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ABSTRACT: Long time series of fish biomasses are needed in order to understand the changes in
marine ecosystems and to set appropriate targets for their management and conservation. Fish
biomasses from stock assessments usually cover only the recent 3 to 4 decades, and extending
these time series using conventional data-demanding methods will, for many stocks, likely not be
possible due to limited historical data. However, catch data are usually available for several
decades longer than stock assessments. In the present study, we show that catch data, combined
with information on average surplus production rate (SPR), of a stock could be used to derive prox-
ies for pre-assessment biomasses. The sensitivity of biomass estimates to different SPR values was
explored using data on 55 stocks from different taxa in the North Atlantic. The time series of bio-
masses estimated from the assessments could, for most stocks, be reconstructed by applying aver-
age stock-specific SPR values for all years, i.e. neglecting inter-annual variability in SPR. The
approach of applying the information on SPR from the assessment period to pre-assessment years
performed reasonably well in extending the biomass time series by 2 to 6 decades for 5 out of 6
stocks used as test cases. Density dependence and major climate variations were taken into
account where such effects on SPR were expected. The main challenge for the approach appeared
to be long-term changes in productivity regimes. The apparently consistent average SPR among
stocks of a similar species could also facilitate use of the SPR-based approach to derive biomass
estimates in contemporary data-poor situations.
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INTRODUCTION

The need for a long-term perspective in order to
understand and manage marine ecosystems is
increasingly recognized (Pitcher 2001, Holm 2002,
Lotze & Worm 2009). Information on former abun-
dances of marine animal populations can improve
our understanding of long-term changes in the struc-
ture and functioning of ecosystems and foodwebs
and disentangle the relative impacts of different
human and natural drivers (Jackson et al. 2001, Lotze
et al. 2006, Eero et al. 2011). Such knowledge can
then provide a basis for defining conservation mea-
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sures and targets for restoration of degraded ecosys-
tems (Jackson & Hobbs 2009, Smith & Pike 2009,
MacKenzie et al. 2011).

The time series of fish biomasses provided by regu-
lar stock assessments are usually relatively short (3 to
4 decades), and most stocks were already intensively
exploited far before the modern stock assessments
began. An increasing amount of historical evidence
related to fish biomasses in pre-assessment periods is
becoming available (Ojaveer & MacKenzie 2007,
Lotze & Worm 2009). However, this information is
often difficult to assimilate into complex population
dynamics models to estimate quantitative biomasses
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(Alexander et al. 2009). This is partly because histori-
cal data on some key fisheries variables (e.g. fishing
effort) are often absent or fragmentary and in-
fluenced by technological developments (Engelhard
2008), whose effects are difficult to quantify (Ward
& Hindmarsh 2007). Age or size compositions of
historical catches are rarely known and fisheries-
independent data from research surveys are only in a
few cases available for longer time periods than
those covered by modern stock assessments (Cardi-
nale et al. 2009). Snap-shots of historical biomasses
have in several cases been estimated (Rosenberg et
al. 2005, Poulsen et al. 2007); however, the examples
where the annual time series from the assessments
have been extended are still relatively few.

Systematic catch data are, for most stocks, avail-
able dating back to the 1950s or 1900s, i.e. several
decades longer than the biomasses from stock
assessments. In the present study, we investigate
whether this catch information could be translated
into quantitative biomasses using information on the
average stock-specific surplus production rate (SPR).
The approach uses concepts from classical surplus
production modelling, which has previously been
used with different modifications to reconstruct his-
torical biomasses (Baker & Claphan 2004, Rose 2004).
The principal difference in our approach is that it
does not involve any model fitting, but instead ap-
plies empirical knowledge of SPR to pre-assessment
years. We first explore the overall level and temporal
variability in the SPR of 55 stocks of different species
in the North Atlantic, and investigate the sensitivity
of biomass estimates to different SPR values. In a sec-
ond step, we apply the SPR-based approach to back-
calculate 2 to 6 decades of pre-assessment biomasses
for 6 populations, used as test cases. The results are
compared with independent analytical biomass hind-
casts available for these stocks.

