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ABSTRACT: Characteristics of the spring and fall phytoplankton blooms in spawning areas on the
Scotian Shelf, Canada, were estimated from remote sensing data. These blooms, along with
anomalies in the North Atlantic Oscillation, were used to explain variation in the recruitment of 4
populations of cod and haddock. We tested the effects of the timing of the bloom using the chloro-
phyll a (chl a) signal, the maximum amount of chl a, the timing of the diatom bloom, and the max-
imum relative dominance of diatoms on the recruitment (to Age 1) of cod and haddock on the Scot-
ian Shelf. Models were run separately for the effects of the spring and fall blooms. Only 3 of 10
models tested (0-lag) explained significant (80 to 92 %) variation in recruitment. However, the per-
formance of these models was not consistent across populations or species, suggesting that gener-
alities about how spring and fall phytoplankton blooms affect recruitment cannot yet be made.
The differences among models suggest that fish larvae are probably adapted locally to food pro-
duction and thus indirectly to the characteristics of the phytoplankton bloom, which in turn are
influenced by regional (meso-scale) oceanographic conditions.
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INTRODUCTION

Recruitment to fish populations is notoriously vari-
able among years, and explaining this variability has
been a long-standing goal of fisheries science (Cush-
ing 1982, Bakun 1996, Govoni 2005). Mortality is
often high in the first days, weeks and months of life
(Peterson & Wroblewski 1984, McGurk 1986, Bailey
& Houde 1989, Lorenzen 1996), and it is likely that a
combination of factors affects the survival of early
life-stages. Particularly good or poor recruitment
could be caused by a mismatch between the timing
of spawning and food abundance (Cushing 1969,
1982, 1990), the degree to which larvae are retained
within areas of high food production (Iles & Sinclair
1982, Sinclair & Iles 1988), and losses due to pre-
dation (Dingser et al. 2007, Kempf et al. 2009). If un-
favourable, any of these factors could cause low re-
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cruitment, but all (and probably several others) may
have to be favourable for larval growth and survival
to produce an exceptional year-class. Much of the
early work was on the first feeding of larval fish, but
survival of juveniles and maternal effects can also
have strong effects on recruitment (Houde 2008, Fried-
land et al. 2008). Recruitment variability results from
a complex array of physical processes and trophic
dynamics operating over many temporal and spatial
scales (Houde 2008). Many attempts have been made
to explain larval survival using environmental co-
variates, but often only for a single species and over a
restricted spatial-temporal domain (e.g. Campana et
al. 1989, Friedland et al. 2008, but see Mertz & Myers
1994 and Fogarty et al. 2001). Monitoring of environ-
mental effects needs to be at appropriate spatial and
temporal scales (seasonal dynamics over 1000s of km?
and multiple years) to be able to make accurate pre-
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dictions of high or low recruitment (Stige et al. 2006,
Svendsen et al. 2007, Smart et al. 2012).

The first few days, weeks and months may be a criti-
cal period for survival (Hjort 1914), but larval surveys
are intermittent, so studies of interannual variability
in recruitment must estimate recruitment from a stock
assessment model, which then includes the early part
of the juvenile stage. In stock assessment, recruitment
is often defined as the number of 1- or 2-year olds in a
given year and is usually calculated from a model fit
to the commercial catch-at-age, and from a survey
while accounting for the size of fish selected by the
commercial and survey gear. Recruitment has been
related to spawning stock biomass (SSB) for many
stocks around the world (Myers et al. 1995). These
stock-recruitment relationships, however, are highly
variable and recruitment can also be related to en-
vironmental conditions, such as bottom (Myers et al.
1997) and sea surface temperature (O'Brien et al.
2000, Kempf et al. 2009), salinity (Myers et al. 1993),
the Pacific Decadal Oscillation (PDO; Clark & Hare
2002), and the North Atlantic Oscillation (NAO; Bran-
der & Mohn 2004, Stige et al. 2006). Beaugrand et al.
(2003) found that sea surface temperature was corre-
lated with a measure of plankton abundance derived
from the continuous plankton recorder and with cod
recruitment in the North Sea. Building a predictive
model of recruitment which links oceanographic con-
ditions to phytoplankton and zooplankton production
and to larval survival and year-class strength could
greatly improve stock projections and contribute to
the long-term sustainable management of fish stocks.
For example, the recruitment of Pacific halibut is so
closely related to the PDO that recruitment is pro-
jected as a direct function of the PDO index (Clark &
Hare 2002, 2007).

