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INTRODUCTION

The critical role of phenology in structuring com-
munities and ecosystems has become well-recog-
nized as climate change manifests itself in terrestrial
and aquatic systems (Edwards & Richardson 2004,
Parmesan 2006, Sydeman & Bograd 2009). Phenol-
ogy refers to the timing of life history events with
respect to the environment. Examples include timing
of leaf emergence, phytoplankton blooms, seasonal
migrations, and reproduction, processes which are
strongly influenced by environmental cues such as
temperature and day length. Climate change may
lead to community reorganization if species respond
differently to changing temperature cues, thus lead-

ing to mis-matches in the population trajectories of
inter-dependent species (e.g. predators and prey).
Phenological shifts are likely to be important not only
for persistence of individual species, but for trophic
dynamics, community structure, and stability of
ecosystems.

The present study examines the influence of tem-
perature on hatch timing of a commercially and eco-
logically important marine invertebrate, the northern
shrimp Pandalus borealis. The northern shrimp is an
important food source for commercially important
fish species (Link & Idoine 2009), and is itself the tar-
get of commercial fisheries throughout its circum-
boreal distribution in the North Atlantic Ocean
(Bergström 2000). Inter-population comparisons and
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rearing experiments have shown that temperature is
an important structuring force in the life history of
northern shrimp. For example, individual growth
rates decrease and longevity increases with increas-
ing latitude, and reproductive timing can be manipu-
lated in the laboratory using temperature (reviewed
by Shumway et al. 1985, Bergström 2000).

The present study examined changes in reproduc-
tive phenology of the southern-most population of
northern shrimp. This population is concentrated in
the western Gulf of Maine, USA, where bottom tem-
perature remains colder during summer than in the
eastern Gulf of Maine (Haynes & Wigley 1969,
Mountain & Jessen 1987). Temperature is thought to
have an important influence on northern shrimp pop-
ulation dynamics in this region (Dow 1964, Apollonio
et al. 1986), and recent studies have demonstrated a
 significant relationship between temperature and
recruitment, with higher recruitment in colder years
(Richards et al. 1996, in press). Paradoxically, unusu-
ally high recruitment has been observed in some
recent years (Hunter et al. 2011, Richards et al. in
press) despite an overall warming trend in the west-
ern Gulf of Maine (Friedland & Hare 2007).

Northern shrimp are protandrous sequential her-
maphrodites, reproducing annually in the Gulf of
Maine as males at Age 2 and as females at Ages 4
and 5, after which most apparently die (Shumway et
al. 1985, Clark et al. 2000). Eggs are spawned in late
summer/early fall following a nuptial molt, and the
fertilized eggs are carried for several months,
attached to setae on the female’s pleopods. In late
fall/early winter, females begin to migrate inshore in
preparation for the larval hatch, which occurs in
near-shore waters (<50 m) during late winter/early
spring (Haynes & Wigley 1969, Shumway et al. 1985,
Bergström 2000). Females return to deeper water
after hatching their brood and are thought to
undergo 2 to 4 molts before reproducing the follow-
ing year as second-year females (Shumway et al.
1985).

MATERIALS AND METHODS

Hatch date estimation

Data from biological sampling of commercial
shrimp catches in the Gulf of Maine (Fig. 1) collected
by the Maine Department of Marine Resources were
used to estimate the timing of the shrimp hatch for
1980 to 1983 and 1989 to 2011 (no data were avail-
able for 1984 to 1988). The fishery targets females

when they move inshore during winter and generally
spans the period of hatching. Samples were collected
according to a proportional sampling scheme, thus
ports handling the greatest volume of shrimp were
the most heavily sampled. Changes over time in the
proportion of egg-bearing females were used to esti-
mate the period of hatching for each year. All north-
ern shrimp are mature in their first year as females
(Shumway et al. 1985); therefore, females not bear-
ing eggs were presumed to have already hatched
their eggs. Stage I females, identified by pronounced
sternal spines (McCrary 1971), were excluded
because they would have been newly transformed
from males. Probit analysis of the proportion of
reproductive females whose eggs had hatched was
used to define metrics of hatch timing (Proc Probit,
SAS Institute 2003). The metrics were hatch initia-
tion, defined as the day of year (DOY) on which 10%
of females had hatched their brood, hatch midpoint
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Fig. 1. Pandalus borealis. Distribution of northern shrimp
catch during 2001 to 2010 in the western Gulf of Maine,
USA, reported by 10 min squares (latitude, longitude). Cir-
cle indicates location of sampling for daily sea surface tem-
perature at Boothbay Harbor, Maine. Lines indicate bound-
aries of survey strata used in the calculation of bottom
temperature anomalies and coincide with late spring, sum-
mer, and early fall distribution of female northern shrimp.
Inset shows the location of the study area in the northwest 

