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Abstract

Fisheries and Fishery Management in a Variable Climate

Kimberly Lai Oremus

Fisheries around the world are in collapse despite decades of research and attempts to manage them.

While conventional bioeconomic models of fishery depletion are well-understood, reversing these trends

has proven to be a stubborn problem, even in the presence of science-based management regimes. My

dissertation uses empirical tools to uncover new insights into the biophysical dynamics that may be

preventing stocks from rebounding. I focus on the effects of environmental variability, which prevailing

fishery management practices tend to overlook. Theoretically, variations in climate can create booms

and busts in fish population that may be exacerbated if fishing practices don’t adapt accordingly.

To identify and quantify these linkages empirically, I draw on an understanding of climate dynamics,

the biology of the stocks, and the specifics of fishing policies in the North Atlantic, where catch-size

restrictions on key species lead to a lagged relationship between the climate signal and its effects on

the fishery. Chapters 2 and 3 chart the impacts of climate variability on population dynamics, catch,

and labor demand over time. Together they demonstrate that a failure to account for such variations

is both hindering fishery management efforts and hurting fishing communities. Chapter 4 directly

examines the efficacy of existing U.S. fishing policy, which is a model for fishing policies around the

world. I find that while the policy is reducing catch, it has not driven the intended rebounds in

biomass.
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Chapter 1

Introduction

Fish, the last prolific wild food, is a critical protein source for both the developed and developing

world. The depletion of fisheries is a classic instance of the tragedy of the commons: property rights

are incomplete, and access to the natural resource is open. Over the years, United States fishery

policy has aimed to tackle both of these issues by limiting who fishes, when they fish, what they

fish, and how much they fish. The primary law governing fisheries management in the United States

is the 1976 Magnuson-Stevens Fishery Conservation and Management Act (MSA). It has become a

global standard in fisheries management, its provisions widely copied in polices around the world. The

European Union (EU) adopted most of the MSA’s regulations in 2013 as part of a sweeping change

to EU fishing policy, and some of the provisions are embedded in the Sustainable Development Goals

that 150 countries adopted in 2015.

In the case of fisheries, solving the collective action problem through the allocation of property rights

is complicated by an accounting obstacle: No one knows precisely how many fish are in the sea. This

in turn creates a challenge in determining how many fish can be harvested without compromising the

stock’s survival. Science-based management of the resource began with the 1996 MSA reauthorization,

known as the Sustainable Fisheries Act (SFA), which adopted Maximum Sustainable Yield (MSY) as

its primary tool to define harvest limits. MSY is the theoretical maximum harvest of a stock that is

consistent with maintaining its population indefinitely. The SFA required that MSY be defined for

each managed species, and it prohibited catch targets from exceeding MSY.

The use of MSY in fishery management relies on two problematic assumptions: (1) that individual

fish in the population are identical, and (2) that the environment is fixed. In reality, individual fish

1



CHAPTER 1. INTRODUCTION 2

differ in important ways. Older fish tend to be larger and reproduce more than younger ones. The size

of the fish also determines the likelihood it will be caught in certain fishing gear (such as nets). These

characteristics are important to predicting the size of a fish population. Age-structured population

models emerged to address assumption (1). The second assumption is also unrealistic. The local

environment is influenced by human activities, weather conditions, and a changing climate. Each of

these variables can influence food availability, predator-prey dynamics, and habitat suitability, yet

most stock assessments and management practices do not take environmental variability into account.

Under climate change, environmental variation is becoming more pronounced, and thus increasingly

important to natural resource management. Climate shocks to coupled human-ecological systems can

induce ecological collapse and structural shifts in the labor market.

The following chapters represent a step toward a more sophisticated understanding of fishery dy-

namics: one that accounts for the complex interactions between fish, fishing effort, and the environ-

ment. My approach is distinguished by a reliance on biophysical understanding of fish stocks to inform

and motivate analysis of fishery economics, management, and policy.

In Chapter 2, Kyle Meng, Steve Gaines and I examine the effects of climate variability on population

dynamics and catch in a fishery of historical and political significance. Our paper focuses on the

relationship between a semi-chaotic climate signal, the North Atlantic Oscillation (NAO), and arguably

the most important fishery that has not recovered under MSA, Atlantic cod. Taking as a starting point

the documented biophysical connection between the NAO and cod recruitment, we establish that a

1-unit increase in the NAO index lowers biomass of 1-year old cod by 17% one year later. This effect

persists through the lifespan of the fish. Due to catch-size restrictions, NAO’s effects don’t appear

in contemporaneous catch data, but lead to reduced catch four years after the original signal. The

findings imply that already-observed NAO conditions can be used to forecast future catch. This creates

the potential for fishery managers to proactively adjust catch for environmental variability, which was

previously considered infeasible due to its unpredictable nature. The paper also quantifies for the first

time the contribution of NAO to the recent stock collapse that resulted in a controversial moratorium

on cod fishing in New England. We find that NAO contributed 17% of the decline in biomass and 32%

of the decline in catch since 1980. This implies that catch may be exacerbating the natural biological

effects of NAO through climate-näıve management.

In Chapter 3, I take a wider view of NAO’s effects on North Atlantic fisheries and their associated

labor markets. I use a difference-in-difference estimation to establish a causal, lagged relationship
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between positive NAO phases and region-wide declines in catch, fishing wages, and employment. Using

data from the Burea of Labor Statistics from 1996 to 2014 in combination with NAO records, I find that

a one-unit increase in the winter NAO index corresponds to a contemporaneous 8% decline in catch

across New England fisheries that increases in subsequent years. This leads to 17% and 47% declines

in fishing employment and wages, respectively, beginning at the two-year lag and persisting several

years afterward. This finding has the potential to directly inform fishing policy by connecting future

economic impacts with observed climate signals. More broadly, the use of lagged effects informed by

an understanding of the underlying biological mechanism contributes a novel identification strategy to

economic research linking natural resource supply shocks with labor-market outcomes.

Chapter 4 assembles a unique data set to evaluate the efficacy of one of the most significant

provisions of MSA, the requirement to rebuild fisheries. I augment data from the National Oceanic and

Atmospheric Administration’s Species Information System with individual stock assessments for stocks

in rebuilding plans. Exploiting quasi-experimental variation in the timing of policy implementation,

I report the first causally interpretable results on the rebuilding provisions’ impact on both catch

and biomass. Evaluating 119 stocks, 56 of which have been subject to rebuilding provisions, I find a

somewhat counterintuitive result: While most rebuilding plans have succeeded in reducing catch, they

have not led to a rebound of the stocks’ biomass. At a time when the latest reauthorization of MSA

has been held up in Congress for four years, this study raises the crucial question of why stocks are

not responding to the policy as anticipated.