The Cushing-Hjort match-mismatch hypothesis
states that larval survival is highest when the timing
of reproduction is well matched with the timing of
peak food production (Hjort 1914, Cushing 1969, 1982,
1990). Larval cod and haddock feed on zooplankton
(primarily Pseudocalanus and Calanus spp.) the first
few weeks after hatching (McLaren & Avendano 1995).
Platt et al. (2003) found that higher survival rates of
juvenile haddock occurred in years when the spring
phytoplankton bloom started earlier. Haddock recruit-
ment was the highest in 1999, a year in which the
phytoplankton bloom started earlier and Calanus fin-
marchicus reproduced early, making resources par-
ticularly abundant for larval haddock (Head et al. 2005).
The coincidence of these events suggests that an early
bloom leads to earlier and increased zooplankton pro-
duction and higher survival of juvenile haddock: a sort

of ‘double-match’ hypothesis. Friedland et al. (2008)
looked at a variety of factors thought to affect had-
dock larval survival on Georges Bank, including the
characteristics of the spring and fall bloom. They found
that the magnitude of the fall bloom prior to subse-
quent spring spawning affected year-class strength
and proposed a ‘parental condition' hypothesis.

The NAO is an indicator of interannual climate
variability over the North Atlantic and Northwest
European Shelf seas (Hurrell et al. 2003). In particu-
lar, the shelf-slope front is positioned closer to the
Scotian Shelf when the NAO index (January) is high,
which affects the mixed layer depth and nitrate con-
centrations on the shelf, and ultimately, characteris-
tics of the phytoplankton bloom (Zhai et al. 2011).
Given these links, the NAO index can be viewed as
a large-scale driver of phytoplankton dynamics on
the Scotian Shelf. Therefore, we build our models
explaining the variation in cod and haddock recruit-
ment by entering the winter NAO index first, fol-
lowed by measures of the phytoplankton bloom.

Satellite remote sensing provides a synoptic view
of ocean conditions, and as technology improves, the
data are produced at increasingly fine spatial and
temporal resolution. Ocean colour has been routinely
used to estimate primary production (IOCCG 2008),
and more recently, to decompose autotrophic bio-
mass into components based on functional types
(Nair et al. 2008). An algorithm exists for the North
West Atlantic (Sathyendranath et al. 2004) to discrim-
inate diatoms (an important functional type) from
ocean-colour records. These data allow for a closer
look at bottom-up forcing on recruitment variability.

Here, we use the NAO winter index, satellite-
derived colour data (time series which provide a
proxy for characteristics of the phytoplankton bloom)
and estimates of SSB to test if the match-mismatch
hypothesis can explain variation in cod and haddock
recruitment. We extend the work of Platt et al. (2003)
by using a hierarchical model to examine the effects
of the NAO and satellite-derived ocean colour data
on the recruitment of cod and haddock on the Scotia
Shelf of Canada. We examine both the spring and fall
bloom, and we separately examine the effects of
diatoms which are known to be an important food
source for Calanus (Harris et al. 2000).

MATERIALS AND METHODS

Cod and haddock stocks on the Scotian Shelf are
assessed in 2 management units, the Eastern Scotian
Shelf (ESS) (Northwest Atlantic Fisheries Organiza-



Trzcinski et al.: Fish recruitment derived from ocean colour

189

tion [NAFO] Divisions 4VsW), and the Western Scot-
ian Shelf (WSS) (NAFO Division 4X). A critical input
to the assessment of these stocks has been the annual
bottom-trawl research surveys which have been used
to monitor groundfish stocks on the Scotian Shelf for
over 40 years (Clark et al. 2010). Each area has differ-
ent oceanographic conditions and fish communities
(Zwanenburg et al. 2002), and tagging studies have
shown that cod and haddock form relatively distinct
populations (Martin 1962, Hurley et al. 1998, Stobo
& Fowler 2006).