Atlantic Ocean
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(50% hatched), hatch completion
(90% hatched), and duration of the
hatch period (number of days from
initiation to completion). In years
when the fishery ended before the
hatch was complete (12 of 27 years),
an assumed hatch completion date of
1 April (90th percentile of completion
dates for the time series) was used to
anchor the probit curve. For 1 year
(2005), this assumption resulted in a
poor fit of the logistic model, and an
assumed hatch completion date was
not imposed for that year.

Temperature data

Bottom temperature data came
from shipboard hydrographic mea-
surements taken during bottom trawl
surveys conducted annually by the
Northeast Fisheries Science Center
(NEFSC). Approximately 40 stations
were sampled in the western Gulf of
Maine each spring and autumn
according to a stratified random sam-
pling design (Grosslein 1969, Smith
2002; Fig. 1). Bottom temperature
measurements were made using
expendable bathythermographs dur-
ing 1979 to 1990 and with electronic
profiling conductivity/temperature/
depth instruments thereafter. For
each station, bottom temperature
anomalies (BTAs) were estimated
relative to a set of reference annual
cycles for temperature at fixed loca-
tions during 1978 to 1987 (Holzwarth
& Mountain 1990).

Station anomalies were calculated
as the difference between the ob-
served value and the reference value for each station
location and DOY. Station anomalies were averaged
(stratified mean with stratum weight = area of stra-
tum in squared nautical miles, n miles2) to derive an
annual BTA value. This method compensates for
variation in the timing of surveys from year to year to
provide a consistent estimate of inter-annual temper-
ature variability (Fig. 2E,F).

Sea surface temperature (SST) measured daily
from a dock in mid-coast Maine (Boothbay Harbor,
Fig. 1) was also used in the analysis (Fig. 2A−D;

www.maine.gov/dmr/rm/environmentaldata.html).
The daily temperature data allowed examination of
temperature trends during time periods approximat-
ing specific stages of shrimp oogenesis and embry-
onic development. Comparable fine-scale data were
not available for bottom temperature; however, first
differences of mean SST measured at Boothbay Har-
bor during spring (April to May) and fall (October to
November) 1980 to 2011 were significantly corre-
lated with first differences of the mean bottom tem-
perature anomalies from the NEFSC spring and fall
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Fig. 2. Pandalus borealis. Trends in (A−D) sea surface temperature (SST) mea-
sured daily at Boothbay Harbor, Maine, USA, from 1980 to 2011; (E,F) bottom
temperature anomalies (BTA) in the western Gulf of Maine during 1980 to
2011; (G) northern shrimp spawner abundance index (log stratified geometric
mean number per tow), 1984 to 2011; (H) northern shrimp spawner mean cara-
pace length (mm), 1984 to 2011. Trend lines are included for series with signif-
icant trends; r2 values are adjusted for number of degrees of freedom 

each in model
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surveys (spring r = 0.40, p < 0.05, fall r = 0.57, p <
0.001), indicating that the BTAs and SSTs followed
similar trends over time. Mean daily SST was calcu-
lated for developmental stanzas defined in Table 1
(based on Haynes & Wigley 1969).

Adjustments were made for leap years so that the
same number of days was entered into the statistics
for each year. Missing data for 14 days in mid-July
2004 were filled using the average SST during the
7 d before and after the gap.