Chapter 2

New England Cod Collapse and the

Climate

Kyle C. Meng, Kimberly L. Oremus, and Steven D. Gaines

This chapter was published in PLOS ONE (2016)1,2
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CHAPTER 2. COD COLLAPSE AND CLIMATE 5

Abstract

To improve fishery management, there is an increasing need to understand the long-term consequences

of natural and anthropogenic climate variability for ecological systems. New England’s iconic cod

populations have been in decline for several decades and have recently reached unprecedented lows.

We find that 17% of the overall decline in Gulf of Maine cod biomass since 1980 can be attributed to

positive phases of the North Atlantic Oscillation (NAO). This is a consequence of three results: i) a 1-

unit increase in the NAO winter index is associated with a 17% decrease in the spring biomass of age-1

cod the following year; ii) this NAO-driven decrease persists as the affected cohort matures; iii) fishing

practices appear to exacerbate NAO’s direct biological effect such that, since 1913, a 1-unit increase in

the NAO index lowers subsequent cod catch for up to 19 years. The Georges Bank cod stock displays

similar patterns. Because we statistically detect a delay between the NAO and subsequent declines in

adult biomass, our findings imply that observed current NAO conditions can be used in stock forecasts,

providing lead time for adaptive policy. More broadly, our approach can inform forecasting efforts for

other fish populations strongly affected by natural and anthropogenic climatic variation.
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2.1 Introduction

Many of the world’s commercial fisheries are in decline, raising concerns about both food security

(Godfray et al., 2010; Lawton, 1998; Worm et al., 2006) and ecosystem functioning (Jackson et al., 2001;

Worm et al., 2006). Recent literature has highlighted the need to uncover the role of environmental

conditions, particularly climate variability, in driving fish populations (Chavez et al., 2003; Parmesan

and Yohe, 2003; Stenseth et al., 2002; Vasseur et al., 2014; Vert-pre et al., 2013). It remains to be

determined, however, whether such relationships can help improve stock management.

Atlantic Cod, Gadus morhua, one of North America’s most economically important fish stocks

(Kurlansky, 1997), declined precipitously starting in the 1980s (Hilborn and Litzinger, 2009). In

2008, a formal stock assessment forecasted that stocks would rebound (NEFSC, 2008); however, they

were once again on the verge of collapse by 2012 (NEFSC, 2012). In 2014, the National Oceanic

and Atmospheric Administration (NOAA) instituted an unprecedented six-month ban on all Gulf

of Maine stocks after the 2014 stock assessment detected historically low biomass levels (NEFSC,

2014a). Previous research has explored the role of contemporaneous environmental conditions on cod

recruitment (Brander and Mohn, 2004; Brander, 2005; Fogarty et al., 2008; Gröger and Fogarty, 2011;

Pershing et al., 2015; Rothschild, 2007; Shelton et al., 2006; Stige et al., 2006). However, to date, such

contemporaneous relationships provide little guidance on how to improve stock management, which

relies on the ability to forecast future stock status.

This paper establishes that an observed climate signal, the North Atlantic Oscillation (NAO), can

be used to forecast future adult cod status. This is achieved through two empirical contributions.

First, using age-specific survey data for New England cod over several recent decades, we detect that

NAO-driven environmental conditions have a statistically significant negative effect on cod recruitment.

Second, we find that this birth-year effect persists as the cod larvae age into adulthood. This delayed

effect implies that observed NAO conditions could be used to forecast future adult cod stocks. Using

our statistical model, we are further able to quantify the relative contribution of the NAO to the

recent collapse of these fisheries, and to provide additional evidence suggesting that fishing practices

may have exacerbated the direct biological effects of the NAO.

This study is the first to detect a statistically significant effect of contemporaneous NAO conditions

on cod recruitment in the Gulf of Maine and Georges Bank fisheries (Brodziak and O’Brien, 2005;

Gröger and Fogarty, 2011; Stige et al., 2006) which systematically persists as the cod larvae mature.
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Persistence of this effect is particularly important for forecasting purposes. Otherwise, if a cod cohort

were able to recover from NAO’s recruitment effect as it matured (for instance, if the survival or growth

rate of the affected cohort from beyond age-1 increased due to reduced competition among larval cod),

the recruitment effect might dissipate over time until there were no remaining NAO effect when the

cohort matures and becomes more ecologically and economically valuable. Thus, in order to establish

that NAO conditions can forecast subsequent adult cod, one must (I) estimate the NAO recruitment

effect from other drivers and (II) demonstrate that this effect persists over a cohort's lifecycle.

The North Atlantic Oscillation (NAO), defined by an index of sea-level pressure differences between

the Icelandic Low and Azores High, is the dominant mode of climate variability in the North Atlantic

and affects various atmospheric and oceanic processes across the region (Hurrell, 1995). We examine

the direct effects of the NAO on New England cod populations for two reasons. First, the NAO

influences local environmental variables such as ocean mixing, salinity and temperature (Stige et al.,

2006). For example, a positive phase of the NAO raises sea surface temperatures (SST) off the New

England coast Fig. 2.1. These variables in turn have been documented to impact cod prey (Heath

and Lough, 2007; Runge et al., 2010), larval cod and cod recruitment (Drinkwater, 2005; Runge

et al., 2010). Because NAO impacts multiple local environmental variables that may simultaneously

affect cod stocks, it is important to directly examine the effects of NAO fluctuations and not limit

analysis to any single NAO-driven local environmental condition (Stenseth et al., 2002). As supporting

evidence, our analysis shows that SST, for example, contributes to a small portion of the overall NAO

recruitment effect. Second, effective forecasting requires an accurately observed forecasting variable.

As a hemispheric-level climatic phenomenon, the NAO index is an average of environmental conditions

over a large spatial region and thus measured with less noise than any local environmental condition

over a single stock (McCarthy et al., 2015). Indeed, over the same sample period, we were unable to

statistically detect persistent effects of birth-year SST over a cod cohort’s lifetime as we do with the

NAO.

