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INTRODUCTION

There is interest among scientists, managers, and fishermen in exploring the relationship
between environmental processes and summer flounder recruitment. Such processes might
include the influence of physical parameters such as water temperature and salinity, and
biological ones such as the density of prey (e.g., zooplankton and small fish) or the density of
predators (e.g., spiny dogfish, bluefish, or striped bass). The most recent stock assessments for
summer flounder (Terceiro 2006a, b; SDWG 2007) indicate that over the last 25 years
recruitment has varied annually by a factor of about seven (Table 1, Figure 1). The weak year
class that recruited to the stock in 2005, which was spawned by the largest spawning stock
biomass (SSB) of summer flounder since the 1970s, brought increased focus to the influence of
environmental factors on the success of summer flounder recruitment.

Evidence from several studies suggests that low water temperatures could negatively
impact summer flounder recruitment. Summer flounder spawning occurs during an annual
offshore migration from coastal areas to the continental shelf from August through December,
and is generally considered to peak around November 1 (O'Brien et al. 1993). Summer flounder
eggs have been collected as early as September in the northern Mid-Atlantic Bight and as late as
January off Cape Hatteras, NC, with peak egg concentrations in October and November (Smith
1973, Able et al. 1990). Summer flounder eggs in the wild are tolerant to a wide range of
temperatures between about 9 and 22°C, with most occurring in temperatures of about 13-17°C
(Smith 1973). Summer flounder larvae have been collected over an even wider range of
temperatures (0-23°C; Smith 1973). Laboratory studies suggest that summer flounder eggs and
larvae are tolerant to relatively high temperatures (Johns and Howell 1980, Johns at al. 1981),
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but that both eggs and larvae are susceptible to shock exposure to low temperatures of about 0°C
(Hoss et al. 1974).

Summer flounder larvae undergo metamorphosis during the late autumn and early winter
months as they enter the estuarine zone along the mid-Atlantic coast (Able et al. 1990).
Szedlmayer et al. (1992) investigated the first year growth and effects of water temperature on
survival for summer flounder juveniles migrating into New Jersey estuaries in the winter of
1988-1989, and found that the survival of metamorphosing larvae decreased drastically when
water temperatures dropped below 2°C. Keefe and Able (1992) found that the survival of
metamorphosing larvae was lower at laboratory water temperatures of 4°C than at 10°C, and
concluded that estuarine summer flounder larvae suffer increased mortality based on both the
duration and severity of cold water temperatures. Malloy and Targett (1991) conducted
laboratory experiments on juvenile summer flounder and found 100% survival above 3°C,
suggesting that the juveniles were able to survive most winter water temperatures encountered in
the Mid-Atlantic Bight. However, Malloy and Targett (1994) found 42% mortality of juveniles
at 2°C and concluded that mortality in the wild from acute exposure to low water temperatures
probably occurred during one 2 to 4 week period each winter, and that summer flounder
recruitment success in the north/central Mid-Atlantic Bight may be lower in years with late
winter cold periods due to increased exposure to lethal temperatures.

Over the last decade, persistent significant relationships have been found between
environmental factors and recruitment success for a variety of fish species around the world.
Daskalov (1999) used General Additive Modeling (GAM; Hastie and Tibshirani 1990) to
document significant correlations between the recruitment success of Black Sea anchovy,
whiting, sprat, and horse mackerel and environmental factors including sea surface temperature,
wind speed, wind stress, mixing, atmospheric pressure, and river run-off. Williams and Quinn
(2000) used correlation analyses to identify significant environmental factors affecting Pacific
herring recruitment success. Beentjes and Renwick (2001) used correlation analysis to identify a
significant relationship between New Zealand red cod recruitment success and sea surface
temperature. Chen and Ware (1999), Chen at al. (2000), Chen (2001), and Dreyfus-Leon and
Chen (2007) used neural network, fuzzy logic, and genetic algorithm models to explore the
relationships between environmental factors and recruitment success of Pacific herring stocks.
Megrey et al. (2005) examined the utility of linear and non-linear regression, Generalized
Additive Models (GAMs), and Artificial Neural Network (ANN) models in identifying
relationships between recruitment and the environment for both simulated and real Norwegian
herring stock-recruit data. Brodziak and O'Brien (2005) used randomization methods and the
GAM approach to evaluate the response of New England groundfish recruit-spawner ratios to
environmental variables such as the North Atlantic Oscillation (NAO) index, water temperature,
windstress, and shelf water volume anomalies. This work explores the relationships between
water temperature anomalies, NAO indices and metrics of summer flounder recruitment success
by applying some of the approaches of Brodziak and O'Brien (2005) and Megrey et al. (2005) to
summer flounder spawner-recruit data and relevant environmental data.