METHODS
Data

We used data on catches, total stock biomasses and
fishing mortalities of 55 stocks in the northeast
Atlantic, which included 11 cod stocks, 15 stocks of
other gadids, 14 flatfish, and 15 stocks of small pelag-
ics. The data were extracted from ICES (International
Council for Exploration of the Sea) stock assessment
reports (see Tables S1 & S2 in Supplement 1 at www.
int-res.com/articles/m440p191_supp.pdf for the list
of stocks). All the stocks included in the analyses

were assessed in the reports using analytical age-
based assessment methods based on standard virtual
population analysis techniques. The assessment data
were supplemented by historical hindcasts for North-
east Arctic cod (Hylen 2002), Norwegian spring-
spawning herring (Toresen & Jstvedt 2000), cod and
whiting in the North Sea (Pope & Macer 19961), East-
ern Baltic cod (Eero et al. 2007) and plaice in the
North Sea (Rijnsdorp & Millner 1996). Some calibra-
tions were made to the historical data, as described in
Supplement 1.

SPR and changes in productivity over time

For each stock, we calculated a time series of sur-
plus (net) production (SP), which was defined as:

SP, = B,,,-B,+C, (1)

where B,, SP, and C, are the stock biomass, net pro-
duction and catch in a year y, respectively (Walters et
al. 2008). Surplus production rate (SPR) in a year y
was calculated as SP per unit of biomass:

B,..-B,+C,

B,

SPR, = (2)

Sequential ¢-test analysis of regime shifts (STARS,
Rodionov 2004) was applied on a time series of SPR
for each stock, in order to identify significant changes
in SPR over time. The settings used in the analyses
were a 10 yr data window, a significance value of
0.05, and a Huber range of 1.0. The shifts detected in
the end of the time series, where a potential new
regime consisted of less than 5 most recent data
points, were neglected. For the purpose of this study,
we do not focus on the shifts in productivity as such
and their possible drivers, but the productivity
changes are only addressed in relation to the ap-
proach to back-calculate biomasses based on aver-
age SPRs.

Back-calculating biomass using catches and SPR

Rearranging Eq. (2) allows back-calculating bio-
mass in each year y from annual catches and SPR:
B, +C,

= =y 3)
1+SPR,

1 Data available at Pinnegar J (ed) North Sea Demersal Fish.
In: Starkey DJ, Nicholls JH (comp.) Shifting Baselines: IN-
COFISH WP2 Data Pages. www.hull.ac.uk/incofish
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For the purpose of this paper, we hypothesise that
replacing the annual SPR, values in Eq. (3) with a
long-term average does not compromise the biomass
dynamics of a stock. To test this hypothesis, we
explored the sensitivity of biomass estimates to dif-
ferent SPR values. Altogether, 5 different options for
SPR were applied for each stock:

(i) mean SPR value observed during the time
period covered by ICES assessment (SPR,)

(ii) median of the observed SPR values (SPR,.q)

(iii) first interquartile of the observed SPR values
(SPRig1)

(iv) third interquartile of the observed SPR values
(SPRig3)

(v) a random SPR value (SPRy) was applied for
each year, sampled (without replacement) from the
values observed for a particular stock. For this option,
1000 replicates of biomass time series were calculated.

The simulated biomass time series (By;,,), obtained
using annual catches and the different options for
SPR values (i to v) were subsequently compared with
the original biomasses from the assessments (B,s).
This was done as follows:

(1) For each year, calculation of the proportional
difference (dB) between By, and B, For years,
when By, was higher than B, the difference was
represented by dB = 1 — By, X By ™! for years, when
Bsm was lower than B, the difference became
dB =—(1 - By X Bobs_1)~

(2) Correlation of the time series of By, with By
using Spearman's rank-based measure of association.

Application of the SPR-based approach

For 6 selected stocks, the biomass time series from
the ICES assessments were extended for 2 to 6
decades, using the stock-specific SPR;, observed dur-
ing the assessment period. The 6 stocks used were
cod, whiting and plaice in the North Sea, Northeast
Arctic cod, Eastern Baltic cod and Norwegian spring-
spawning herring. These stocks were chosen as test
cases because biomass hindcasts, based on similar
methods as used in the ICES assessments, were
available for these stocks, which allowed validating
our SPR-based estimates. Therefore, the time period
for which the pre-assessment biomasses were back-
calculated was determined by the length of the time
series covered by these hindcasts. The purpose of
back-calculating pre-assessment biomasses of these
stocks is thus not to produce alternative estimates to
those available from the literature, but to investigate
the performance of the SPR-based approach to esti-