2.2 Materials and Methods

We use time series multiple regression models based on the Ricker model (Ricker, 1954) that combine

an annual winter NAO index based on sea-level pressure (SLP) differences (Hurrell, 1995) with annual

age-specific cod biomass (kg) from NOAA spring surveys of the Gulf of Maine and Georges Bank

stocks (NEFSC, 2013). Annual age-specific biomass is directly provided from the Gulf of Maine
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Figure 2.1: Winter NAO and Sea Surface Temperature (SST) correlation.
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bar at right of map.

surveys and is imputed as the product of annual age-specific number of fish and annual age-specific

weight from the Georges Bank surveys. First, we estimate the NAO-recruitment effect by examining

the relationship between NAO conditions and the surveyed biomass of 1-year-old cod the following

year. Next, to examine the persistence of these effects, we estimate the relationship between the same

NAO condition and the surveyed biomass of 2-year-old cod two years later, 3-year-old cod three years

later, and so on. We call this the birth-year NAO effect. If both cod stocks and NAO exhibited trending

behavior during this period, our model might spuriously detect a statistical relationship between these

two variables. To remove common trends, our models include a polynomial time trend to flexibly

control for unobserved determinants of biomass, such as changes in fishing effort, policy, technology,

and other confounding factors. Thus, to estimate unbiased birth-year NAO effects, we assume that

detrended NAO variation is uncorrelated with detrended unobserved determinants of cod biomass,
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which is plausible given that the NAO is a naturally occurring stochastic environmental variable.

Formally, for each of the two cod fisheries, we estimate the effects of current and past NAO condi-

tions on cod biomass (in kg) of age a in year t, bat, using the following regression model:

log(bat) = αa +
L∑
τ=0

βaτNAOt−τ + λ1atSSBa,t−a + λ2atlog(SSBa,t−a) +
N∑
p=1

γapt
p + εat (2.2.1)

where SSBa,t−a is spawning stock during birth year. αa is a constant, βaτ captures the age-specific

linear effect of NAO τ periods ago, λ1 and λ2 capture density dependence of the recruitment effect

during birth year, and γap captures the effect of a pth-order polynomial time trend. Notice that having

log(SSBa,t−a) on the right hand side of Eq. 2.5.2 is a more flexible version of a standard Ricker model

where the outcome variable is divided by log(SSBa,t−a), known as the survival ratio.

When τ = a, βaτ captures the birth-year NAO effect, our effect of interest. (I) is established when

τ = a = 1 and we estimate a statistically significant βaτ indicating that NAO has a contemporaneous

effect on cod recruitment. (II) is established when τ = a > 1 and we estimate a statistically significant

βaτ which indicates that the recruitment effect persists into adulthood. Our specification assumes

that birth-year NAO has a linear effect on age-specific surveyed biomass. To ensure this is not an

overly restrictive assumption, we also use a non-parametric, local polynomial regression allowing a

more flexible functional form. Standard errors, εat, use the Newey-West adjustment, which allows for

serial correlation and heteroscedasticity of arbitrary form in the error terms over an optimally chosen

window of time (Newey and West, 1987). A cointegration test is performed to ensure that there are

no spurious correlations due to non-stationary time-series behavior in the error term.

To quantify the contribution of the positive phase of the NAO to the observed overall decline in

adult cod biomass since 1980, we first estimate an aggregate version of Eq. 2.5.2 across cod ages 2 to

6, adult bt =
∑6
a=2 bat:

log(adult bt) = αA +
L∑
τ=0

βAτNAOt−τ +
N∑
p=1

γApt
p + εAt (2.2.2)

where αA is a constant, βAτ captures the linear effect of NAO τ periods ago and γAp captures the

effect of a pth-order polynomial time trend. Eq. 2.5.3 allows us to separate the overall decline in Gulf

of Maine and Georges Bank adult cod since 1980 into the components driven by the NAO and driven

by all other determinants. Specifically, our decomposition follows the procedure:
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1. Estimate Eq. 2.5.3 with L = 6 and N = 3 using the full sample.

2. Predict adult biomass without NAO using only secular time trends:
˜log(adult biomasst) =

∑N
p=1 γ̂Apt

p for t ∈ [1980, 2013].

3. Predict adult biomass with NAO starting in 1980 and secular time trends:
̂log(adult biomasst) = α̂A +

∑L
τ=0 β̂AτNAOt−τ +

∑N
p=1 γ̂Apt

p for t ∈ [1980, 2013].

Observe that while Eq. 2.5.3 estimates β̂Aτ using detrended NAO variation, step 3 predicts adult

biomass by multiplying β̂Aτ with observed NAO. This allows us to quantify the effect of all observed

NAO variation. To get the percentage contribution in the overall adult biomass decline due to the

NAO from 1980 to 2010, we calculate the following:

NAO contribution = (âdult b2010 − âdult b1980) − (ãdult b2010 − ãdult b1980)
(adult b2010 − adult b1980) (2.2.3)

In practice, due to noisy biomass values, we take the average values over the first 3 and last 3 years of

the sample period when applying Eq. 2.5.4. Results for cod catch follow the same approach but with

log catch as the outcome variable and with lagged NAO regressors for up to 20 years.

2.3 Results

Panel (A) of Fig. 2.2 plots the regression coefficients βατ when τ = α from Eq. 2.5.2, or the birth-year

NAO effect, estimated separately for cod ages 1 to 6. There is a negative relationship between the

NAO index and cod biomass. For the Gulf of Maine stock from 1971-2013, a 1-unit increase in the

NAO index, which increases winter SST by .045◦C (Table 1 in S1 File), during a cohort’s birth year

is associated with a 17% drop in surveyed biomass for that cohort at age 1 (results are similar when

modeling the ratio of age-1 biomass over spawning stock, or survival ratio). Going from left to right of

Panel (A) of Fig. 2.2, we see that this effect persists as the cohort matures to age 6, with statistically

significant effects ranging from a 7% to 23% decrease in biomass (Table 3 in S1 File). A similar

pattern of results is shown for the Georges Bank stock from 1979-2011 in Panel (B) of Fig. 2.2 (Tables

2 and 7 in S1 File), though results are noisier for data limitation reasons detailed in the Supplemental

Information (S1 File). Birth-year NAO effects are unaffected by replacing the SLP-based winter NAO

index with a principal component-based winter NAO index (Fig 1 in S1 File).