A statistical catch-at-age stock assessment model
was developed for each area, and the SSB and re-
cruitment to Age 1 was estimated. Annual recruit-
ment was estimated as a free parameter and a Ricker
stock-recruitment (S—R) relationship assuming log-
normal error was fit externally to the assessment
model (post hoc; Fig. 1). In 2004, only a partial
groundfish survey was done. This created problems
with our estimate of SSB and recruitment, and con-
sequently, this year was removed from the analysis.
The residuals of the S—R curve, which are a measure
of larval survival after accounting for the non-linear
effects of SSB, were correlated with annual indices of

Western Scotian Shelf (NAFO: 4X)

phytoplankton dynamics. Recruits per spawner can
also be used as an index of survival (Platt et al. 2003):
this measure is highly correlated with the residuals of
a stock recruitment relationship (e.g. ESS cod: r =
0.97, p < 0.001), but does not account for the non-lin-
ear effects of SSB (Myers et al. 1995). Both measures
of survival produced similar results, and the choice
of index did not change our conclusions.

Typically, cod and haddock spawn in the spring, but
cod also spawn in the fall in inshore and offshore loca-
tions on the Scotian Shelf (McKenzie 1940). Here, we
focus on the offshore spawning component because it
is thought to have the largest contribution to stock re-
cruitment, and because phytoplankton dynamics are
more clearly delineated by remote sensing on the off-
shore. An examination of ichthyoplankton and length
frequency data shows that fall spawning makes
the largest contribution to year-class strength as the
spring spawning component on the ESS has been lost
(Frank et al. 1994). On the Western Scotian Shelf, cod
and haddock spawn on Browns Bank (Hurley & Cam-
pana 1989, Page & Frank 1989, Waiwood & Buzeta
1989, Brander & Hurley 1992). Cod and haddock on
the ESS tend to spawn in broader, poorly defined

Eastern Scotian Shelf (NAFO: 4VsW)
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Fig. 1. Stock-recruitment relationships for cod Gadus morhua and haddock Melanogrammus aeglefinus on the Eastern and
Western Scotian Shelf. Recruitment is estimated to Age 1, but points are labelled by year of birth. SSB: spawning stock biomass
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areas (Brander & Hurley 1992, Frank et al. 1994). Here,
we considered 2 spawning areas for cod: Middle
Bank, and a large area that includes Emerald, Western
and Sable Island Banks, which we refer to as ‘Greater
Western Bank'. For haddock we consider a smaller
area, which includes Emerald and Western Banks.
Within each of these areas we estimated the charac-
teristics of the phytoplankton bloom.

Chlorophyll concentration and probability of oc-
currence of diatoms were derived from single passes
Level 2 data (i.e. remote-sensing reflectances) from
the Sea-viewing Wide Field-of-view Sensor (Sea-
WIFS) launched by the National Aeronautics and
Space Administration (NASA, http://oceancolor.gsfc.
nasa.gov). First, a polynomial equation was applied
to remote-sensing reflectance ratios measured in the
visible part of the solar spectrum (blue to green ratio)
to obtain chlorophyll a (chl a) concentration—an
index of phytoplankton biomass (O'Reilly et al. 1998).
Second, an algorithm based on the absorption prop-
erties of diatoms was used to identify waters domi-
nated by diatoms (Sathyendranath et al. 2004). The
algorithm compares chl a concentrations computed
using different remote-sensing reflectance ratios as
inputs to look-up-tables for diatom-dominated waters
and waters populated by a mixture of phytoplankton
groups, on the basis of which the pixel is classified as
being dominated by diatoms (value of 1) or not (value
of 0). The algorithm was applied to daily images pro-
jected on a regular grid of 1.5 x 1.5 km resolution,
which were then composited by quarter month (8 d
unit) for the period January 1998 to December 2007
over each of the study areas. The results obtained
over the period of observation, which are the average
of 0 (mixture of phytoplankton) and 1 (diatoms), are
presented as a probability that the pixel was domi-
nated by diatoms during each 8 d time interval.