Table 1. Mean values (+SE) of surplus production rate
(SPR,,) applied for back-calculating historical biomasses of
the 6 selected stocks. The year ranges show the time period
when a particular SPR;, was observed (period of observa-
tion) and the period for which it was applied in the present
study (period of application). For cod-arct and her-noss, two
biomass back-calculations were perfomed, using SPR;, val-
ues from different time-periods. Cod-arct: North-east Arctic
cod; Cod-nsea: North Sea cod; Cod-2532: Eastern Baltic cod;
Her-noss: Norwegian spring-spawning herring; Ple-nsea:
North Sea plaice; Whg-nsea: North Sea whiting

Stock SPR,, = SE Period of Period of
observation  application
Cod-arct 0.36 + 0.04 1946-2007 1900-1945
0.13 £0.15 1946-1949 1900-1945
Cod-nsea 0.42 +0.08 1963-2007 1921-1962
Cod-2532 0.39 +0.05 1966-2007 1946-1965
Her-noss 0.09 + 0.04 1950-2006*  1907-1949
0.16 + 0.05 1988-2006 1907-1929
0.03 +0.05 1950-1969 1930-1949
Ple-nsea 0.39 £ 0.03 1957-2006 1893-1956
Whg-nsea  0.17 = 0.09 1980-2006 1921-1979
“Excluding 1970-1987

mate biomasses for time periods where information
on production rates is not available. The SPR-based
approach applied for the 6 test cases used the infor-
mation on production rates only from the time peri-
ods covered by ICES assessments (Table 1). In this
way, our back-calculations for pre-assessment years
are independent from the analytical hindcasts and
imitate a situation of available knowledge under which
the SPR-based approach would practically be applied.

Density dependence and climate forcing can influ-
ence fish production rates (Jacobson et al. 2001,
Hilborn & Litzinger 2009). Such effects were ex-
pected and incorporated for back-calculating bio-
masses of Northeast Artic cod and Norwegian
spring-spawning herring (see Supplement 2 at www.
int-res.com/articles/m440p191_supp.pdf for details).
Relatively low SPR values for Northeast Arctic cod
observed in the late 1940s (1946 to 1949) were con-
sidered possibly related to density dependence and
thus more likely to apply for preceding decades than
the higher production rates observed during most of
the subsequent period of intensive exploitation. SPR
of Norwegian spring-spawning herring was ex-
pected to be influenced by large-scale climate varia-
tions represented by the NAO index. Consequently,
2 different SPR,,, values were applied for the period
before the 1950s (Table 1). The results were com-
pared with the biomasses obtained applying the
mean SPR observed during the entire assessment
period, for the 2 stocks (Table 1).
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Fig. 1. Mean (filled dots), median (open triangles) and standard deviation (bars) of surplus production rate (SPR) observed dur-

ing the period covered by ICES stock assessments. See Supplement 1 at www.int-res.com/articles/m440p191_supp.pdf for

identification of stocks. For the stocks marked in bold italics, significant changes in SPR during the assessment period were
identified

Confidence intervals for pre-assessment biomasses
of the 6 stocks represented the effect of standard
error of the applied SPR;,. The latter was calculated
based on standard deviation of respective SPR data.
For each year, an SPR,, value was randomly selected
from the range of confidence intervals for the mean,
and 1000 replicates of pre-assessment biomasses
were calculated.

SPR values associated with different biomass
levels

SPRs could be expected to vary with stock size,
due to density dependent processes (Walters et al.
2008). To identify potential links between the level
of biomass and corresponding SPR, we looked at

patterns in the observed SPR values associated with
different biomass levels using a combined dataset
for the 55 stocks included in the analyses. For this
purpose, the time series of total biomass and SPR for
each stock were standardised relative to the mean
value observed in the time-series for a particular
stock.