Population indices

To account for possible effects of abundance and
size of spawners on timing of the hatch, annual esti-
mates of spawner abundance (geometric stratified
mean number per tow) and stratified mean carapace
length of spawners were included in the analysis
(Hunter et al. 2011). These demographic indices
were estimated using data from a standardized
shrimp survey conducted during 1984 to 2011 by the
Atlantic States Marine Fisheries Commission (Clark
1989, Clark et al. 2000). The indices were based on
approximately 40 stations sampled annually in mid-
summer according to a stratified random design.

Data analysis

The analysis consisted of 2 parts: (1) testing for
temporal trends in the environmental and biological
time series and (2) relating the environmental and
shrimp demographic variables to shrimp hatch tim-
ing metrics.

To test for significant trends over time, linear re-
gression of each variable on year was used (Proc Reg,
SAS Institute 2003) and the significance of the slope
parameter examined. The model residuals were as-
sessed for autocorrelation using the Durbin Watson D
statistic. If D was significant, autoregressive error
terms were included in the regression model (Proc
Autoreg, SAS Institute 2003). The trend analysis of

the temperature time series included 1984 to 1988,
years for which hatch data were not available.

To examine the effects of temperature on hatch
metrics, principal component (PC) scores from a prin-
cipal component analysis (PCA) of standardized tem-
perature variables (BTA and SST) were used to
express the temperature trends (Fig. 3). Using the
PCs avoided potential problems with collinearity in
the temperature time series. The PCs were inputs to
a multiple regression model relating hatch timing
metrics to temperature, with abundance and size of
spawners included as covariates (Fig. 2G,H). Models
that included shrimp population indices were limited
to 1989–2011 because the survey started in 1984, and
hatch data were not available for 1984–1988. The
regression model was:

(1)

where H = hatch timing metric, i = reproductive year
(May–Feb), a = intercept, β, γ, δ = regression coeffi-
cients, PC = PC score, j = PC number, N = spawner

H a PC N Li j ij i i

j

= + + + +∑β γ δ ε
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Fig. 3. PC scores from a principal component analysis of
standardized temperature variables (spring and fall bottom
temperature anomaly and sea surface temperature during
stages of the reproductive cycle ), 1980 to 2011. (A) PC1, (B) 

PC2, (C) PC3

Developmental stanza           Dates                    DOY

Oogenesis 1 May–14 Sep          120−257
Early embryogenesis 15 Sep–30 Nov         258−334
Late embryogenesis 1 Dec–14 Jan     335−365, 1−14
Final maturation 15 Jan–28 Feb            15−59

Table 1. Pandalus borealis. Time periods used to define 
developmental stanzas of northern shrimp. DOY: day of year
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abundance index (log stratified geometric mean num-
ber per tow), L = mean length of spawners (stratified
mean number per tow at length), and ε = error. Terms
were included in the model if they were significant at
p < 0.05. The model residuals were assessed for auto-
correlation using the Durbin Watson D statistic.

RESULTS

The results of the probit analysis of proportion
hatched over time are shown in Figs. 4 & 5. The
derived hatch timing metrics were variable over
time, particularly after the mid-1990s; however,
hatch initiation and hatch completion showed signif-
icant trends with time (Fig. 5). Hatch initiation
became earlier and hatch completion later, thus in -
creasing the overall duration of the hatch period,
which also had a significant time trend (Table 2,
Fig. 5). The duration of the hatch period had a strong
inverse relation to timing of hatch initiation, with ear-
lier hatch initiation associated with longer hatch
duration (Fig. 6E). In contrast, hatch midpoint did not

show a significant trend during the study period.
Hatch initiation ranged from DOY 10 to 56 (median
DOY 36), hatch midpoint from DOY 39 to 79 (median
DOY 57), and hatch completion from DOY 64 to 118
(median DOY 76). Median duration of the hatch
period was 44 d (range 16 to 78 d).

Analysis of temperature trends revealed significant
increases during the study period in SST during
oogenesis, early embryogenesis, and late embryoge-
nesis, and in spring BTA (Table 2, Fig. 2). SST during
final maturation and autumn BTA did not show sig-
nificant trends over time (Table 2, Fig. 2). The models
for trends in SST during oogenesis and early embryo-
genesis included a significant autoregressive error
term at a lag of 1; autoregressive error terms at
higher lags were not significant.