For each year and each fishing bank, we estimated
4 characteristics of the spring and fall bloom: the tim-
ing of the bloom using the chl a signal, the maximum
amount of chl a, timing of the diatom bloom, and
the maximum relative dominance of diatoms. Platt &
Sathyendranath (2008) reviewed these and other mea-
sures that can be derived from remote sensing data.
Our methods differ slightly from those of Platt et al.
(2003) and Platt & Sathyendranath (2008). Instead of
fitting a Gaussian distribution to the bloom, we take
our measures directly from the data. The timing of the
spring bloom was defined simply as the sample day
on which the minimum level of chl a (or relative domi-
nance of diatoms) was recorded in a window spanning
5 sampling intervals (~6 wk) prior to when the maxi-
mum chl a was recorded. The maximum amount of

chl a in the spring or fall was simply the highest
chlorophyll concentration (or relative dominance of
diatoms) recorded during the season. The fall bloom is
longer and less well defined, but we used the same
methods, though with a wider sampling window
(~10 wk), to determine the start of the bloom. These
measures were chosen because they tended to indi-
cate different aspects of the bloom (low correlation
among indices) and for their ease of interpretation.
Each measure of the bloom was standardised to a
mean of zero, and the anomalies were used to explain
variations in recruitment. The results of this method
corresponded highly with those of Platt & Sathyen-
dranath (2008) (r = 0.80, p = 0.005) and had the advan-
tage of being automated.

The effects of the NAO and measures of the phyto-
plankton bloom were tested using generalized linear
models. The residuals from the stock recruitment
curve were re-scaled to be positive, and were mod-
eled assuming a quasi-Poisson distribution that esti-
mated the degree of overdispersion. The effects of
the spring and fall bloom on recruitment were tested
separately. Initial models included the full set of
parameters: NAO, timing of the chl a bloom, max.
chl g, timing of the diatom bloom and max. relative
dominance of diatoms and non-significant variables
were removed. Models were tested for 2 periods
(spring and fall), for 4 spawning areas (Browns, Mid-
dle, Greater Western Bank, Emerald and Western
Banks), within 2 populations (Eastern and Western
Scotian Shelf) of 2 species (cod and haddock). Conse-
quently, 10 models were tested. We ran a suite of
5 separate models specifically to test the maternal
effect hypothesis (Friedland et al. 2008). Bloom mag-
nitude (sum or integral of chlorophyll concentrations
during the blooms) and diatom bloom magnitude
(sum or integral of the proportion of diatoms during
the blooms) was calculated. NAO winter index,
bloom magnitude and diatom bloom magnitude were
lagged, and the effect of the fall bloom on spring
spawning and recruitment (or spring bloom on fall
spawning and recruitment in the case of 4VsW cod)
was tested. A few combinations were not plausible
and were not tested; for example, there is not a large
spawning component of haddock on Middle Bank.

RESULTS

Typically, the spring bloom occurred over a well-
defined 2 to 3 wk period, whereas the fall bloom was
less well defined, extended over a longer period, and
sometimes was nearly absent (Figs. 2 & 3). When
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Fig. 2. Mean (thick, dark line) and annual estimates (thin lines) of (a) chl a and (b) proportion of diatoms on Browns, Emerald
and Western, and Middle Bank of the Scotian Shelf
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Fig. 3. Remote sensing estimates of chl a on Browns, Emerald and Western, and Middle Bank. Grey lines delineate Northwest
Atlantic Fisheries Organization divisions. Week refers to an 8 d sampling interval. White cells are weeks without data
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each year is overlaid and a long-term weighted mean
is calculated (weighted by the number of 1.5 km? pix-
els which contained data), one can see that all banks
have a spring bloom peaking in late March or early
April (Fig. 2a). Browns Bank also has a fall bloom
peaking in late September and early October. The
banks on the ESS show a slow increase in chl a after
the spring bloom, but a less well-defined fall bloom.

Diatoms made up a large proportion of the spring
and fall blooms, and there was large variation in their
relative dominance, but typically 50 to 60% of the
spring bloom and 70 to 80 % of the fall bloom were
estimated to be dominated by diatoms. On Browns
Bank there was large interannual variation in the
timing of the spring diatom bloom, and a fall bloom
occurred every year. The spring and fall diatom
blooms are better defined on Middle and Emerald
and Western Banks with a noticeable decrease in
diatom dominance during the summer (Figs. 2b & 4).

