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Abstract.   Fishing is expected to alter the spatial heterogeneity of fishes. As an effective 
index to quantify spatial heterogeneity, the exponent b in Taylor’s power law (V  =  aMb) 
measures how spatial variance (V) varies with changes in mean abundance (M) of a pop-
ulation, with larger b indicating higher spatial aggregation potential (i.e., more heterogeneity). 
Theory predicts b is related with life history traits, but empirical evidence is lacking. Using 
50-yr spatiotemporal data from the California Current Ecosystem, we examined fishing and 
life history effects on Taylor’s exponent by comparing spatial distributions of exploited and 
unexploited fishes living in the same environment. We found that unexploited species with 
smaller size and generation time exhibit larger b, supporting theoretical prediction. In con-
trast, this relationship in exploited species is much weaker, as the exponents of large exploited 
species were higher than unexploited species with similar traits. Our results suggest that 
fishing may increase spatial aggregation potential of a species, likely through degrading 
their size/age structure. Results of moving-window cross-correlation analyses on b vs. age 
structure indices (mean age and age evenness) for some exploited species corroborate our 
findings. Furthermore, through linking our findings to other fundamental ecological patterns 
(occupancy-abundance and size-abundance relationships), we provide theoretical arguments 
for the usefulness of monitoring the exponent b for management purposes. We propose 
that age/size-truncated species might have lower recovery rate in spatial occupancy, and 
the spatial variance-mass relationship of a species might be non-linear. Our findings provide 
theoretical basis explaining why fishery management strategy should be concerned with 
changes to the age and spatial structure of exploited fishes.
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Introduction

Overfishing can induce spatial aggregation (i.e., losing 
spatial homogeneity) of exploited populations without 
causing significant changes in their abundances, likely 
through degrading age/size-structure (Swain and Wade 
1993, Hsieh et  al. 2008). Enhanced spatial aggregation 
(i.e., elevated spatial heterogeneity) happens in many 
exploited fishes and causes several deleterious effects, such 
as increased fluctuation in abundance and extinction of 
local populations (Tittensor et al. 2007, Hsieh et al. 2008, 
2010, Shackell et  al. 2012). Apart from fishing, several 
factors such as abundance, behavior, demographic traits, 
and the environment have been suggested also to influence 

the spatial heterogeneity of a population (Kearney and 
Porter 2009). Thus, understanding the dynamics of spatial 
heterogeneity in a species is important for developing 
informed management (Shackell et al. 2005, Hsieh et al. 
2010, Ciannelli et al. 2013), and indices that can effectively 
summarize spatial distribution patterns are needed.

One effective way to summarize the spatial patterns of 
a species is using Taylor’s power law, V = aMb. Taylor’s 
power law asserts that the variance (V) in population 
abundance is a function of mean (M) population abun-
dance. In spatial data, the exponent b describes how 
spatial variance in abundance of several subpopulations 
changes with the mean abundance, and has commonly 
been used as a species-specific aggregation index: b ≈ 0 
suggests a uniform spatial distribution, b = 1 implies a 
random distribution (e.g.,, Poisson), and larger b 
indicates a higher degree of aggregation (Taylor 1961) 
(i.e., higher spatial heterogeneity) (Appendix S1, Fig. S1). 
Consequently, fundamental understanding of the 
mechanism mediating the mean-variance relationship 
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(indicated by Taylor’s exponent b) is critical for moni-
toring changes in spatial structure for a species. 
In  addition, Taylor’s power law is suggested to have 
linkage with other ecological patterns, such as the 
occupancy-abundance (He and Gaston 2003) and size-
abundance relationships (Cohen et al. 2012), potentially 
leading to important unification of relationships among 
spatial distribution, abundance, and body size in ecology. 
These understandings may have profound management 
implications to fisheries, because fishing affects not only 
abundance but also spatial and size distribution of a pop-
ulation (Hsieh et al. 2010).