In the PCA of environmental variables, the first 3
PCs accounted for 84% of the variance (Table 3);
therefore, higher-order PCs were dropped from sub-
sequent analysis (Table 2). PC1 (49% of variance)
represented primarily SST during oogenesis, early
embryogenesis, and late embryogenesis, PC2 (24%
of variance) was weighted most heavily on spring

and autumn BTA, and PC3 (14% of
variance) on SST during final matu-
ration and oogenesis. PC1 was the
only PC that showed a significant
time trend (Fig. 3).

Regardless of whether the hatch
timing metrics showed a trend over
time, all were significantly related to
temperature PCs, and none was sig-
nificantly related to shrimp demo-
graphic variables (spawner ab un -
dance and spawner mean length;
Table 4, Fig. 6). Hatch initiation and
hatch midpoint were negatively
related to PC1 and hatch duration
was positively related to PC1. Hatch
midpoint and hatch completion were
negatively related to PC3. None of
the regression models had significant
autoregressive error terms.

DISCUSSION

In the present study, significant
relationships were found between
temperature and 4 measures of hatch
timing: hatch initiation, midpoint,
and completion, and duration of the
hatch period. Several of the tem -

153

Variable                               Model    Intercept   Slope         D         AR(1)
                                        adjusted R2

Shrimp hatch metrics                                             
Hatch initiation DOY           0.24 1446.4** −0.707**   2.22         –
Hatch midpoint DOY             ns – .–               –             –
Hatch completion DOY       0.13 −866.5 0.473*     2.00         –
Hatch duration (d)               0.49 −2311.9*** 1.180*** 2.15         –

Temperature series                                                 
Fall BTA                                 ns – .–               –             –
Spring BTA                         *0.10* −47.1* 0.024           –             –
SST oogenesis                      0.69 −183.7*** 0.099*** 1.07   –0.454**
SST early embryogenesis   0.41 −107.63 0.060       1.01   –0.483**
SST late embryogenesis      0.13 −96.3* 0.051* 1.92 –       –
SST final                                 ns – .–               –             –

Shrimp population indices                                     
Female abundance                ns – .–               –             –
Female mean size                  ns – .–               –             –

Principal components                                             
PC1                                       0.41 −239.3*** 0.120*** 1.66         –
PC2                                         ns – .–               –             –
PC3                                         ns – .–               –             –

Table 2. Pandalus borealis. Results of trend analysis of temperature series
and derived principal components (PC1 to 3; 1980−2011), hatch timing
 metrics (1980−1983, 1989−2011), and shrimp population indices (1989−2011).
D: Durbin Watson statistic testing for autocorrelation in the regression
model; AR(1): estimate of the significant autoregressive error term; DOY:
day of year; ns: not significant; BTA: bottom temperature anomaly; SST:
sea surface temperature. R2 is adjusted for the number of parameters in
each significant model. Parameter significance: *p < 0.05, **p < 0.01, 

***p < 0.001. –: parameter not estimated (model ns)
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perature variables showed signifi-
cant warming trends during the
study period, and these were associ-
ated with shifts in timing of hatch
 initiation (earlier) and completion
(later), with an overall result of a
longer hatch period in recent years.

Reproductive timing in marine
invertebrates is a result of the inter-
play between genetically controlled
endogenous cycles, exogenous cues
that fine-tune the timing of the
endogenous cycle to short-term
 conditions, and environmental fac-
tors that set physiological limits
(Morgan 1995, Gelin et al. 2001,
Nagaraju 2011). The most widely
known exogenous cues in the marine
environment relate to temperature,
light−dark, and tidal/lunar cycles,
the importance of which varies
among species and habitats. For
example, in deepwater shrimp So -
lenocera melantho residing in rela-
tively constant temperatures, pho-
toperiod is thought to provide an
exogenous cue for reproductive tim-
ing (Ohtomi et al. 1998). In American
lobsters Homarus americanus, both
temperature and photoperiod (transi-
tion from shortening to lengthening
day) regulate timing of spawning
(Quackenbush 1994). In Crangon
crangon, a shrimp that initiates ooge-
nesis in brackish water, salinity is a
key regulating factor (Gelin et al.
2001).