To show why it is important to directly model the effects of the NAO rather than that of a

local environmental condition, we re-estimate Eq. 2.5.2 replacing the NAO terms with local average
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Figure 2.2: Birth-year NAO effect on cod biomass.
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Panels (A) and (B) show regression coefficients representing the effect of a 1-unit increase in
birth-year NAO on a cod cohort as it matures from age 1 to 6 for the Gulf of Maine and Georges
Bank stocks, respectively. Each coefficient comes from a separate multiple regression model (see
Eq. 2.5.2). 90% confidence interval shown. Panels (C) and (D) show observed surveyed log adult
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Decomposition follows Eqs. 2.5.3 and 2.5.4. Panel (E) shows observed NAO variation.
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winter (DJFM) sea surface temperatures (SST) over each stock. For the Gulf of Maine, we do not

systematically detect a birth-year SST effect across all ages, finding effects only for age 2-4 cod (Table

16 in S1 File). For age 2 cod, this implies that the partial birth-year NAO effect through SST is

one-quarter the total NAO effect. Specifically, (−1.1 ∗ .045)/− .22 = .23, where -0.22 is our estimated

NAO effect from Column (3) of Table 3 in S1 File, -1.1 is our estimated SST effect from Column

(3) of Table 16 in S1 File, and 0.045 is the linear relationship between winter NAO and SST from

Column (3) of Table 1 in S1 File. This suggests that NAO is affecting cod populations through other

environmental variables in addition to changes in SST. We do not detect a birth-year SST effect on

biomass for any age in Georges Bank (Table 17 in S1 File).

Our birth-year NAO effects are robust to assumptions over the functional form of NAO effects (Fig

2 in S1 File), the order of the polynomial time trends (Tables 4 and 8 in S1 File), and the number

of included lagged NAO terms (Tables 5 and 9 in S1 File). They are also robust to controlling for

past catch (Tables 3 and 7 in S1 File, see further explanation in S1 File). For both fisheries, NAO

appears primarily to have a birth-year effect. We detect some contemporaneous effects of NAO on

adult cod, but they do not persist consistently over time (Tables 3 and 7 in S1 File). Furthermore,

we find weak, though inconclusive, evidence that NAO during the birth-year of one generation lowers

the biomass of subsequent generations (Tables 6 and 10 in S1 File). Previous papers have argued that

the relationship between environmental conditions and recruitment may be changing over time (Stige

et al., 2006). We do not find that the NAO-recruitment relationship is trending over time (Fig 3 in

S1 File) for the Gulf of Maine stock, the stock with the longer time series, though the relationship

may exhibit decadal-scale cyclicality. Finally, we do not find evidence of an NAO-recruitment effect

on fall-spawning cod larvae, which is known to be a different population than spring-spawning cod

(Tables 18 and 19 in S1 File) (Kovach et al., 2010; Runge et al., 2010).

NAO was in a repeated positive phase from 1980-1995 (Fig. 2.2, Panel (E)) and the index has

trended more positive overall from the mid-1970s to today. Though consensus has not been reached on

why NAO has been trending upward, some predict an increased frequency of positive NAO conditions

under increasing greenhouse gas emissions over the next century (Coppola et al., 2005; Visbeck et al.,

2001). We explore the contribution of the positive phase of the NAO from 1980-2013 to the overall

decline in adult biomass by estimating Eq. 2.5.3 and applying our decomposition method from Eq.

2.5.4, which separates predicted adult biomass with and without NAO effects during this period.

The black line in Panels (C) and (D) of Fig. 2.3 shows observed adult biomass for the two fisheries
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respectively. The orange line represents a “counterfactual” biomass trajectory with the influence of

NAO removed and thus driven only by trends in latent factors, including changes in spawning biomass

and fishing effort, that are unrelated to the NAO. The green line represents biomass predicted by both

trends and observed NAO such that the difference between the green and orange lines represents the

isolated contribution of the NAO to biomass. Using Eq. 2.5.4, we find that the NAO has contributed

17% and 9% of the overall decline in adult biomass in the Gulf of Maine and Georges Bank stocks

since 1980, respectively (see S1 File, Tables 11 and 12 in S1 File). The green line (in Panel C and D)

depicts how the inter-annual variation in NAO conditions (Panel E) drives much of the inter-annual

variation in adult cod biomass.

While we are able to isolate the birth-year NAO effect from other drivers of adult cod biomass,

including fishing effort unrelated to NAO, it is more difficult to distinguish between the direct biological

effects of birth-year NAO and any indirect effects of birth-year NAO mediated through fishing effort.

For example, it is conceivable that NAO could indirectly affect cod biomass via local environmental

conditions that affect fishing effort. Our statistical model is unable to isolate such indirect effects

though they could potentially lessen, maintain, or amplify the direct biological effect of birth-year

NAO. For the birth-year affected cohort, we do not find evidence of this additional indirect NAO

impact. First, we observe that the birth-year NAO effect is of relatively similar magnitudes for cohorts

ages 1 to 6, suggesting that fishing effort in response to the NAO as the cohort matures is not changing

the initial birth-year effect. Second, directly controlling for past catch does not alter birth-year NAO

effects at each age (Tables 3 and 7 in S1 File).

To examine whether NAO effects are amplified or mitigated by fishing practices, we turn to data

on commercial cod catch, which is a function of both cod biomass summed across adult cohorts and

fishing effort. This analysis provides a key benefit: The New England cod fisheries have one of the

longest catch time series in the world: over 100 years of data, covering the entire 20th century and

providing a sample period that allows for detection of very long-run effects. Panels (A) and (B) of

Fig. 2.3 plot the coefficients from a single regression of commercial catch on current and past NAO

using data spanning the period 1913 to 2013 for the Gulf of Maine stock and 1913 to 2011 for the

Georges Bank stock, respectively (see Appendix). In the Gulf of Maine stock, we find that a 1-unit

increase in the NAO index during this period drives a 3% to 6% decline in catch that lasts up to 19

years (Table 13 and 14 in S1 File). We find persistent effects of similar magnitude for up to 15 years

after a 1-unit increase in NAO for the Georges Bank stock (Table 13 and 15 in S1 File). Using the
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Figure 2.3: Effects of current and past NAO on cod catch.
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Panels (A) and (B) show regression coefficients from a multiple regression model of commer-
cial cod catch on current and past NAO variability for the Gulf of Maine and Georges Bank stocks,
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trends and observed NAO (green line). Panel (E) shows observed NAO variation.
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same decomposition method shown in Panels (C) and (D) of Fig. 2.2, Panels (C) and (D) of Fig. 2.3

indicate that the positive phases of the NAO since 1980 have contributed 32% and 7% of the overall

decline in catch in the Gulf of Maine and Georges Bank stocks, respectively.

2.4 Discussion

There are two possible explanations for the long persistence of past NAO conditions on cod catch.