DATA AND MODELING APPROACH
Data

Spawning stock biomass (SSB) and recruitment estimates (VPAO) for summer flounder
were taken from a version of the 2007 assessment update Virtual Population Analysis (VPA)
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FO7 _ALL sensitivity run (includes all available survey indices; SDWG 2007), which has
historically exhibited a milder retrospective pattern and more precise estimates of stock size (a
“degrees of freedom” phenomenon) than the FO7 1 final run used to determine the official status
of the stock. Because no accepted parametric stock-recruit relationship was available (Terceiro
2006b), the RSAs were computed as the difference between the observed annual RS ratio values
and the mean RS ratio value for the 1983-2006 year classes (Table 1, Figure 1).

NEFSC research survey surface and bottom water temperature anomalies for the Mid-
Atlantic Bight North (MABN; Nantucket Shoals to Hudson Canyon) and South regions (MABS;
Hudson Canyon to Cape Hatteras) were obtained from the NEFSC database
(http://www .nefsc.noaa.gov/epd/ocean/MainPage/ioos) following the methods developed by
Mountain (2004). Seasonal temperatures anomalies were computed for the two regions for
winter/spring (season 1; January-June) and fall (July-December) for both surface and bottom
water temperatures (Figure 2). Fall season anomalies are forward lagged to the next calendar
year for correspondence with summer flounder age-0 year class designation (because summer
flounder are born during September-March, and appear in fishery and research survey catches
from 9-16 months after birth, a fish spawned in fall 1990 by the 1990 SSB may not appear in
fishery and catches until late fall/early winter 1991 — but it is classified as a age 0 fish even
though it may be up to 15 months old, since the abundance of the year class is estimated as of
January 1, 1991).

North Atlantic Oscillation (NAO) climate index monthly values were obtained from the
University of East Anglia database (http://www.cru.uea.ac.uk/cru/climon/monthly) and winter
(December-March) and fall (September- November) indices were computed as per Jones et al.
(1997)(Figure 3). NAO indices were also forward lagged one and two years because the NAO
can produce both contemporary local and time-lagged broad-scale physical changes in the
climate that could influence recruitment success (Brodziak and O’Brien 2005).

Modeling Approach

The works cited in the Introduction set the foundation for the hypothesis that relatively
cold water temperature, or some mechanism associated with cold and/or severe weather, is
correlated with poor recruitment success for summer flounder. Aspects of the current work
follow the general approach of Brodziak and O'Brien (2005), who examined relationships
between environmental indices and summer flounder Recruit-Spawner Anomalies (RSAs),
considered a measure of summer flounder recruitment success that is independent of the size of
the Spawning Stock Biomass (SSB). Brodziak and O'Brien (2005) found that the NAO2 index
(NAO winter index forward lagged by two years) was a significant predictor of summer flounder
RS ratios, with positive NAO anomalies (wet and mild winters) correlating with positive RSAs
(high recruit survival rate). This work also follows aspects of the work of Megrey et al. (2005),
by considering the absolute estimates of recruitment (VPAO) as another measure of recruitment
success, which may or may not be subject to strong influence of the magnitude of SSB.

