higher temporal variability in population size than
unexploited species, as shown in Hsieh et al. (2006).

Our results indicate that the geographic distribution of ex-
ploited populations shows a stronger signal in response to
climate variations. This enhanced signal may be a conse-
quence of reduced spatial heterogeneity of fish populations
caused by fishery-induced age truncation or constriction of
their spatial distribution. It is worth pointing out that fishing
may not directly increase sensitivity in geographic distribu-
tion of exploited populations in response to climate; rather,
fishing enhances their distributional signals by reducing spa-
tial heterogeneity. The reduced spatial heterogeneity may
make exploited species more vulnerable to climatic effects,
for example, the impacts of climate-induced trophic mis-
match or reduction in suitable habitat. The effects of fishing,
climate, and the interactions of these two factors on the dy-
namics of fish populations should be borne in mind for
sound fisheries management. Conservation measures de-
signed to maintain the age and spatial structures of fish pop-
ulations should contribute to their sustainability (Berkeley et
al. 2004).
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Appendix A

Table Al. Exploitation history of the commercial species in the California area.

Species Common name Exploitation history

Engraulis mordax* Northern anchovy Low exploitation from 1958 to 1964, slight exploitation from 1965 to
1982, essentially no exploitation after 1982

Only incidental catch prior to 1966, large-scale harvesting of Pacific hake
in the US zone began in 1966

High exploitation before 1967, moratorium from 1967 to1985, regulated
exploitation after 1985

High exploitation before 1970, moratorium from 1970 to 1977, restricted
exploitation from 1977 to 1985, increased exploitation after 1985

High exploitation from 1947 to 1979, low exploitation after 1979

High exploitation after 1970

High exploitation after 1970

High exploitation

Exploitation

Merluccius productus* Pacific hake

Sardinops sagax* Pacific sardine

Scomber japonicus* Pacific mackerel
Jack mackerel
Dover sole

Kelp bass
California halibut
English sole

Trachurus symmetricus
Microstomus pacificus*
Paralabrax clathratus
Paralichthys californicus
Parophrys vetulus

Scorpaenichthys marmoratus™ Cabezon High exploitation due to recreational fishing, particularly since 1980
Sebastes aurora Aurora rockfish Exploitation, particular after 1970
Sebastes paucispinis™® Bocaccio High exploitation after 1970

Sphyraena argentea Pacific barracuda

Note: The exploitation history is based on Leet et al. (2001), MacCall et al. (1976), and Ralston (1998).
*Time series of exploitation fraction for species with stock assessment available to us are plotted in Fig. 7.

Exploitation
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Appendix B

Table B1. Data sources for fishing mortality (exploitation fraction) extracted from stock assessment reports for six exploited species.

Species Common name Domain of assessment Source

Engraulis mordax Northern anchovy California Jacobson et al. 1994

Merluccius productus Pacific hake US west coast Helser et al. 2003

Sardinops sagax Pacific sardine California MacCall 1979; Conser et al. 2004

Scomber japonicus Pacific chub mackerel US west coast Hill and Crone 2005

Microstomus pacificus Dover sole US west coast Sampson 2005
Scorpaenichthys marmoratus Cabezon Southern California Cope and Punt 2005
Sebastes paucispinis Bocaccio California MacCall 2003

(Scomber japonicus) stock for U.S. management in the 2005-
2006 season. Pacific Fishery Management Council, 7700 NE
Ambassador Place Suite 101, Portland, OR 97220-1384, USA.
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