Large recruitment tended to occur at higher SSB
for cod, but recruitment was less related to the SSB of
haddock (Fig. 1). The S-R parameters are better esti-
mated for cod because there is a wider range of vari-
ation of SSB (600 t cod vs. 60 t haddock) and more
data at low SSB which help better determine the
slope at the origin (Table 1). The ESS has had partic-

ularly low cod SSB and below average recruitment
since the moratorium in 1993. In comparison, cod
recruitment was above average in 4 years on the WSS
(1998, 1999, 2001, 2003), since 1993 (Fig. 1).

Only 3 of the 10 (0-lag) models tested explained
a significant proportion of the variation in recruit-
ment, indicating that the effects of the phytoplank-
ton bloom are not general, but are likely specific to
regions, season and species. None of the relation-
ships tested on the WSS were significant. On the
ESS, a simple 2-parameter model explained 87.4 %
of the variation in haddock recruitment: recruitment
was greater at positive values of the NAO index
and when the spring diatom bloom started earlier
on Emerald and Western Bank (Table 2, Fig. 5). A
model with only the timing of the spring diatom
bloom also explained a significant proportion of
variation (p = 0.01, result not shown). Haddock re-
cruitment also tended to be larger when diatoms
were dominant in the fall bloom (0-lag) (slope =
8.63, dispersion parameter = 5.4, p = 0.006), but the
relative dominance of diatoms in the fall bloom
(same year as recruitment) did not significantly im-
prove the model above that based on the spring
bloom. We did not find an effect of the bloom
magnitude in the fall on haddock recruitment in the
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Fig. 4. Remote sensing estimates of percent diatoms on Browns, Emerald and Western, and Middle Bank. Grey lines delineate
NAFO divisions. Week refers to an 8 d sampling interval. White cells are weeks without data
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Table 2. (a) Analysis of deviance and (b) parameter esti-

mates for a model of haddock recruitment on the Eastern

Scotian Shelf. The NAO index is the average of winter

months (Dec—Mar inclusive). D.start measures the ano-

malies in timing of the diatom bloom at Emerald and

Western Bank in the spring; dispersion parameter = 4.00;
Pr: probability

(a)

Parameter df Deviance F Pr<F
NULL 7 154.20

NAO 1 54.09 13.51 0.014
D.start 1 80.76 20.16 0.006
(b)

Parameter Estimate SE t-value Pr>1Itl
Intercept 2.44 0.27 9.3 0.0003
NAO 1.08 0.47 2.3 0.07
D.start -0.42 0.1 -4.3 0.007

following spring (maternal effect hypothesis; Fried-
land et al. 2008).

Cod recruitment on the ESS was not correlated
with any characteristics of the spring bloom, and was
correlated with the fall phytoplankton bloom on
Middle Bank but not on Greater Western Bank. Cod
recruitment was lower when the maximum amount
of chl a during the fall bloom was higher, and when
the fall diatom bloom started later (Table 3, Fig. 6).

Start of the spring diatom bloom

Fig. 5. Relationships between haddock Melanogrammus ae-
glefinus recruitment (points are labelled by year of birth) on
the Eastern Scotian Shelf and (a) the NAO index, and (b) the
timing of the spring diatom bloom on Emerald and Western
Bank in weeks (zero representing the mean week of start
of diatom bloom), such that positive (negative) values cor-
respond to a late (early) bloom. Residuals (y-axis) are on the
Poisson transform (log link)

This 2-parameter model explained 91.2% of the
variation in cod recruitment. A model with only the
timing of the spring diatom bloom also explained a
significant proportion of variation (p = 0.03, result not
shown). Although an effect of the timing of the spring
diatom bloom on the recruitment of a fall spawning
population might indicate a maternal effect, we did
not find an effect of bloom magnitude in the spring
on cod recruitment in the fall (maternal effect
hypothesis; Friedland et al. 2008).