RESULTS
Variability of SPR values by stocks
Annual SPRs of most stocks were variable over
time and in some cases included values several

times higher or lower than the long-term average
(Fig. 1). The standard deviation of SPR values is
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shown to be highest for some gadid species (e.g.
haddock and Norway pout), and small pelagics (e.g.
capelin). The lowest variability in SPR values is gen-
erally observed for flatfish stocks. Despite the large
inter-annual variability in SPR, average stock-
specific SPR (both mean and median) values were
often relatively consistent for stocks of a similar spe-
cies. The mean SPR of herring and sprat stocks
were generally the lowest among the analysed spe-
cies groups with annual values in the range of 100
to 200 g kg™, whereas the mean SPR was mostly
250 to 350 g kg! for flatfish and 200 to 400 g kg™*
for saithe and whiting (Fig. 1). Relatively larger
variability in the average SPR is apparent for cod
stocks, with values ranging from 200 to 600 g kg™'.
Mean and median of the observed SPR values were
similar for most stock. In cases where these para-
meters differed, the median of the SPR values was
almost always lower than the mean.

Fig. 3). Nevertheless, all correlations between the
original biomasses and our back-calculated time
series applying either a mean or median of the
observed SPR values were positive and significant
(p < 0.09).

In contrast, applying randomly sampled SPR val-
ues for individual years resulted in generally
weaker, and in some cases negative, correlations
between the observed and back-calculated bio-
masses (Fig. 3). Further, annual deviations between
the back-calculated and original biomasses became
larger, compared to the results applying the mean
or median SPR value for all years (Fig. 2). Applying
the first or third interquartile of the observed SPR
values for all years consistently over- or underesti-
mated the biomass for most years, respectively, in
some cases by up to 100 % (e.g. gadids, small
pelagics; Fig. 2).
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. ope om ! | | 1
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| | [l | | | o h
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correlations were weaker for had-
dock and for some small pelagic spe-

M  Med Qrt1 Qrt3 RS
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cies (capelin, sprat, sardine) (Fig. 3),
which are generally characterised by
relatively higher inter-annual vari-
ability of SPR (Fig. 1). In some cases,
weaker correlation between our back-
calculations and original biomasses
appeared for stocks where significant
shifts in the level of SPR had taken
place over time (e.g. ple-iris, sol-kask;

Fig. 2. Variations in annual deviations between simulated and observed bio-
masses (dB), combined for stocks by species groups. Simulated biomasses are
obtained applying mean (M), median (med), first quartile (Qrt1), third quartile
(Qrt3), or randomly sampled (RS) surplus production rate values for all years,
instead of the observed year-specific values. The positive and negative
deviations indicate proportional over- and under-estimation of the biomass,
respectively. The boxes of the box and whiskers plots show the difference be-
tween first and third quartiles, containing 50% of the observations. The
whiskers represent the lowest value within 1.5 IQR (interquartile range) of
the lower quartile and the highest value within 1.5 IQR of the upper quartile.

The open circles are outliers
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Fig. 3. Correlation coefficients (rho) between the original and back-calculated biomasses, obtained applying mean (filled

dots), median (open triangles) or randomly sampled (bars representing the range of rho values obtained from 1000 replicates

of biomass estimation) surplus production rate values for all years, instead of year-specific production rates. See Supplement 1

for identification of stocks. For the stocks marked in bold italics, significant changes in SPR during the assessment period were
identified

Pre-assessment biomasses estimated using the
SPR-based approach

Applying the SPR,, observed during the assess-
ment period for 2 to 6 earlier decades produced pre-
assessment biomasses close to the independent ana-
lytical estimates for Eastern Baltic cod, North Sea
whiting and plaice (Fig. 4). However, for North Sea
cod, Northeast Arctic cod and Norwegian spring-
spawning herring, the biomasses back-calculated
using the SPR,, from the entire assessment period
were substantially lower compared to the analytical
estimates. The correspondence between the analyti-
cal hindcasts and our back-calculations was con-
siderably improved when taking into account the
expected effects of density dependence and major

climate variations on the SPR of Northeast Arctic cod
and Norwegian spring-spawning herring, respec-
tively (Fig. 4).