Since the pioneering work by Taylor (1961), the spatial 
mean-variance relationship has been documented in 
many systems (Iwao 1968, Nestel et  al. 1995, Kendal 
2004, Eisler et al. 2008, Ramsayer et al. 2012). Surprisingly, 
empirical evidence for the mechanisms mediating 
Taylor’s exponent is still lacking, although theoretical 
models have made some predictions (Taylor and Taylor 
1977, Hanski 1980, Taylor 1981, Anderson et al. 1982, 
Yamamura 2000). Theoretically, demographics (those 
related to life history traits) have been shown to affect 
the spatial mean-variance relationship (Hanski 1980, 
Anderson et al. 1982, Yamamura 2000). The most well 
known theoretical model was proposed by Anderson 
et  al. (1982), using stochastic Markovian population 
process. In this model, the authors argued that r-selected 
species have a higher b than K-selected species (as can be 
seen using simple mathematical argument in Appendix 
S2). A colony expansion model (Yamamura 2000) also 
showed that Taylor’s exponent increases with increasing 
population reproduction (local growth), corroborating 
Anderson’s hypothesis that species with r-selected traits 
have higher b. Noteworthy, the only previous mul-
tispecies comparative analysis (Taylor et  al. 1983), 
however, did not agree with Anderson’s theoretical pre-
diction. This study compiled data from different surveys 
with various methods and environments; as such, the 
comparison is not adequate because Taylor’s exponent 
is a function of environmental conditions (Perry 1988). 
Other existing multispecies meta-analyses did not discuss 
the potential influence of life history traits, and largely 
focused on the distribution of b, sampling scale, or sam-
pling error (Hanski 1980, 1982, Taylor et al. 1983, Taylor 
1986, Downing 1988, Kilpatrick and Ives 2003). 
Interestingly, although the effects of life history traits on 
Taylor’s exponent have been predicted based on sound 
theoretical arguments (Hanski 1980, Anderson et  al. 
1982, Yamamura 2000), no systematic investigation with 
suitable empirical data has been conducted to date.

Fishing effects that exert significant impacts on life 
history traits (Jennings and Kaiser 1998, Hsieh et al. 2010) 
and spatial structure (Swain and Sinclair 1994, Hsieh 
et al. 2008) likely also alter the mean-variance relationship 
of impacted species. For example, size-selective removal 
may truncate the size/age structure and affect life history 
of exploited fishes without causing apparent abundance 
decline (Hsieh et al. 2006, Garcia et al. 2012). Life history 

traits (e.g., length, maturation age, population growth 
rate) have been found highly correlated to species’ spatial 
distribution (Opdal and Jørgensen 2015). If life history 
traits are altered through age truncation or fishing-
induced evolution (Murawski 2001, Berkeley et al. 2004, 
Jennings and Dulvy 2005), exploited species may become 
more aggregated even when the abundance was not 
changed, i.e., higher b, owing to decreased spawning 
ability, environmental adaptability, or migration (Jenkins 
et  al. 2007, Hsieh et  al. 2008, 2010). Furthermore, it is 
known that fish at different ages have different prefer-
ences for food and/or sediment characteristics, resulting 
in diverse habitat choices (Bohlin 1977, Marshall and 
Frank 1995, Stoner and Abookire 2002). Such popula-
tions with truncated age-structure may thus exhibit higher 
spatial heterogeneity (more aggregated spatial distri-
bution) (Hsieh et  al. 2008, Ciannelli et  al. 2013). 
Consequently, as an aggregation indicator, Taylor’s 
exponent (b) may be higher in exploited species (com-
pared with unexploited species with similar life history 
traits) due to fishing.

In this study, we investigate whether life history traits 
and fishing influence spatial Taylor’s exponent, using the 
50-yr long California Cooperative Oceanic Fisheries 
Investigations (CalCOFI) larval fish survey dataset. 
Because most larvae were taken in a very early life stage 
of development, larvae distribution is indicative of the 
spatial distribution of spawners (Hsieh et al. 2006, 2008). 
We examined 29 fish species living in the same envi-
ronment to make fair multi-species comparison in 
Taylor’s exponent b in relation to species’ life history 
traits. More importantly, we examined whether fishing 
drives the b vs. life history traits relationship of the 
exploited fishes to deviate from that of unexploited fishes. 
We tested the following hypotheses: (1) A species with 
r-selected life history traits has a larger Taylor’s exponent 
(Anderson et al. 1982). In this work, r-selected life history 
traits are roughly defined as smaller body size and earlier 
maturation age. (2) An exploited species has a higher 
Taylor’s exponent compared to unexploited species with 
similar life history traits, due to fishing effects.