Correlation analyses among the environmental factors and RSAs and absolute estimates
of recruitment (VPAO) were performed first to identify potentially significant relationships. The
GAM approach to modeling (Hastie and Tibshirani 1990), suggested by Daskalov (1999),
Megrey et al. (2005), and Brodziak and O’Brien (2005) as an effective tool for modeling
biological responses to environmental factors, was then used to model relationships for
environmental (predictive) factors initially identified by the correlation analysis as significant at
the p = 0.10 level. The GAM approach is a nonparametric regression technique that relaxes error
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distribution assumptions in modeling the relationships between independent predictive variables
and dependent response variables. The initial null predictive model in the GAM framework used
smoothing splines with 3 degress of freedom for each predictive factor. Following the procedures
suggested by Brodziak and O’Brien (2005), a stepwise model-selection process was applied to
eliminate predictive factors from the model if they had a p-value <= 0.20, with the step repeated
until only predictive factors with p <= 0.20 were included in the model. Finally, the time series
of the environmental factors with best fitting GAM models were used in an exercise to
investigate their performance as potential VPA recruitment calibration indices.

RESULTS AND DISCUSSION

The most prominent features of the summer flounder absolute recruitment series (VPAO)
are the strong year class that recruited in 1983, and the two weak year classes that recruited in
1988 and 2005 (Table 1, Figure 1). The most prominent features of the summer flounder recruit-
spawner anomaly (RSA) series are the generally positive anomalies before 1996, and the
uniformly negative anomalies since. The strong negative RSAs in 1988 and 2005 correspond to
the weak absolute magnitude of recruitments (VPAO) in those years. The pattern of relatively
low (negative) RSA since 1995 is one that would be expected for a fish stock exhibiting a
Beverton-Holt (1957) asymptotic stock-recruitment relationship as that stock grows toward
SSBumsy (Terceiro 2006b).

Visual inspection of the temperature anomaly and climate index series indicates a few
instances of prominent environmental factors that correspond with the metrics of recruitment
success. For example, a) the relatively high MAS ST2 and MAS BT2 (Mid-Atlantic South
region Fall surface and bottom) temperature anomalies in 1983 correlate with the strong 1983
year class (VPAO) and positive 1983 RSA, b) the negative MAS BT2 anomaly correlates with
the weak 2005 year class and negative 2005 RSA, and c) the slightly negative MAS STI
anomaly in 1988 is the strongest correlate with the weak 1998 year class/negative 1988 RSA
(Figure 2). For the NAO climate indices, the unlagged positive NAO WIN climate indices in
the early 1990s correlate with the positive RSAs during that period; the positive 1983 NAO FAL
index correlates with the strong 1983 year class and positive 1983 RSA (Figure 3). The lagged
NAO indices likewise have a positive correspondence with positive RSAs in the early 1990s
(Figures 3-4), but do not appear to correlate strongly with any of the prominent recruitment
success features (i.e., 1983, 1998, or 2005 year classes or RSAs).

Several of the regional, seasonal temperature anomalies exhibit significant statistical
correlation over the time series. The strongest positive correlations were between annual values
of the Mid-Atlantic North region winter-spring surface (MAN_ST1) and bottom (MAN BT1)
anomalies (r = 0.50) and the MAN BT1 and MAS BT2 (r = 0.57) anomalies, both significant at
the p = 0.01 level. None of the correlations between NAO indices were significant at the p =
0.10 level. The strongest relationships between temperature anomalies and NAO indices were
negative correlations between the MAN BT1 anomaly and NAO_ WIN index (r = -0.42; p =
0.03) and the MAS ST1 anomaly and the NAO_ FAL index (r =-0.41; p =0.04).