A discrepancy between the analytical hindcast and
our back-calculation remained for North Sea cod
(Fig. 4). Applying mean SPR observed in the entire
assessment period to the years from the early 1960s
back to the 1920s underestimated the pre-assess-
ment biomass by approximately 50 % (Fig. 4). Ac-
cording to the historical estimates, the SPR of North
Sea cod significantly increased in the early 1960s,
just before the beginning of the ICES assessment
(Fig. 5). Interestingly, the increase in SPR of North
Sea cod in the early 1960s coincided with increased
productivity of 2 other major cod stocks in the North
Atlantic—Northeast Arctic and Icelandic cod—for
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Fig. 4. Biomasses of Northeast Arctic cod (cod-arct), North Sea cod, whiting and plaice (cod-nsea, whg-nsea and ple-nsea,
respectively), Eastern Baltic cod (cod-2532) and Norwegian spring-spawning herring (her-noss). Biomasses for pre-
assessment years are back-calculated based on mean surplus production rates (SPR;;) observed during the assessment period
(solid red lines). For cod-arct and her-noss, alternative biomass estimates taking into account expected effects of density
dependence and climate variability, respectively, are presented (black broken lines). The confidence intervals (shaded areas)
represent the effect of standard error of the SPR,,, value applied in the calculations. The back-calculated biomasses are shown
in comparison with hindcasts using virtual population analysis methods (dots). Vertical dashed lines mark the beginning
of biomass time series from regular ICES assessments (solid black lines)

which longer assessment histories from ICES are
available (Fig. 5).

SPR values corresponding to different
biomass levels

Within the range of values observed in the avail-
able time series, the above-average biomasses were
mostly associated with below-average SPR values.
However, similar low production rates also occurred
at relatively low biomasses. At below-average bio-
mass levels, the relatively higher and lower SPR val-
ues compared to the mean were equally represented
(Fig. 6).

DISCUSSION

Considerations for assumptions on pre-assessment
production rates

The approach of back-calculating fish biomasses
based on annual catches and SPRs relies on the
assumption of the level of productivity in pre-
assessment years. Assuming that the average SPR in
pre-assessment years was similar to the assessment
period, the biomass time series can easily be ex-
tended by applying the mean or median of the SPR
values observed. In our examples, the SPR of North
Sea plaice and whiting from the assessment period
could successfully be back-extrapolated for 60 more
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Fig. 5. Time series of surplus production rate (SPR) for North
Sea cod (cod-nsea), Northeast Arctic cod (cod-arct) and Ice-
landic cod (cod-iceg) (dots). Solid lines depict the average
SPR by regimes, identified by regime shift analyses
(STARS). Vertical dashed lines mark the beginning of the
time period covered by ICES assessments; earlier data are
from the analytical hindcasts available in the literature
(Pope & Macer 1996, Hylen 2002)

years, which is longer than the ICES assessment his-
tory for these stocks (Fig. 4). The approach appeared
to be robust to inter-annual fluctuations and short-
term changes in productivity (Figs. 2 & 3).

Applying the mean or median SPR would in most
cases likely lead to a similar result as the values for
the 2 parameters have been similar for most stocks
(Fig. 1). However, for some stocks (e.g. haddock,
capelin), very high SPR values have occasionally
been observed, resulting in a higher mean SPR for
these stocks compared to the median (Fig. 1). In such
cases, applying the mean SPR would under-estimate
the annual biomass more often than over-estimate it,

2007). Applying consistently too high or too low SPR
values for individual years can result in a substantial
under- or overestimation of the overall level of bio-
mass (Figs. 2 & 4). SPR is considered to vary either
with stock size due to density dependence (Walters et
al. 2008), or due to changes in environmental or other
ecosystem-related factors (e.g. Jacobson et al. 2001).

Density dependence

According to the theory of density dependence,
SPRs are expected to follow a dome-shaped pattern,
where the productivity of unexploited biomass is
close to zero and the highest productivity corre-
sponds to an intermediate biomass level (Schaefer
1954). Logistic population growth models assume the
rate of production to increase continuously as the
stock abundance declines (Hilborn & Litzinger 2009).
Alternative hypotheses suggests the opposite, i.e. the
SPR declines at a low biomass (Hutchings 2000,
Hutchings & Reynolds 2004). In practice, the de-
pendence of SP on stock size is difficult to detect, as
factors other than stock size impact on recruitment
and other parameters of SP (Walters et al. 2008).
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The stock biomasses and their exploitation rates
varied many-fold during the period of available
data (Fig. 6, Supplement 3 at www.int-res.com/
articles/m440p191_supp.pdf). The relatively higher
biomasses were generally associated with below-
average SPR values, which could be related to den-
sity dependence. However, similar low SPR values
were also observed at low biomasses (Fig. 6). More-
over, the observed SPR values did not show any asso-
ciation with concurrent exploitation rates (Supple-
ment 3). We conclude that for the stocks exploited
at least at a moderate level, and when the biomass
is not far outside the observed range, density de-
pendence is likely not a major concern for back-
calculating biomasses based on SPR.