Methods

Data

We studied 29 coastal-neritic fish species collected in 
the CalCOFI larval fish surveys of 66 stations in the 
southern region of the California Current Ecosystem 
(Hsieh et  al. 2005) from 1950 to 2007 (Appendix S3, 
Fig. S3). Because the survey frequency after 1984 is quar-
terly (prior to 1984, surveys were conducted on a monthly 
basis), we used only quarterly data throughout the sam-
pling period to avoid the statistical bias from different 
sampling efforts. Among the 29 species, 16 were exploited 
in California, while 13 were unexploited (Hsieh et  al. 
2006). The life history data include maximum length, 
length at 50% maturation, age at 50% maturation, and 
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trophic level for each species (Appendix S4, Table S4) 
(Hsieh et al. 2006). The CalCOFI fish data are available 
from the Southwest Fisheries Science Center, National 
Marine Fisheries Service, National Oceanic and Atmos
pheric Administration, USA (http://coastwatch.pfeg.
noaa.gov/erddap/search/index.html?page=1&itemsPer 
Page=1000&searchFor=calcofi).

Investigation of the spatial mean-variance relationship

We investigated the spatial mean-variance relationship 
for each species. Note we considered only the data during 
the spawning period for each species (defined in Hsieh 
et al. 2006). We used larvae distribution as a proxy of the 
spatial distribution of spawners (Hsieh et al. 2006, 2008); 
that is, we explored the spawning distribution pattern of 
each species. First, for each species, we defined its principal 
spawning habitat. To do so, we selected the stations with 
at least three non-zero records in each species’ spawning 
period from 1951 to 2007. The convex hull encompassing 
these stations was defined as the principal spawning 
habitat of that species (see example in Appendix S3, 
Fig.  S3). As such, occasional occurrence outside the 
defined habitat would not be used to estimate the mean-
variance relationship. Secondly, we calculated the mean 
and variance for the fish abundance within this area for 
each cruise in the spawning period. Thirdly, according to 
Taylor’s power law, log(V)  =  log(a)  +  b  ×  log(M), we 
obtained the Taylor’s exponent, b and intercept a (Taylor 
1961), using orthogonal regression of log mean vs. log 
variance since both M and V contain uncertainty 
(Appendix S3, Fig. S2). Taylor’s exponent and intercept 
of each species are shown in Appendix S4 (all regressions 
are highly significant, P  <  0.001). Then, we carried out 
1000 bootstraps to compute b for each species, in order to 
estimate the 95% confidence interval (with accelerated bias 
correction) of the bs.

We have also calculated Taylor’s exponent separately 
for each season to account for potential seasonal variation, 
but found no significant difference among the values 
from  different seasons (repeated measures ANOVA, 
P = 0.19). Therefore, we included the data for all cruises 
within each species’ spawning period in the following 
analyses.

As pointed out by Engen et al. (2008), b may be pos-
itively correlated with mean abundance if the sampling 
unit is too small. Therefore, we first checked the rela-
tionship between b and mean abundance. We found that 
b shows no significant relationship with mean abun-
dance, in both exploited (P  =  0.59) and unexploited 
species (P  =  0.74), indicating no sampling bias in our 
estimation of b.

Statistical analysis for the fishing and life history traits 
effects on Taylor’s exponents

We first examined the life history traits effects on 
Taylor’s exponents (b) by linear regression analysis. The 

regressions were conducted on exploited and unexploited 
species separately, in order to distinguish the effects from 
fishing. We note that, when estimating the regression 
slope of b vs. traits, we need to accommodate uncertainty 
in calculating b; that is, we considered error propagation. 
To achieve this, we calculated the bootstrapped slopes 
of regression using 1000 nonparametric bootstrapped b 
values from each species and estimated the 95% confi-
dence interval of regression slope with accelerated bias 
correction.