Effects of temperature on repro-
duction of crustaceans, including
Pandalus borealis, have been exam-
ined widely in laboratory studies.
These generally show strong inverse
relations between temperature and
developmental time of gonads,
embryos, and larvae (Brillon et al.
2005, Webb et al. 2007, Roberts et al.
2012). However, few studies have
demonstrated population-level tem-
perature effects on reproduction from
field data. Possible reasons range
from insufficient monitoring data
and/or lack of contrast in environ-
mental temperatures, to the many
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Fig. 5. Pandalus borealis. Day of
year (DOY) of hatch (A) initiation,
(B) midpoint, (C) completion, (D)
duration estimated from probit
analysis of the proportion of females
whose embryos had hatched. (E)
Relationship between hatch initia-

tion and duration of hatch period

PC1 PC2 PC3 PC4 PC5 PC6

Fall BTA 0.356 0.554 0.123 −0.495 0.472 0.288
Spring BTA 0.206 0.700 0.180 0.487 −0.338 −0.288
Oogenesis SST 0.484 −0.094 −0.478 0.423 −0.046 0.589
Early embryogenesis SST 0.518 −0.195 −0.308 0.012 0.352 −0.689
Late embryogenesis SST 0.490 −0.189 0.165 −0.477 −0.685 −0.009
Final maturation SST 0.296 −0.346 0.776 0.333 0.260 0.113

Eigenvalue 2.944 1.451 0.837 0.416 0.264 0.087
Proportion of variance 0.491 0.242 0.140 0.069 0.044 0.015
Cumulative proportion 0.491 0.733 0.872 0.942 0.986 1.000

Table 3. Eigenvectors of the correlation matrix from principal component
analysis (PCA) of temperature variables, 1980 to 2011. BTA: bottom tempera-

ture anomaly; SST: sea surface temperature

Dependent variable Model                                                            r2

Hatch initiation DOY y = −3.74(PC1) + 34.69                             0.26**
Hatch midpoint DOY y = −1.89(PC1) − 3.91(PC3) + 56.23        0.29**
Hatch completion DOY y = −4.72(PC3) + 78.05                             0.15**
Hatch duration (d) y = 3.54(PC1) + 44.79                               0.14**

Table 4. Pandalus borealis. Results of multiple regression of principal compo-
nents (PCs; temperature data) on hatch timing with spawner abundance and
spawner mean size as covariates. Only parameters significant at p < 0.05 were
included. Final models included all years for which hatch timing data were
available (1980−1983, 1989−2011, n = 27). Model r2 values have been adjusted 

for the number of degrees of freedom in each model. DOY: day of year
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uncontrolled factors that interact in complex ways in
the field, potentially masking temperature or other
univariate effects. Given that environmental condi-
tions can be heterogeneous within the spatial extent
of a population, only highly influential factors are
likely to be identifiable at the population level.

Evidence for population-level temperature effects
on reproduction of Pandalus borealis comes primarily
from inter-population comparisons (Shumway et al.
1985, Bergström 2000, Wieland 2005, Koeller et al.
2009). A notable exception is a 4 yr study in a
Swedish fjord that was periodically isolated from a
larger strait and became thermally homogeneous
during periods of northern shrimp oogenesis. The
study found a strong (r2 = 0.95, n = 4) inverse relation-
ship between ocean temperature and the duration of
oogenesis (Bergström 1991). In the present study,
relationships between temperature and hatch met-
rics were much less precise (Table 4, Fig. 6); how-
ever, the Gulf of Maine study area is large (~12 000 n
miles2) and open, and conditions are likely far more
variable than in an isolated fjord. The inter-annual
range in BTAs and SSTs was relatively narrow in the
present study (~2 and ~5°C, respectively; Fig. 2)
 compared to 8°C in laboratory studies and 13°C in
inter-population comparisons of temperature effects

(Bergström 2000). These observa-
tions suggest that temperature is
highly influential in reproduction of
northern shrimp in the Gulf of Maine,
as has been intimated by results from
laboratory and localized field studies
in this region (Stickney & Perkins
1977, Shumway et al. 1985, Apollonio
et al. 1986).