However, density dependence may become a con-
cern for making assumptions on historical production
rates when the stock size reaches higher levels than
those observed in the assessment period and when
the exploitation rate is low. In such a situation, and
when a relationship between the stock size and a cor-
responding SPR cannot be established, applying the
lowest SPR level observed for a particular stock may
be a reasonable option. This approach was followed
in the example for Northeast Arctic cod, where
applying the low average SPR observed in the 1940s
generated a pre-assessment biomass trajectory more
similar to the available analytical hindcast, compared
to the back-calculation that applied the average SPR
from the entire assessment period (1946-2007). How-
ever, this approach may not be applicable for earlier
time periods with low exploitation when the struc-
ture and properties of fish communities were dif-
ferent, including higher biomasses of top predators
(Rosenberg et al. 2005, Lotze & Worm 2009). Compe-
tition for both prey and space may have resulted in
different production rates of individual populations
than those observed in the 20th century, in the period
of intensified exploitation. Therefore, when the SPR-
based approach is used for estimating fish biomasses
further back than the 20th century, the results should
be treated with caution.

Environmental and ecological impacts

Environmental conditions can influence productiv-
ity of fish stocks either directly, through physiological
processes, or indirectly, through ecosystem processes
such as food availability and predation (Stenseth et
al. 2002, Brander 2007, Moéllmann et al. 2009). Cli-
mate effects are generally considered to most dra-
matically influence small pelagic species (Alheit &

Hagen 1997, MacKenzie & Koster 2004, Cahuin et
al. 2009). For stocks where links between stock pro-
ductivity and climate variables can be established,
climate effects could be incorporated in back-
calculating historical biomasses, as data on climate
variables are usually available for longer time peri-
ods than stock assessments. This is demonstrated in
the example of Norwegian spring-spawning herring,
where applying different SPR,, values for different
periods, according to major changes in climate forc-
ing, improved the correspondence between the ana-
lytical estimates and our back-calculations compared
to the analyses applying a constant production rate
for all years (Fig. 4).

Accounting for changes in production rates is chal-
lenging in situations where the mechanisms causing
changes in productivity regimes are not fully under-
stood. In our example, the apparently simultaneous
increase in productivity of the 3 largest cod stocks in
the North Atlantic, i.e. Northeast Arctic, Icelandic
and North Sea cod, in the 1960s (Fig. 5) is particularly
interesting because the 3 stocks inhabit widely dif-
ferent thermal ranges, whereas temperature is con-
sidered to have opposite effects on cod stocks distrib-
uted in northerly and southerly areas (Planque &
Fredou 1999, Mantzouni & MacKenzie 2010). Syn-
chronies and asynchronies of population responses
within and between oceanic regions and between
functional groups are likely to occur (Link et al. 2009,
Megrey et al. 2009). The SPR-based approach for
back-calculating biomasses would greatly benefit
from an improved understanding of these mecha-
nisms and how a change in productivity of one stock
could relate to neighbouring populations. This
understanding could facilitate using long-term data,
which are available for some stocks, to improve the
assumptions on historical production rates for related
populations. For example, this approach could poten-
tially have enabled us to account for a lower produc-
tivity of North Sea cod before the early 1960s (Fig. 4),
when longer assessment history available for North-
east Arctic and Icelandic cod indicated lower produc-
tivity for these stocks (Fig. 5).