Then, we used multiple linear regressions to investigate 
the interaction between life history traits and fishing on 
Taylor’s exponent (in other words, we statistically tested 
if the regression slopes of traits vs. b were different 
between the exploited and unexploited groups). We 
tested four life history traits (T) for each of the models 
separately in order to investigate the robustness of the 
pattern. We did not carry out multivariate models that 
include all traits simultaneously, because the life history 
traits used here were correlated for the fishes (Hsieh et al. 
2006) and tests for these different traits cannot be con-
sidered to be independent. Including all traits simultane-
ously would lead to collinearity issues in statistical 
analysis. We investigated the following model:

(1)

The exploitation status was included as a dummy var-
iable (F) (i.e., exploited: F = 1; unexploited: F = 0). The 
interaction term, T  ×  F, was included in the model in 
order to examine whether exploitation modulates the 
effect of life history trait, and to test whether a difference 
exists between the regression slopes (b vs. T) of exploited 
and unexploited species. We used standardized coeffi-
cients for better comparison of the effects of predictors 
within and across models (Gelman 2008). Confidence 
intervals for the regression coefficients were calculated 
considering the error propagation from estimating b to 
the multiple linear regressions. Again, we employed the 
multiple linear regression analysis on each set of boot-
strapped bs (1000 times) to examine how the uncertainty 
in b influences on estimating the coefficients of life history 
traits and fishing, as explained above. Other possible 
models which had higher AIC are shown in Appendix 
S3 and Table S1.

To account for the unbalanced sample size in com-
paring exploited vs. unexploited group, we also applied 
propensity score matching to select subsets from each 
group (exploited and unexploited) for obtaining compa-
rable groups in testing the effect of fishing. The matched 
groups exhibited consistent results with the original data 
(Appendix S3, Fig. S2).

Our cross-species comparison is reasonable, because 
several studies have shown that Taylor’s exponent is con-
stant within species under the same condition (e.g., sam-
pling scale, environment, and life stage) (Taylor et al. 1988, 
Nestel et al. 1995, Elliott 2004). This is in contrast with 
previous studies that compiled data from different surveys 
with various sampling methods and environments. 

b=β0+β1T+β2F+β3T×F

http://coastwatch.pfeg.noaa.gov/erddap/search/index.html?page=1%26itemsPerPage=1000%26searchFor=calcofi
http://coastwatch.pfeg.noaa.gov/erddap/search/index.html?page=1%26itemsPerPage=1000%26searchFor=calcofi
http://coastwatch.pfeg.noaa.gov/erddap/search/index.html?page=1%26itemsPerPage=1000%26searchFor=calcofi
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Furthermore, although no environmental variables were 
directly examined here, environmental effects were implicit 
in our measurement of Taylor’s exponent of fish popula-
tions (Hsieh et  al. 2006). We assumed that the species 
captured from the same ecosystem were living in the same 
environmental condition. Importantly, our main objective 
is to contrast exploited vs. unexploited species living in the 
same ecosystem with different life history traits.

Examining variation of Taylor’s exponent vs. age  
structure through time for a single species

To further investigate if fishing alters the mean-
variance relationship by affecting the life history traits 
of species, we selected four exploited species whose age 
structure data were available and with a sufficiently long 
time series (>20 yr) (Appendix S5). We used a moving-
window approach to examine the cross correlation 
between the age structure (using mean age and age 
evenness as indicators) vs. Taylor’s exponent for a species 
through time (Appendix S5).

Results

Life history traits effects on Taylor’s exponents

By using multi-species data in the same environment, 
we found that life history traits affected the exponents 
of the spatial Taylor’s power law for fishes in the Southern 
California Ecosystem. When analyzing unexploited and 
exploited species separately: for the unexploited species, 
Taylor’s exponents exhibited a significant negative rela-
tionship with maximum length, length at maturation, 
and trophic level, whereas the exploited species exhibited 
no significant or a positive relationship between the life 
history traits and Taylor’s exponents (Fig. 1). The signif-
icant negative coefficients of life history traits in the 
results of multiple linear regressions (Fig. 2) also support 
that Taylor’s exponent would decrease with increases in 
the life history traits (from r- to K-selected species).

Fishing effects on Taylor’s exponents

The negative relationship between life history traits 
and Taylor’s exponent was weaker or even become 
slightly positive in exploited species (Fig. 1). This pattern 
was confirmed by the significant interaction term of 
exploitation status and life history trait (F  ×  T) in the 
linear model (Fig. 2). The exploited species had higher 
Taylor’s exponents than the unexploited species (after 
accounting for life history effects) (Fig. 2), particularly 
for the species having larger body size and larger size at 
maturation (i.e., toward K-selected traits). Our con-
clusion qualitatively held when the uncertainty of esti-
mating b was incorporated based on bootstrap error 
propagation analysis (Fig. 2). In addition, the effect of 
life history traits and fishing still holds true when eco-
logical traits (e.g., demersal vs. pelagic) of species were 

included into the multiple linear regression models 
(Appendix S3, Table S2).