DISCUSSION

We show that fish recruitment is related to the
NAO and the timing of the diatom bloom as meas-
ured by remote sensing colour data at the broad scale
of spawning banks. Diatoms are known to be an
important source of food and energy for lower level
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heterotrophs such as Calanus spp. and fish larvae
(Harris et al. 2000). Remotely-sensed indices of the
diatom bloom explained more variation than the

Table 3. (a) Analysis of deviance and (b) parameter esti-

mates for a model of cod recruitment on the Eastern Scotian

Shelf. Max. = the anomalies in maximum amount of ch a

during the fall bloom; D.start = the anomalies in timing of

the diatom bloom on Middle Bank in the fall; dispersion
parameter = 3.67

(a)
Parameter df Deviance F Pr<F
NULL 8 249.53
Max 1 43.02 11.74 0.014
D.start 1 184.58 50.35 0.0004
(b)
Parameter Estimate SE t-value Pr>1Itl
Intercept 5.74 0.04 156.0 <0.0001
Max -0.42 0.08 -5.2 0.002
D.start -0.03 0.004 -6.9 0.0005
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Fig. 6. Relationships between cod Gadus morhua recruit-

ment (points are labelled by year of birth) on the Eastern

Scotian Shelf and (a) the maximum chl a (mg m~®) measured

during the fall bloom, and (b) the timing of the fall diatom

bloom on Middle Bank. Residuals (y-axis) are on the Poisson
transform (log link)

NAO index or the chl a signal, further supporting the
key role of diatoms in the ecosystem and the utility of
partitioning out diatoms and primary production into
functional types (Sathyendranath et al. 2004, Nair et
al. 2008). Further, we have improved upon the rela-
tionship between phytoplankton and haddock
recruitment found by Platt et al. (2003) by incorporat-
ing the NAO and by measuring the characteristics of
the spring and fall diatom bloom.

Our results indicate that we cannot make general
statements about how the variability in phytoplankton
bloom affects cod and haddock recruitment on the
Scotian Shelf, given current data. We were unable to
explain any of the variation in cod and haddock re-
cruitment on the Western Scotian Shelf. This is a
curious result and raises the question: What makes re-
cruitment in this area so difficult to explain? On the
ESS, different factors correlated with variation in cod
and haddock recruitment. The fall bloom does not ap-
pear to be a better predictor than the spring bloom,
and the NAO index explained variation in haddock
recruitment but not cod recruitment. The differences
among models suggest that fish larvae are probably
adapted locally to food production and thus indirectly
to the characteristics of the phytoplankton bloom,
which in turn are influenced by regional (meso-scale)
oceanographic conditions. Longer time series and the
inclusion of other factors may be needed to reach
more general conclusions (Houde 2008).

Nevertheless, our 2-parameter models were able to
explain a large proportion of variation in haddock
recruitment. Partitioning out the diatom signal is an
improvement from the overall chl a signal used to
explain haddock recruitment by Platt et al. (2003).
When the NAO index was also included, the model
explained 87% of the variation in haddock re-
cruitment. It has been shown that the NAO affects
both oceanographic conditions on the ESS and char-
acteristics of phytoplankton bloom (Zhai et al. 2011).
When the NAO index is high, the timing of the spring
diatom bloom is earlier, which leads to higher larval
survival (Fig. 5). At least that was the case in 1999,
but a low NAO index in 2001 was followed by an
early diatom bloom and high survival. Although data
from 2001 may appear to contradict our conclusion,
they are congruent with the model and observations
in Platt et al. (2009). They found that the timing and
amplitude of the spring and fall bloom had a 2 yr
periodicity at mid-latitudes. This suggests that a
more complex model is needed before the NAO
index can be used to predict haddock recruitment.

We found that cod recruitment on the ESS was
uncorrelated with the winter NAO index, consistent
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with the results of Brander & Mohn (2004) and Stige
et al. (2006) who found significant effects of the NAO
in other areas. The strongest predictor of cod recruit-
ment was the timing of the fall diatom bloom, where
an early bloom was correlated with higher cod re-
cruitment (Fig. 6). Since cod spawning occurs pre-
dominately in the fall (Frank et al. 1994), this correla-
tion supports the match-mismatch explanation more
than maternal condition, but that interpretation must
remain tentative because the proportion of spring
spawners has not been examined recently and they
may now be contributing a larger proportion to over-
all recruitment. A similar (although not directly com-
parable) result was found between cod recruitment
and primary production in the North Sea in the spring
(Svendsen et al. 2007), suggesting that this line of
work should be pursued throughout the North Atlantic.
The ESS cod stock has been greatly depleted since
the closure of the fishery in 1993. Continued monitor-
ing of phytoplankton and recruitment trends may be
important in understanding the potential for stock
recovery (Myers et al. 1997, Frank et al. 2011).