Practical applications for the SPR-based approach

The SPR-based approach for back-calculating fish
biomasses is considered to be best applicable for
periods with moderate to high exploitation rates.
Within the range of exploitation rates represented
in the available data, the accuracy of the back-
calculated biomasses did not appear to be associated
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with concurrent levels of fishing mortality (Supple-
ment 3). However, it could be expected that in situa-
tions of very low fishing, when the stock dynamics
are largely driven by biological productivity, the
uncertainties in assumed production rates become
more influential for the resulting biomass estimates.
The time scale for which the SPR-based approach
could be applied is thus stock-specific and depends
on, amongst other factors, fisheries developments.
The fisheries in North Atlantic were generally devel-
oped far before the modern stock assessments began
(Holm & Starkey 1998), and systematic catch data is
available for most stocks extending back to at least
the 1950s or the early 1900s. Given that most stock
assessment time series begin only in the 1970s or
later (Table S2 in Supplement 1), the SPR-based
approach could facilitate extending the biomasses of
many stocks for several more decades than currently
available from the assessments. When applied for
different species, the accuracy of the back-calculated
biomasses should generally be expected to be rela-
tively lower for species with high inter-annual vari-
ability in production rates (Fig. S4 in Supplement 4 at
www.int-res.com/articles/m440p191_supp.pdf).
Making assumptions on SPR may be challenging in
situations where large changes in ecosystem struc-
ture or productivity have taken place, for example
due to eutrophication, or removal of large marine
predators (Lotze & Worm 2009, Eero et al. 2011).
However, many populations of top predators already
declined before the 20th century (Lotze & Worm
2009), i.e. before the time period that the SPR ap-
proach is intended to be mainly applied to. Further,
and perhaps unexpectedly, the well-documented
regime shifts in the late 1980s in the North Sea
(Beaugrand et al. 2003, Beaugrand 2004) and in the
Baltic Sea (Koster et al. 2003, Moéllmann et al. 2009),
which, amongst other factors, involved declines of
recruitment of gadoids in both areas, do not appear
to have caused a significant change in the SPR of
these species (Table S2 in Supplement 1). This could
be due to processes impacting different components
of SP which could counteract each other (Lorenzen &
Engberg 2002) and lead to a stable SPR. The produc-
tivity rate may thus, in some cases, be more robust to
ecosystem changes than its individual components,
which is beneficial for the SPR-based approach. The
back-calculated biomasses could be evaluated for
potential bias using any supporting information, such
as qualitative or anecdotal information from the fish-
eries, or some fragmentary data on changes in popu-
lation abundance. This type of information usually
forms the largest body of available historical evi-

dence (Starkey et al. 2007, Fortibuoni et al. 2010),
and could be very valuable for validating the time
series of biomass dynamics from methods such as the
SPR-based approach.

The SPR-based approach is considered to be par-
ticularly useful in relation to multi-species and
ecosystem analyses. The length of available biomass
time series usually differs widely between popula-
tions inhabiting a given ecosystem. This is a common
problem for multi-species and food-web modelling
(Hjermann et al. 2007) and the timescale considered
in these models is usually determined by the shortest
time series. The SPR-based approach could facilitate
obtaining proxies for longer-term biomass develop-
ments for stocks with short assessment information,
and consequently allow making use of the longer-
term information which may be available for some
species, to evaluate different hypotheses related to
ecosystems and their drivers. In this way, our ap-
proach can complement the results from other meth-
ods used for long-term biomass estimates and
ecosystem analyses, such as those from Ecopath
models (e.g. Christensen et al. 2003), which are
based on a different set of assumptions (e.g. diet
composition and predator-prey functional re-
sponses).

In addition to extending the biomass time series for
stocks for which assessments are available, the SPR-
based approach could also be useful in contemporary
data-poor situations, where routine stock assess-
ments are not performed. Average production rates
appear in some cases to be relatively consistent for
stocks of a similar species (Fig. 1). Thus, if a starting
value for a biomass for some recent year can be esti-
mated, for example from survey data, and a time
series of catch data is available, the knowledge of
average production rates of related populations
could facilitate deriving proxies for biomass dy-
namics.

In summary, we believe that when applied with a
suitable caution, the SPR-based approach can con-
tribute to developing a longer term perspective in
marine ecology and management. It could provide
proxies for biomasses developments for several more
decades than currently available from the assess-
ments, for stock for which longer time series will oth-
erwise likely never be available due to insufficient
data for conventional methods. The simple approxi-
mation of biomass dynamics based on production
rates could support the investigations of longer-term
developments in fish communities and foodwebs and
contribute to providing new insights into the impacts
of various natural and human drivers.
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