In three of four species we examined, the cross-
correlation analysis for the moving-window b and age 
structure indices supported our findings from the multi-
species comparisons. The cross-correlation analysis 
demonstrated that Taylor’s exponents of those species 
were negative correlated with mean age and age evenness 
(Appendix S5, Table S1 and S2). The negative correla-
tions were found significant in the raw data of Pacific hake 
(Merluccius productus), mackerel (Scomber japonicas), 
and sardine (Sardinops sagax), though it was only signif-
icant when the moving window was 11 yr for Pacific hake. 
There was no strong statistical support, however, 
showing the mean age or age evenness was negatively 
correlated to Taylor’s exponents for bocaccio (Sebastes 
paucispinis).

Discussion

Life history traits effects on Taylor’s exponents

Our results provided the first empirical evidence sup-
porting Anderson’s demographic model that species with 
r-selected life history traits have a higher b (Figs. 1 and 
2) (Anderson et al. 1982). In addition to the theoretical 
argument made by Anderson et al. (1982), this pattern 
may arise because species with K-selected traits are better 
at buffering environmental stress than r-selected species 
in many ways. For instance, larger organisms have fewer 
predators (Pianka 1970), and species with larger size can 
tolerate wider range of food and lower quality of 
resources (Gordon and Illius 1996). As a result, species 
with K-selected traits are more likely to spread to dif-
ferent habitat types and to be more evenly distributed in 
space, thus exhibiting a lower b.

To the best of our knowledge, this is the first systematic 
comparison of Taylor exponents in relation to life history 
traits across species living in the same environment. Our 
finding of empirical relationships between Taylor’s expo-
nents vs. life history traits (Fig. 1) indicates that Taylor’s 
power law can be explained by biological mechanisms. 
This goes against previous studies suggesting that 
Taylor’s power law is subject to artifact and its param-
eters provide little biological meaningful information 
(Soberón and Loevinsohn 1987).

Fishing effects on Taylor’s exponents

We suggest that the elevated Taylor’s exponent b for 
the exploited species (Fig.  1) may be due to fishing-
induced age/size-truncation effects. Age-truncation can 
alter demographic processes and thus increase species’ 
spatial aggregation, and this can occur without apparent 
reduction in population mean abundance (Hsieh et  al. 
2006, Garcia et al. 2012). Note that Taylor’s exponents 
for the exploited species exhibited a less negative rela-
tionship (i.e., flatter slope) with life history traits than 
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that for the unexploited species, while their intercepts 
were similar (Figs 1 and 3a). If a species became more 
clumped because of other causes (e.g., decline in abun-
dance) that were not related with altered life history 
traits, all exploited species would show a more aggre-
gated pattern. That is, we should observe the intercept 
of the regression line of traits vs. Taylor’s exponents to 
shift up without changing the slope for the exploited 
species (Fig.  3b); however, this is not observed in our 
data (Fig. 1). Therefore, we suggest that fishing may alter 
the traits or age/size structure of exploited species, 
making them behave more like r-selective species, in 
terms of higher b.

Although we have quantitatively examined life history 
traits and fishing effects on Taylor’s power law, we note 
some additional concerns that require further study. For 
example, active aggregation behavior during the spawning 

season of some species (Coleman et al. 1996) may affect 
the exponent b. Interactions among species may also affect 
b, as a study on the temporal version of Taylor’s law sug-
gested, although a laboratory experiment did not support 
that this prediction can be applied to the spatial Taylor’s 
exponent (Ramsayer et  al. 2012). Nevertheless, these 
factors could also be influenced by fishing (Hollowed et al. 
2000, Sala et al. 2001).