First, this persistence may be driven entirely by biological dynamics if birth-year NAO lowers adult

spawning of one generation and thus recruitment for the next generation. However, as already noted,

we find weak evidence of intergenerational effects. Alternatively, it is possible that fishing effort has

historically reacted inadvertently to birth-year NAO-driven drops in a particular cohort by increasing

fishing effort uniformly across all adult cohorts. Such a practice would induce the spillover of birth-year

NAO effects of a particular cohort onto younger and older cod and extend the legacy of past NAO

variability on commercial catch. As such, this evidence supports an emerging literature noting that

fish stocks may be affected by an interaction of the direct biological effect of environmental drivers and

the indirect, possibly unintended, effect of fishing effort in response to these drivers (Essington et al.,

2015; Pershing et al., 2015).

This paper is unable to isolate the specific biological mechanism through which NAO fluctuations

affect cod recruitment and subsequent cod biomass. While this is basis for future work, simply es-

tablishing the birth-year NAO effect has an important fishery management implication. Because the

birth-year NAO effect persists as a cohort matures, one can use an observed NAO index to forecast

future adult cod biomass without needing to forecast the NAO itself or fully understand the precise

biological pathway. One simple way to incorporate our finding is to adjust the recruitment parameter

in stock assessment models to reflect the current observed state of the NAO. Incorporating NAO’s

forecasting ability into stock assessment models may be particularly timely given the positive-phase

NAO in 2012, 2014 and 2015 of 3.17, 3.10 and 3.56 σ, respectively.

More broadly, the forecasting potential described in this paper may be relevant to other fisheries

in which climatic conditions affect fish larvae in ways that persist over many years to impact future

adult fish populations. Many ecological studies of recruitment in unfished species have shown strong

connections between successful recruitment of larvae and such observable environmental cycles (Bar-

ber and Chavez, 1983; Roughgarden et al., 1988). Our analysis may also serve as an analogue for

understanding the future impacts of anthropogenic climate change, which is projected both to increase
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average SST off the New England coast and to alter the frequency and magnitude of climatic variation

in other parts of the globe.

2.5 Appendix

2.5.1 Data sources

NAO and SST data

We primarily use the Hurrell winter (DJFM) station-based index of the North Atlantic Oscillation

(NAO) which is based on the difference of normalized sea level pressure between Lisbon, Portugal and

Reykjavik, Iceland (Hurrell, 1995). This index was obtained annually from 1864-2013.3 As a validation

check, we also collected a principle component-based DJFM NAO index for the same time period.4

To examine the relationship between winter NAO and winter (DJFM) sea surface temperatures

(SST) over the Gulf of Maine and Georges Bank fisheries, we use the NOAA OI SST V2 High Resolution

Dataset which provides daily SST values in degrees Celsius over a 0.25 degree latitude by 0.25 degree

longitude grid from 1/1/1981 to the present (Reynolds et al., 2007). For a given year, we construct an

annual winter SST measure by averaging daily SST observations from December of the previous year

to March of the given year over each grid cell. After removing time trends (see Section 2.5.2), we then

correlate grid-cell-level winter SST with winter NAO for the period 1982-2013 to produce Figure 1 in

the main text.

Cod surveyed biomass and catch

Surveyed age-specific biomass during the spring for the Gulf of Maine and Georges Bank Atlantic

cod fisheries come from the latest stock assessments, primarily the 55th Northeast Regional Stock

Assessment Workshop (SAW) produced by the Northeast Fisheries Science Center (NEFSC) (NEFSC,

2013, 2014a). We use data directly reported from stock surveys which may be subject to various biases

related to survey design.5 For the Gulf of Maine, annual spring biomass surveys were conducted for

each age cohort from 1970-2012 (from Table A58 in NEFSC (2013)) and extended to 2013 (using Tables

1.22 and 1.26 in NEFSC (2014)). Unfortunately, age-specific total biomass is not available from spring
3Available here: https://climatedataguide.ucar.edu/sites/default/files/climate_index_files/nao_station_

djfm_0.txt
4Available here: https://climatedataguide.ucar.edu/climate-data/hurrell-north-atlantic-oscillation-nao-index-pc-

based
5Available here: http://nefsc.noaa.gov/publications/crd/crd1311/

https://climatedataguide.ucar.edu/sites/default/files/climate_index_files/nao_station_djfm_0.txt
https://climatedataguide.ucar.edu/sites/default/files/climate_index_files/nao_station_djfm_0.txt
http://nefsc.noaa.gov/publications/crd/crd1311/
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surveys of the Georges Bank. Instead, we obtain the number of fish collected by cohort (also known

as abundance) from the annual spring surveys (Table B15 in NEFSC (2013)) and multiply each value

by the yearly-average weight by age from the annual spring surveys (Table B17a in NEFSC (2013))

to impute age-specific biomass from 1978-2011. Fall survey data for both stocks was pulled from the

same sources: Table A59 for Gulf of Maine and Table A60 for Georges Bank.

We restrict attention to only cod ages 1 to 6 and avoid modeling NAO effects on older cod because

they are sampled less frequently in stock assessment surveys. Over our respective sample periods,

8.1% of all cod surveyed are age 7 or older in the Gulf of Maine. For Georges Bank, that percentage is

5.2%. For cod age cohort 1 to 6, biomass values (in kg) for each fishery and year are almost all strictly

positive.6

Total commercial catch (also known as landings) from U.S. and foreign boats was also obtained from

a combination of NEFSC stock assessment reports. Because the 55th SAW only reported commercial

catch starting in 1932 for the Gulf of Maine (Tables A8-A9 in NEFSC (2013)), we augment our data

to include an earlier(Mayo and Col., 2006) and the latest stock assessment(NEFSC, 2014a) yielding a

continuous catch time series for 1893-2013. Similarly, commercial landings for the Georges Bank fishery

(Table B1 in NEFSC (2013)) was extended back to 1893 using an earlier stock assessment(O’Brien

et al., 2006) to obtain a continuous catch time series for 1893-2011.

2.5.2 Statistical models

This section describes the statistical models used to establish the following empirical relationships for

the Gulf of Maine and Georges Bank cod fisheries: 1) the effect of winter NAO on winter SST, 2)

the effect of past and current winter NAO on age-specific surveyed biomass, 3) the effect of past and

current winter NAO on surveyed adult biomass (summed over ages 2-6), and 4) the effect of past and

current winter NAO on commercial catch. Each model is also presented with related diagnostic checks.

For all our results, we use a distributed lag time-series linear regression model.