The strongest statistical correlations between the metrics of recruitment success and
environmental factors (Table 2) were between the RSA and the NAO WIN index (r = 0.59; p <
0.01), the RSA and the MAN BT1 anomaly (r =-0.43; p = 0.04), the VPAO and the MAS BT2
anomaly (r = 0.38; p = 0.08), the VPAO and the NAO_FAL 1 index (r =0.35; p=0.09), and the
VPAO and the NAO_FAL index (r = 0.34; p=0.09). Correlations of this magnitude are of about
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the same statistical significance as the highest correlations between the FO7 ALL absolute
recruitment estimates (VPAO) and research survey VPA calibration indices (e.g., MDDNR r =
0.53,p <0.01; CTDEP r = 0.45, p = 0.03; RIDFW r = 0.35, p = 0.09; VIMS r = 0.34, p = 0.09;
NEFSC r=0.33, p=0.10; SDWG 2007).

Based on the combined results of the correlation analyses, the initial GAMs related either
absolute recruitment (VPAO) or recruitment survival rate (RSA) to the MAN BTI1 and
MAS BT?2 temperature anomalies and the NAO FAL, NAO FAL 1, and NAO_WIN climate
indices. The final GAM relating RSA to the predictive factors included only the NAO WIN
index (i.e., p <= 0.20). The estimated effect of the NAO_ WIN index (predictive factor; x-axis)
on summer flounder recruit-spawner anomaly (RSA; y-axis) is presented in Table 3 and Figure 4
(GAM 1). Comparison of the observed NAO WIN index and estimated RSA indicates a
positive and fairly strong predicative relationship, in line with the results of the correlation
analysis (Figure 4, bottom panel).

The final GAM relating VPAO to the predictive environmental factors included the
MAS BT2 temperature anomaly and the NAO_WIN and NAO FAL 1 climate indices (i.e., p
<=0.20). Note that the NAO_WIN index emerged as a significant predictive factor for VPAO in
the GAM model, even though the correlation of this factor with VPAO was not initially identified
as significant (r = 0.08, p = 0.72). Also, the NAO_FAL index failed to be retained in the GAM
(i.e., p > 0.20), even though NAO FAL was significantly correlated with VPAO (r = 0.34, p =
0.09). The estimated combined effects of these predictive factors (x-axis) on the absolute
magnitude of summer flounder recruitment (VPAO; y-axis) are presented in Table 3 and in the
first panel of Figure 5 (GAM2). The combined predictive fit characterizes the strong 1983 year
class and the weak 1988 and 2005 year classes relatively well. However, the subsequent panels
of Figure 5 demonstrate that the relationship between VPAO and the individual environmental
factors is relatively weak as evidenced by the wide confidence intervals of the predicted VPAO.

The time series of the predictive factors from the GAM2 model (NAO_ WIN,
NAO FAL 1 and MAS BT2) were included as indices of age 0 recruitment (VPAO) in three
derivative configurations of the summer flounder ADAPT VPA F07 ALL run to investigate
their performance as potential calibration indices (i.e., as proxy indices of recruitment).
Summary diagnostics for runs FO07 ALL (all available survey indices included),
F07 ALL GAM2 (same as FO07 ALL, but including environmental factors MAS BT2,
NAO WIN, and NAO FAL 1 as recruitment calibration indices), FO7 GAM2 ONLY
(including only the environmental factors MAS BT2, NAO WIN, and NAO FAL 1 as
recruitment calibration indices), and FO7_ MD0O MAS BT2 (including only the MD DNR age 0
survey index [the best correlated trawl survey index with estimates from run FO7_ ALL] and the
environmental factor MAS BT2 [the best correlated environmental factor with estimates from
run FO7_ALL] as recruitment calibration indices) are presented in Table 4.

The inclusion of the environmental factors as recruitment calibration indices degraded the
overall fit of the VPA, as diagnosed by increases in the magnitude of the MSR for the alternative
runs (MSR = Mean Squared Residual = total sum of squared residuals divided by degrees of
freedom). Estimates of the strong 1983 and weak 1988 year classes, estimated in the converged
(stabilized) part of the VPA, were unchanged by the inclusion of the environmental factors.
Estimates of the weak 2005 year class increased by up to 30% in the alternative runs; estimates
of the average 2006 year class increased by up to 13% in the alternative runs.