The moving window analysis has found negative rela-
tionship between Taylor’s exponent and age-structure 
indices for some species (Appendix S5); however, the 
results were not conclusive. No significant negative cor-
relation has been found for b and mean age/age evenness 
time series for bocaccio, and the significant negative rela-
tionship only occurred when the moving window size was 
11 yr for Pacific hake. The unclear pattern might be due 
to the gaps in time series, small sample size for species 

Fig. 1.  The regressions of life history traits against Taylor’s exponents for exploited and unexploited species. Exploited species 
(n = 13) are represented by filled circles and unexploited species (n = 16) by open triangles; the vertical error bar represents the 95% 
confidence interval (with accelerated bias correction) of the Taylor’s exponent of each species estimated from nonparametric 
bootstraps. Results of regression analyses of Taylor’s exponents vs. traits for the exploited (solid line) and unexploited (dashed line) 
species were shown with bootstrapped 95% confidence intervals for the slopes with incorporation of uncertainty in estimating b. 
The horizontal axes represent proxies of continuous spectrum from r- to K-selected traits. Fishing causes a change from the dashed 
line to the solid line.
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being tested, and/or the changing environmental condi-
tions over time (Perry 1988). In addition, lack of true 
baseline (data before exploitation) renders the single 
species analysis difficult.

Linking Taylor’s exponent with the 
occupancy-abundance relationship

Fishing-induced elevation in b may have additional neg-
ative impacts on the recovery of a population’s spatial 
coverage. To illustrate this issue, we should bear in mind 
that a positive correlation between abundance and geo-
graphic range often exists due to species’ density-dependent 

habitat selection (MacCall 1989, Hsieh et al. 2010). When 
the population size is small, individuals tend to aggregate 
in their most suitable habitat; however, when the popu-
lation size increases, competition intensifies and forces 
individuals to spread out in space (MacCall 1989). This 
positive relationship has been formalized into a occupancy-
abundance model and coupled with Taylor’s power law 
(He and Gaston 2003):

(2)

where O is the occupancy area (spatial coverage), M is the 
fish abundance, and ϕ = a × Mb−1. When a population grows 
(i.e., M increases), their area coverage (O) also increases. 
According to Eq. 2, a species with a larger b shows a slower 
increasing rate of O when its M increases (Appendix S6, 
Fig. S1). According to our results, species with smaller body 
size has a larger b (Fig.  1); following Eq.  2, these small 
species will have a smaller expanding rate of O in respect 
to M. Interestingly, this idea can partially be supported 
empirically by Swain and Wade’s study (Swain and Wade 
1993), in which they found the distribution range expands 
more slowly for young fishes (presumably with smaller size) 
than for older fishes (presumably with larger size) when the 
population size increases. Moreover, in the 32-yr trawl 
survey data from Scotian Shelf and Bay of Fundy, Fisher 
and Frank (2004) show that exploited species suffering size-
truncation expanded their distribution less with increasing 
abundance compared to their response in earlier years when 
their size structure was healthy. Thus, we argue that species 
with altered life history traits (juvenescence due to age-
truncation) may also have a slower occupancy-expanding 
rate in respect to increasing abundance. In other words, 
when the abundance of an age-truncated population 
recovers from being overfished, their occupancy-expanding 
rate will be slower compared with the population whose age 
structure has not been damaged. Thus, fishing likely causes 
double jeopardy in the spatial distribution of exploited 
stocks: greater spatial heterogeneity and slowed spatial 
recovery rate.

O=1−�
M∕(1−�)

Fig. 3.  Schematic demonstrating two possible scenarios of fishing affecting Taylor’s exponents. (a) The slope of life history 
traits against b becomes flatter, when the species with larger traits behave more similarly as the species with smaller traits. This was 
observed in our Southern California data. (b) Taylor’s exponents of all species shift upward, if the changes in spatial distribution 
are not related to life history traits.

Fig. 2.  Results of the multiple linear regressions relating the 
Taylor’s exponent with each life history trait, T, and exploitation 
status (exploited or not), F. Standardized coefficients of each 
variable are presented with 95% confidence intervals (vertical 
bars) from bootstrap analyses incorporating uncertainty in b. 
All confidence intervals do not cross 0, indicating significant 
results. Model: b  =  β0  +  β1T  +  β2F  +  β3T  ×  F. The AIC for 
the  models are −21.7, −22.6, −10.9, and −14.8 for maximum 
size, size-at-maturation, age-at-maturation, and trophic level, 
respectively.
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Linking Taylor’s exponent with the size-abundance 
relationship