6The only exception are Gulf of Maine age-1 biomass in 2011 and age-6 biomass in 1987 which are recorded as zero
values. Given the positive values in years prior and after these zero values, we believe this is due to recording error. To
avoid missing values when we apply a log-transformation to biomass, we replace these two zero values with an imputed
value based on a linear interpolation of age specific biomass from the previous and following data years. This minor
data imputation is not essential to our results.
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Modeling NAO effects on SST

To establish the relationship between winter NAO and winter SST, we first obtain an average annual

winter SST value, SSTt, for each fishery by averaging grid-cell-level SST values from the NOAA OI

SST Dataset within the spatial bounds of each fishery as defined by the NEFSC (see fig. 1 in main

text). We run the following regression model:

SSTt = ω + φNAOt +
N∑
p=1

µpt
p + εt (2.5.1)

where ω is a constant, φ captures the linear effect of current winter NAO and µp captures the effect of

a pth-order polynomial time trend. Standard errors use the Newey-West adjustment which allows for

serial correlation and heteroscedasticity of arbitrary form in the error terms over an optimally chosen

window of time (Newey and West, 1987, 1994). We estimate Equation 2.5.1 separately for each fishery

during the 1982-2013 period, which covers the years with available high resolution SST data. Tables

2.1 and 2.2 show estimates of φ and related statistics of Equation 2.5.1 for the Gulf of Maine and

Georges Bank fisheries respectively. SST during this sample period exhibited trending behavior and

thus needed to be detrended. To determine the polynomial order of the time trend, N , we use the

Akaike Information Criteria (AIC) (Akaike, 1974), which when minimized captures a model’s overall

goodness of fit while penalizing additional terms with limited explanatory power. For both fisheries,

we observe that the AIC statistic drops when a time trend of second-order or higher is included in

Equation 2.5.1. Importantly, we detect a strong positive relationship between winter NAO and winter

SST. The results in Tables 2.1 and 2.2 correspond to the spatially explicit correlation map shown in

Figure 1 in the main text and provides justification for the joint detrending of NAO and SST values

using a quadratic time trend.

Modeling NAO effects on age-specific surveyed biomass

log(bat) = αa +
L∑
τ=0

βaτNAOt−τ + λ1atSSBa,t−a + λ2atlog(SSBa,t−a) +
N∑
p=1

γapt
p + εat (2.5.2)

where SSBa,t−a is spawning stock during birth year. αa is a constant, βaτ captures the age-specific

linear effect of NAO τ periods ago, λ1 and λ2 capture density dependence of the recruitment effect

during birth year, and γap captures the effect of a pth-order polynomial time trend. There are three

classes of NAO effects. When τ = a, βaτ captures the effect of an earlier NAO event that occurred
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during a cohort’s birth year. We call this the birth-year NAO effect and is our primary effect of

interest. When τ < a, βaτ captures the effect of NAO on cod that is age-1 and older. We call this

the post-birth-year or adult NAO effect. Finally, when τ > a, βaτ captures the effect of NAO on

the biomass of subsequent generations due to a drop in the spawning stock biomass. We call this the

pre-birth-year or intergenerational NAO effect. As we will show, we find the most consistent evidence

for a birth-year NAO effect across both cod fisheries. Standard errors use the Newey-West adjustment

which allows for serial correlation and heteroscedasticity of arbitrary form in the error terms over an

optimally chosen window of time (Newey and West, 1987, 1994).

In our preferred models, we include current and lagged NAO terms up to and including birth-year

NAO such that L must be no smaller than the age of the cohort, a. We do this for two reasons. First,

it may be that age-specific biomass exhibits serial correlation. Because NAO is an autoregressive

oscillation, this implies that excluding past NAO events may result in omitted variables bias. Second,

including NAO terms after a cohort’s birth year allows us to examine whether there are systematic

post-birth-year NAO effects.

Tables 2.3 and 2.7 show estimates for Equation 2.5.2 for each age-cohort for the Gulf of Maine and

Georges Bank fisheries respectively. We restrict the sample period to be constant across cohort models

within a fishery. Our coefficient of interest is the birth-year NAO effect on age-specific biomass which

is shaded in gray. For age-1 cod, that effect is shown by the coefficient on NAOt−1. Likewise for age-2

cod, that effect is captured by the coefficient on NAOt−2 and so on. The coefficients in bold are from

our preferred statistical model and are plotted in Panels (A) and (B) of Figure 2 in the main text.

Each model includes a 3rd-order polynomial time trend and the same number of lagged NAO terms

as the cohort’s age. In the next subsection, we justify these and other modeling decisions.

For the Gulf of Maine fishery, a 1-unit increase in the NAO index during a cohort’s birth year is

associated with a -13% change in surveyed biomass for that cohort at age 1. This effect persists as

the cohort matures to age 6, with statistically significant effects ranging from -8 to -19% (Table 2.3).

Because biomass is imputed and not directly observed for the Georges Bank fishery, birth-year NAO

effects are noisier for age-1 cod. However, we find that a 1-unit increase in birth-year NAO similarly

lowers the surveyed biomass of cod ages 2 to 5 by -9 to -16% (Table 2.7). This persistent effect appears

to dissipate by age 6, though an effect of -17% is detected for NAO occurring five years ago which may

capture the birth-year NAO effect. This may be due to errors in age assignment during cod surveys as

the age of older fish may be harder to determine. For both fisheries we pick up some post-birth-year
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NAO effects but they do not persist systematically like birth-year NAO effects.

We preform the same analysis on fall survey cod biomass data. There is a genetically different

population that spawns in the fall than in the spring. For GOM, significant effects are seen for age-2

cod and above, but not for age-1 cod (Table 2.18). This is consistent with the fact that NAO is a

mode of winter climate variability, so it should theoretically only impact spring recruitment. Results

for Georges Bank stock do not show significant NAO-birth-year effects for any age cohort (Table 2.19)

We also estimate Eq. 2.5.2 using an alternative principal component-based (PC) DJFM NAO

index which allows for spatial shifts in the pressure centers of the NAO. This is for comparison with

the benchmark station-based Hurrell index, which uses sea-level pressure (SLP) differences defined

over fixed spatial areas. Figure 2.4 replicates Panels (A) and (B) of Figure 2 in the main text showing

the birth-year NAO effect for Gulf of Maine (top panel) and Georges Bank (bottom panel) stocks,

respectively. To make the NAO indices comparable, both indices are standardized to zero mean and

unit variance prior to estimating Eq. 2.5.2. Estimates using the SLP-based NAO index are in green

while those using the PC-based index are in blue. Birth-year NAO effects do not systematically differ

according to which NAO index is used.