In summary, the results of this work suggest there are relationships between commonly
measured environmental factors such as regional water temperature anomalies and larger scale
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climate indices and metrics of summer flounder recruitment success. However, these
relationships are no stronger than those currently modeled using research survey indices of
abundance. Inclusion of these environmental factors in alternative configurations of the current
summer flounder assessment VPA does not significantly change the pattern of the recruitment
time series or increase the precision of current recruitment estimates. The inclusion of the
environmental factors in other summer flounder population dynamics models would not be
expected to improve the reliability of forecasts or biological reference points.

Finally, it should be noted that a value of the NAO_ WIN index for the 2006-2007 winter
season (Dec. 2006-Mar 2007: NAO_ WIN = 1.83) is available to use in the GAM1 model to
predict the RSA for 2007 = 0.78; given the estimate of the SSB that will produce the 2007 year
class (44.451 kmt), this predicted RSA equates to predicted recruitment in 2007 of 34.7 million
fish — about 2% below the FO7 ALL VPA time series average of 35.4 million fish. Since the
fall NAO and temperature anomaly data are lagged forward, environmental factor data are also
available to fit the GAM2 model to predict the 2007 VPAO (NAO_FAL 1=-0.43; MAS BT2 =
1.205). The GAM2 model predicted 2007 value for VPAO in 2007 is 50.4 million fish — about
42% above the FO7_ALL VPA time series average of 35.4 million fish.
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Table 1. Summer flounder Spawning Stock Biomass (SSB; 000s metric tons), recruitment at age
0 (VPAO; million of fish), Recruit-Spawner ratios (RS), and Recruit-Spawner Anomalies (RSA),
from the SDWG (2007) FO7_ALL VPA run configuration. Note that estimates differ from the
SDWG (2007) FO7 1 VPA run used for official status determination.

Year SSB  VPAO RS RSA
1983  22.582 80.3 3.556 1.552
1984 24.435 484 1.981 -0.025
1985 21.870 48.6 2.222 0.216
1986  19.853 534 2.690 0.687
1987 18.391 439  2.387 0.383
1988 19.082 13.0 0.681 -1.322
1989  10.883 273  2.508 0.501
1990 7.025 304 4.327 2.316
1991 9940  28.7 2.887 0.881
1992 8.743 323  3.694 1.691
1993 9.905 332  3.352 1.343
1994  12.287 353 2873 0.864
1995 15.099 38.7 2.563 0.557
1996 18.972 283 1492 -0.515
1997  20.065 28.0 1.395 -0.560
1998  20.381 31.3 1.536 -0.469
1999  22.141 30.0 1.355 -0.650
2000 22.491 337 1498  -0.505
2001  25.940 36.8 1.419 -0.585
2002  32.145 39.6 1232 -0.774
2003  38.879 28.0 0.720 -1.284
2004 45873 36.1 0787 -1.218
2005 46.451 12.2  0.263 -1.742
2006  47.956 322 0.671 -1.334
Mean  22.558 354  2.004 0.000
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Table 2. Significant correlations of environmental factors with metrics of summer flounder
recruitment success. See text for meaning of acronyms; Spearman r is a correlation coefficient; p
level indicates probability that correlation (r) is due to random chance.

Recruitment metric Environmental Spearman r p
Factor
RSA (Recruit-Spawner Anomaly) NAO WIN 0.59 <0.01
MAN BTI1 -0.43 0.04
VPAO (age 0 stock size) NAO FAL 0.34 0.09
NAO FAL 1 0.35 0.09
MAS BT2 0.38 0.08
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Table 3. Summary General Additive Model (GAM) results for relationship between
environmental factors and summer flounder recruitment metrics with significant linear model

component fits (p < 0.20).
Regression model using NAO_WIN and RSA
Parameter Estimates

Parameter Standard
Parameter Estimate Error tValue Pr> [t

Intercept -0.36404 0.21224 -1.72  0.1018
Linear(NAO_WIN) 0.52255 0.15453 3.38  0.0030