The correlation between life history traits and Taylor’s 
exponents found in our study suggests that the slope of 
linear logarithmic variance-mass relationship of K-selected 
species may be less negative (i.e., shallower) compared to 
r-selected species. The variance-mass allometry illustrates 
the relationship between spatial variance (V) of population 
density and average individual biomass (B) within a single 
species (Cohen et al. 2012):

(3)

where a and log(u) is the intercept of Taylor’s power law 
and single species density-mass allometry, respectively, 
and v is the exponent of density-mass allometry (v is typ-
ically <0). Here, the population density used by Cohen 
et  al. (2012) is equivalent to population abundance as 
commonly used in the literature discussing Taylor’s power 
law. This model shows that when the average biomass 
decreases in a species, V will increase through increasing 
mean abundance (according to density-mass allometry), 
which is additional to the effects of changes in b. Because 
our study indicates that K-selected species have a lower b, 
the negative slope b × v of Eq. 3 is supposed to be weaker 
for K-selected species, assuming v is constant across 
species. That is, spatial variability may be similar among 
different size-classes of a K-selected species, whereas for 
an r-selected species, the smaller size-class exhibits greater 
spatial variability than the larger size-class. This hypothesis 
needs further research, and in particular, whether v is 
invariant across species.

It is worth noting that, Cohen’s variance-mass model 
implicitly assumes that changes in average biomass of a 
species do not affect b. In contrast, our analysis suggests 
that a decrease in body mass (due to size truncation) 
likely elevates b. Here, we propose a modified Eq. 3 to 
incorporate b as a function of body size (Appendix S7). 
With reasonable biological parameter space, we show 
that the negative relationship between variance and body 
size still exists (Appendix S7, Fig.  S1). That is, even 
accounting for the effect of changing body size on b, 
spatial variance will still increase with decreasing body 
size. However, it should be a nonlinear rather than a 
linear relationship as Cohen et  al. (2012) proposed 
(Appendix S7, Fig. S1).

Following the variance-mass model (Cohen et  al. 
2012), one might suspect that fishing may elevate the 
spatial variance simply by decreasing body size of a 
species, as suggested in Eq.  3. Nevertheless, the for-
mation of Eq. 3 depends on the critical assumption of a 
fixed negative relationship between mean abundance vs. 
body size (Peters and Wassenberg 1983). For species suf-
fering from fishing impacts, however, a reduction in body 
size does not necessarily imply an increase in mean abun-
dance; that is, fishing causes the exploited population to 
violate the size-abundance relationship within a popu-
lation. In such cases, the variance-mass model cannot 

explain the elevated spatial variance caused by fishing. 
Alternatively, the elevated spatial variance can be simply 
explained by Taylor’s power law (V  =  aMb). While 
fishing-induced age truncation increases b, the increase 
in V does not require reduction in mean abundance. This 
indeed likely happens in the incipient stage of overfishing 
(Swain and Sinclair 1994, Hsieh et  al. 2008). As such, 
increasing spatial variance can be a warning signal for 
early stages of overfishing. Nevertheless, with intensifi-
cation of fishing pressure, while b may increase, M likely 
decreases; under this condition, highlighting that the 
change in V is context dependent.

Implications for fisheries

Elevated spatial heterogeneity may make exploited 
species more vulnerable to environmental changes (Swain 
and Wade 1993, Hsieh et al. 2008), because a more homo-
geneous spatial distribution is a bet-hedging strategy for 
populations to dilute the risk of extinction (Berkeley 
et al. 2004, Hsieh et al. 2010, Ciannelli et al. 2013). In 
addition to inducing spatial heterogeneity, age trun-
cation leads to many other undesirable consequences; for 
example, reduced maternal effects and larval survival 
(Hislop 1988, Berkeley et al. 2004), increased fluctuation 
in population abundance (Hsieh et al. 2006, Rouyer et al. 
2012), elevated intra-specific competition (Shackell et al. 
2012), and reduced dispersal ability (Shackell et al. 2012). 
From the viewpoint of maintaining resilient fish popula-
tions, it is important to note that populations suffering 
structure damages (either spatial or age/size structure) 
will consequently face more severe challenges to survival. 
Therefore, a sound fishery management strategy will be 
concerned with changes to the age and spatial structure 
of exploited fishes (Berkeley et al. 2004, Hsieh et al. 2006, 
2010, Garcia et al. 2012, Ciannelli et al. 2013).
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