Model selection tests

Order of polynomial time trends: We must determine N in Equation 2.5.2, the order of the

polynomial time trend for each age cohort. If both cod stocks and NAO exhibited trending behavior

during this period, our model might detect a statistical relationship between these two variables that

is driven by a common trend. Results in Tables 2.3 and 2.7 address this issue by jointly removing a

3rd-order polynomial time trend. In Tables 2.4 and 2.8, we examine whether higher or lower order

polynomial trends affect the stability of the birth-year NAO effect for each age cohort and fishery

separately. Specifically, we vary the order of included time-trend terms from 1 to 5 across Columns

(1)-(5) respectively. Each horizontal panel shows a different age cohort; thus each “cell” presents the

birth-year NAO effect and related statistics from separate regressions.

Table 2.4 demonstrates the birth-year NAO effect is relatively stable regardless of the order of the

polynomial time trend for each age cohort for the Gulf of Maine fishery with the coefficients in bold

corresponding to that shown in Panels (A) and (B) of Figure 2 in the main text. Furthermore, the

Akaike Information Criteria (Akaike, 1974) is similar in magnitude across the columns. Table 2.4

also summarizes results from a Dickey-Fuller Generalized Least Square (DF-GLS) (Elliott et al., 1996)
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which tests whether our time-series model exhibits unit-root behavior. The presence of a unit root

means the time series variable may not be stationary and can lead to spurious correlations (Granger and

Newbold, 1974). The DF-GLS test examines a model’s estimated residual against the null hypothesis

that there is a unit root.7 With the exception of age-4 and age-5 cohort models, we reject the presence

of a unit root for most other age-cohort models.

For the Georges Bank fishery, age 2 to age 5 birth-year NAO effects are also relatively stable across

trend specifications (Table 2.8). However, there appears to be a unit root for age 2, age 3, and age

6 cohorts models. We posit that a unit root may have been artificially generated due to the imputed

nature of Georges Bank surveyed biomass discussed in Section 2.5.1.

Number of lagged NAO terms and intergenerational effects: Equation 2.5.2 requires choosing

L, the number of NAO lag terms. Our baseline specification sets L = a, that is it includes post-birth-

year NAO terms but excludes pre-birth-year NAO terms. Table 2.5 examines whether the birth-year

NAO effect is sensitive to alternative lag NAO structures for the Gulf of Maine fishery by estimating

models that exclude post-birth-year NAO terms and jointly include both post-birth-year and pre-birth-

year NAO terms. The presentation structure is similar to that of Table 2.4. The first column estimates

a model with only a birth-year NAO term and excludes post-birth-year NAO terms. Each subsequent

column includes all post-birth-year NAO terms as well as in additional pre-birth-year NAO term. For

simplicity of presentation, all models include a 3rd-order polynomial time trend. The pattern of results

are mostly similar for other trend specifications (not shown). Again, the coefficients in bold correspond

to that shown in Panels (A) and (B) of Figure 2 in the main text. The birth-year NAO effect appears

stable regardless of the exclusion of post-birth-year NAO terms and the inclusion of pre-birth-year

NAO terms.

Table 2.5 only shows the birth-year NAO effect when additional pre-birth-year NAO events are

included. In Table 2.6, we display the additional pre-birth-year effects to explore if NAO has any

intergenerational effects for the Gulf of Maine. If an NAO event reduces a birth-year cohort’s biomass

and this reduction persists to when the cohort is reproductively mature, then the biomass of that

cohort’s offspring may also be negatively affected. This implies that birth-year NAO effects may

transmit past a single generation. Atlantic cod typically reach reproductive maturity beginning at age

2 (O’Brien et al., 2006). If intergenerational effects exist, we may detect the adverse impacts of NAO

two years prior to the birth of a particular cohort. It is worth noting, however, that intergenerational
7The optimal lag length chosen for each DF-GLS tests is based on a AIC statistic.
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effects may not necessarily follow a clear 2-year interval as reproduction occurs continuously once a fish

reaches reproductive maturity. Thus, our tests for intergenerational effects are likely to be imprecise.

In Table 2.6, we extend the number of lags for all age cohorts to age 4, displaying all NAO

coefficients. We do not estimate further lags given our limited sample size and so are unable to detect

intergenerational effects for cohorts older than age 4. Table 2.6 provides some, though weak, evidence

that birth-year NAO effects persist beyond a single generation for the Gulf of Maine. In Column (1)

we find that age-1 biomass decreases in response to NAO events four and six years prior, roughly

corresponding to NAO events felt by one and two earlier generations. We also find a one-generation

effect for age-2 and age-4 cod, but fail to find an intergenerational effect for age-3 cod. For the Georges

Bank fishery, we also find that the birth-year NAO effect is stable to the exclusion of post-birth-year

NAO terms and the inclusion of pre-birth-year NAO effects (Table 2.9). We also find even weaker

evidence of intergenerational effects with a one-generation effect detected for age-3 and age-4 cod only

(Table 2.10).

Nonlinearity: Equation 2.5.2 implicitly assumes that birth-year NAO has a linear effect on age-

specific surveyed biomass. We test for whether linearity is an overly restrictive assumption in Figure

2.5 for both fisheries. Following Equation 2.5.2, we first regress log(biomassat) on a constant, all

post-birth-year NAO terms, birth-year spawning stock in levels and log, and a 3rd-order polynomial

time trend and obtain the residuals. We perform the same partialling-out procedure for NAOt−τ . We

then fit the two residuals using a bivariate local polynomial regression allowing for data-driven flexible

functional forms (Fan and Gijbels, 1996). Panel (A) of Figure 2.5 shows the bivariate relationship

between surveyed biomass for ages 1-6 cod and birth-year NAO for the Gulf of Maine. For the

Gulf of Maine, the partialed-out age-specific biomass has an approximately linear relationship with

partialed-out birth-year NAO for all age cohorts. For Georges Bank, Panel (B) of Figure 2.5 shows

similar linearity for the relationship between age-specific biomass and birth-year NAO effects with the

exception of age 1 and age 3 biomass.