Variation in ocean colour can be used to help pre-
dict cod and haddock recruitment, but predictions
are stock specific and local in nature. These results
may indicate that the mechanisms affecting fish
recruitment may be partially driven by large-scale
oceanographic forces, but that survival is fundamen-
tally affected by local conditions (i.e. food availability
and quality, advection, predation). Longer time series
of phytoplankton production will undoubtedly help
in this exploration, but this avenue of research is
dependent on having consistent and high quality
data collected and analysed for generations to come
(i.e. remote sensing data, fish surveys). It is expected
that better predictions of recruitment will result from
stronger linkages between the climate, broad-scale
oceanographic conditions and primary production
(e.g. Platt et al. 2009, Zhai et al. 2011) and a deeper
understanding of the energy transfer from phyto-
plankton to fish larvae.

Our analyses are only a partial step to a larger
hierarchical and meta-analytic approach. Such an
approach would include a greater array of covariates
to explain recruitment in a hierarchy from broad
scale (e.g. NAO) to local scale factors (e.g. food
availability, temperature, growth, and predation) and
include more stocks and species, which should help
us better understand contingencies and uncover
any generalities. For example, meta-analyses of cod
recruitment showed that the effect of the NAO (and
sea surface temperature) on recruitment depends on
geographic area, with a positive effect on the recruit-

ment of some stocks and a negative effect on others
(Planque & Fredou 1999, Brander & Mohn 2004). At
the local scale, temperature mediates larval feeding
and survival. Warm temperatures negatively affect
larval growth and survival when there is a mis-
match between the timing of reproduction and food
availability, whereas cold temperatures help larvae
bridge a gap in resources (Laurel et al. 2011).

It is now becoming evident that the composition of
the phytoplankton community affects larval growth,
development and survival and overall ocean produc-
tivity. The relative proportions of dinoflagellates and
diatoms affect the ratios of fatty acids (ratios of DHA
and EPA) available to zooplankton and ultimately
can affect larval growth (St. John et al. 2001, Cope-
man & Laurel 2010). Favourable conditions in the Pa-
cific produced a large proportion of diatoms, which
was reflected in lipid and fatty acid composition of
forage fish, suggesting that energy transfer from
phytoplankton to higher trophic levels was higher
when diatoms dominated the bloom (Litz et al. 2010).
We show that the timing of the diatom bloom affects
fish recruitment in some areas, and we suggest that
diatom production continue to be monitored and pos-
sibly incorporated into stock assessment and fish har-
vest plans. Diatoms may not only affect the quality of
the food supply for larvae, but they probably also im-
pact adult health. Lipid storage in the liver affects the
health and reproduction of cod (Marshall et al. 2000),
and in the Baltic, the maturation and the timing of
spawning (Rejbek et al. 2012). Increased adult health
also translates into positive maternal effects creating
a positive feedback on egg production, larval sur-
vival and potentially recruitment (Trippel et al. 2005,
Friedland et al. 2008, Grote et al. 2011).

After 100 years of research on the factors affecting
recruitment, the one thing we have learned is that
there are few generalizations that broadly apply
across species and stocks. Perhaps broader general-
izations exist and we have been unable to elucidate
them, or maybe we should direct our efforts to under-
standing the contingencies of oceanography, food
production and predation unique to specific areas. A
predictive model can be formed for specific areas (as
above), but these models should not be applied to
other areas—at least not yet. Any general approach
should consider multiple spatial and temporal scales
and consider factors to be hierarchical from small to
large scales (and/or vice versa; Levin 1992, Houde
2008). Indices of large-scale oceanographic condi-
tions such as the NAO and PDO are likely to explain
some variation, as will smaller scale measures of the
phytoplankton bloom.
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