Demographic variables did not
have significant effects on hatch tim-
ing in the present study. Laboratory
studies have shown that size of
spawning Pandalus borealis can
affect timing of egg extrusion, with
larger females spawning earlier
(Nunes 1984); however, spawner size
effects were not evident from the
field data, nor were spawner abun-
dance effects. The Gulf of Maine
population of P. borealis has only 2
size/age classes in the spawning
stock (other North Atlantic popula-
tions have up to 5; Shumway et
al. 1985), and first-year females tend
to dominate spawner abundance
(Hunter et al. 2011). This may make

demographic effects less pronounced and/or more
difficult to detect.

Hatch midpoint was the only hatch timing metric
without a significant time trend during 1980 to 2011;
all other hatch metrics had significant slopes
(Table 2, Fig. 5). Hatch midpoint was strongly influ-
enced by temperature during final maturation
(Table 4, Fig. 6), which showed no significant time
trend and had the lowest inter-annual variability of
the temperature series (Fig. 2, Table 2). Thus at the
level of temperature variation observed since 1980,
the strongest effects have been on the timing of hatch
initiation and completion. Warmer temperatures were
associated with earlier initiation and later comple-
tion, thus the overall effect of warming to date
appears to be an increase in the duration of the hatch
period. However, the relationships involving hatch
completion were noisy (r2 = 0.13 for time trend, r2 =
0.15 for temperature), and fewer data were available
to estimate completion dates, so the hatch completion
results are somewhat tenuous.

A longer hatch period could provide compensatory
reserve for the population by increasing the window
of opportunity for larvae to co-occur with favorable
conditions for survival and growth. Modeling studies
predict reduced spread of developmental events with
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warmer temperature due to reduction of the right tail
of the distribution (individuals in warmer water
develop faster; Giminez 2011). This makes intuitive
sense and has been shown empirically (e.g. Batten &
Mackas 2009); however, the contrary results with
northern shrimp suggest that different or additional
mechanisms may be involved. One possible explana-
tion relates to the interaction between molting and
reproduction in crustaceans. In laboratory studies
with Pandalus borealis, warmer temperatures re -
duced the time between molts, but spawning was
delayed at the warmest temperatures because an
additional molt occurred before the ovaries were suf-
ficiently mature to spawn. A nuptial molt and mating
occurs immediately before egg extrusion in P. bore-
alis, and thus shrimp that underwent an additional
molt needed to complete that molt cycle before the
nuptial molt, and reproduction was delayed (Stick-
ney & Perkins 1977, Shumway et al. 1985). This
example illustrates the non-linear patterns that may
emerge because of complex relationships between
physiological processes, e.g. growth and reproduc-
tion, and implies that responses to continued temper-
ature increase may be difficult to predict.

A recent analysis of long-term SST trends on the
US northeast continental shelf identified a shift to a
warmer state in the western Gulf of Maine around the
millennium (Friedland & Hare 2007). The shift was
indicated by increased mean annual SST, in creased
spring warming rate, and decreased fall cooling rate;
winter SST did not increase. In the present study,
similar patterns were observed with more localized
data, i.e. a steep increase (10%) over time in SST
 during oogenesis (spring/summer) and no increase
in SST during final maturation (winter). SST during
oogenesis was 2.5°C higher on average during the
most recent decade of this study (2002 to 2011) than
during the first (1980 to 1989). Predicted warming for
the Gulf of Maine and surrounding re gions is 2 to 4°C
by 2080 (Fogarty et al. 2007), suggesting that further
changes in hatch timing may be expected.

Koeller et al. (2009) provided evidence that hatch
timing in northern shrimp has evolved to optimize
temporal overlap between larvae and their food
 supply. The midpoint of the shrimp hatch occurred
near the onset of the spring phytoplankton bloom in
most northern shrimp populations, despite widely
differing latitudes and ecological conditions. Pheno -
logical shifts in hatch timing that are not matched
by shifts in timing of phytoplankton blooms thus may
be expected to have important consequences for
shrimp populations if the offset in timing becomes
too large.
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