Fit Summary for Smoothing Components

Num
Smoothing Unique
Component Parameter DF GCV Obs

Spline(NAO_WIN) 0.990281 3.000000 0.959966 24

Regression model using NAO_WIN, NAO_FAL_1, MAS _BT2 and VPAOQ
Parameter Estimates

Parameter Standard

Parameter Estimate Error tValue Pr>|t|

Intercept 32.30060 3.15681 10.23  <.0001
Linear(NAO_WIN) 5.56656 1.91828  2.90 0.0124
Linear(NAO FAL 1) 4.57488 2.82983 1.62  0.1299
Linear(MAS_BT2) 4.02419 1.87632  2.14  0.0514

Fit Summary for Smoothing Components

Num
Smoothing Unique
Component Parameter DF GCV Obs
Spline(NAO_WIN) 0.988675 3.000000  99.148877 23
Spline(NAO_FAL 1)  0.978174 3.000000  99.276403 19
Spline(MAS BT2) 0.989486 3.000000  99.148669 23
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Table 4. Summary diagnostics for summer flounder ADAPT VPA runs FO7 ALL (all available
survey indices included), FO7 ALL GAM?2 (same as FO7 ALL, but including environmental
factors MAS BT2, NAO WIN, and NAO FAL 1 as age 0 calibration indices),
FO07 GAM2 ONLY (including only the environmental factors MAS BT2, NAO_ WIN, and
NAO_FAL 1 as age 0 calibration indices), and FO7_MD0O MAS BT2 (including only the MD
DNR age 0 survey index and the environmental factor MAS BT2 as age 0 calibration indices).
MSR = Mean Squared Residual. Age 0 (recruitment) stock sizes (VPAO) in thousands of fish.

Run ID MSR  Age01983N Age 01988 N Age02005N Age 02006 N
FO7 ALL 0.846 80,323 13,033 12,209 33,167
FO7 ALL GAM2 0.943 80,323 13,033 13,432 34,419
FO7 GAM2 ONLY  1.017 80,323 13,033 15,912 35,185
FO7 MDO MAS BT2 0.924 80,323 13,033 13,479 36,225
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Summer flounder S-R Data
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Figure 1. Summer flounder Spawning Stock Biomass (SSB; 000s metric tons) and Recruitment
(Age 0 fish; millions) estimates (top) and Recruit-Spawner Anomalies (RSA; bottom) from the
SDWG (2007) FO7_ALL VPA run for the 1983-2006 year classes. Note that estimates differ
from the SDWG (2007) FO7 1 VPA run used for official status determination.
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Figure 2. NEFSC survey Temperature Anomalies (TAs). Fall season anomalies are forward
lagged to the next calendar year for correspondence with year class designation. MAN = Mid-
Atlantic Bight North, MAS = Mid-Atlantic Bight South); ST = Surface Temperature, BT =
Bottom Temperature; 1 = Winter/Spring= January-June, 2 = Fall= July-December.
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NAO Indices
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Figure 3. North Atlantic Oscillation (NAO) climate indices. Winter indices (NAO_ WIN) are
December-March. Fall (NAO_FAL) indices are September-November. Indices are also forward
lagged one (_1) and two (_2) years because the NAO can produce both contemporary local and

time-lagged, broad-scale physical changes.
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Figure 3 Continued.
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Observed and Estimated RSA
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Figure 4. Results from the GAM1 regression and smoothing model of NAO_ WIN climate index
and Recruit-Spawner Anomaly (RSA).
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Observed and Estimated VPAO: Three Variable Model
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Figure 5. Results from the GAM2 regression and smoothing model of NAO WIN and
NAO FAL 1 climate indices and MAS BT2 temperature anomaly and Age 0 recruitment
(VPAO).
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Observed NAO_WIN Index and Estimated VPAO: Three
Variable Model
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Figure 5 continued.
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