Time-varying effects Equation 2.5.2 implicitly assumes that the birth-year NAO effect is constant

over the course of the sample period. Previous papers have noted that environmental-recruitment

relationships may be changing over time (Stige et al., 2006). We statistically test for time-varying

effects by conducting a rolling-window analysis of our birth-year NAO recruitment effect (i.e. on

age-1 cod). Figure 2.6 plots coefficients from 20-year wide estimation windows for the Gulf of Maine



CHAPTER 2. COD COLLAPSE AND CLIMATE 23

cod, the stock with the longer time-series data. There is no linear trend, positive or negative, in

the relationship over time during the past four decades. There does appear to be non-trending, low-

frequency cyclicality in the relationship whose mean is captured by my full sample estimates. Figure

2.6 shows my full sample confidence intervals as red lines.

Controlling for previous year catch and adult biomass: One frequently modeled determinant

of biomass is past catch. The models shown in Columns (2), (5), (7), (9), (11), and (13) of Tables 2.3

and 2.7 include an additional term for previous year’s catch to Equation 2.5.2 for each fishery. Our

birth-year NAO effects are largely unchanged after controlling for previous year’s catch.

However, our preferred specification for Equation 2.5.2 and our results shown in Figure 2 explicitly

omits terms for past catch. We omit catch because as Table 2.13 demonstrates, past NAO events

lowers catch through a combination of direct effects on adult biomass and indirect effects on fishing

effort. Controlling for past catch in Equation 2.5.2 thus leads to a “proxy control” problem (see p. 66

of (Angrist and Pischke, 2008)) and may result in biased estimates of birth-year NAO effects. This

problem becomes more pronounced as longer lags of past catch are included in Equation 2.5.2 given

the strong persistence of past NAO events on catch shown in Table 2.13.

To demonstrate that the birth-year NAO effect on cod recruitment is not being confounded by

adult cod biomass, we augment our model of age-1 surveyed biomass to include the previous year’s

surveyed adult biomass (summed over ages 2-6) in Column (3) of Tables 2.3 and 2.7.8 Again, our

birth-year NAO effect is largely unaffected.

Modeling winter SST effects on age-specific spring-surveyed biomass

To examine the effects of local winter SST on age-specific cod biomass, we estimate a variant of Eq.

2.5.2 replacing all NAO terms with SST terms. Birth-year winter SST effects were not detected for

year-1 cod and do not show persistence after year-4 (Table 2.16). We do not detect a birth-year SST

effect for any age in Georges Bank (Table 2.17).

Decomposing NAO’s effect on adult cod biomass decline since 1980

NAO has generally been in a positive phase over the last few decades (Figure 2, Panel (E)). We are

interested in examining the contribution of these recent positive NAO events on the observed overall
8We prefer to use surveyed adult biomass as a proxy for “spawning stock biomass” (SSB) because constructing SSB

requires cohort-specific weights that are typically based on modeling assumptions.
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decline in adult cod biomass since 1980 as shown in Panels (C) and (D) of Figure 2. We first estimate

an aggregate version of Eq. 2.5.2 across cod ages 2-6, adult bt =
∑6
a=2 bat:

log(adult bt) = αA +
L∑
τ=0

βAτNAOt−τ +
N∑
p=1

γApt
p + εAt (2.5.3)

where αA is a constant, βAτ captures the linear effect of NAO τ periods ago and γAp captures the effect

of a pth-order polynomial time trend. Following our earlier age-specific biomass regressions, we include

up to 6 lagged NAO terms such that L = 6. Odd numbered columns in Table 2.11 show estimates of

βτ for the Gulf of Maine fishery. Results are equivalent to a biomass weighted sum of estimates from

Table 2.3. Using a 3rd-order polynomial time trend displayed in Column (5), a 1% increase in NAO

4, 5, and 6 years ago lowers current adult cod biomass by 8%, 6% and 11% respectively. These effects

are relatively stable across 2nd-4th order polynomial time trend specifications but do change when

only a linear time trend is included. Similar results are shown for the Georges Bank fishery in Table

2.12. With a 3rd-order polynomial time trend as shown in Column (5), a 1% increase in NAO 3, 4, 5,

and 6 years ago lowers current adult cod biomass by 8%, 10%, 9% and 7% respectively. Results are

largely robust to the order of the polynomial time trend. Even numbered columns of Tables 2.11 and

2.12 also include an additional control for previous year catch. As discussed above, this specification

contains a “proxy control” problem and is not preferred. For both fisheries, our results are unaffected

by the inclusion of previous year catch.

To construct the decomposition shown in Panels (C) and (D) of Figure 2, we perform the following

procedure (Hsiang and Jina, 2014):

1. Estimate Eq. 2.5.3 with L = 6 and N = 3 using the full sample.

2. Predict adult biomass without NAO using only secular time trends:
˜log(adult bt) =

∑N
p=1 γ̂Apt

p for t ∈ [1980, 2013].

3. Predict adult biomass with NAO starting in 1980 and secular time trends:
̂log(adult bt) = α̂A +

∑L
τ=0 β̂AτNAOt−τ +

∑N
p=1 γ̂Apt

p for t ∈ [1980, 2013].

Panels (C) and (D) of Figure 2 plot the observed adult biomass, log(adult bt) (black line), the predicted

adult biomass using only the secular time trend, ˜log(adult bt) (green line), and the predicted adult

biomass using both NAO and the secular time trend, ̂log(adult bt) (orange line). The orange line

represents a “counter-factual” catch trajectory in a world with no NAO variation while holding all
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other determinants unchanged. The green line examines adult cod dynamics with NAO “turned-on”

starting in 1980. The difference between the green and orange lines represent the added contribution

of the NAO on adult biomass. To get the percentage contribution in the overall adult biomass decline

due to the NAO from period t = s1 to t = s2, we calculate the following:

NAO contribution = (âdult bs2 − âdult bs1)− (ãdult bs2 − ãdult bs1)
(adult bs2 − adult bs1) (2.5.4)

In practice, due to noisy biomass values, we take the average values over the first 3 and last 3 years of

the sample period when applying Eq. 2.5.4. We find that the recent multi-decadal positive phase of

the NAO explains 18% of the overall decline in adult biomass in the Gulf of Maine between 1980-2013.

For the Georges Bank fishery, that contribution is 9% of the overall decline in adult biomass from

1980-2011.

Modeling NAO effects on cod catch

Cod catch is a function of cod biomass and fishing effort. By examining catch, we can indirectly

explore how fishing effort may have historically dampened or enhanced the direct biophysical impact

of birth-year NAO on biomass. We model commercial cod catch, catcht with the following regression

model:

log(catcht) = ψ +
L∑
τ=0

δτNAOt−τ +
N∑
p=1

κpt
p + µt (2.5.5)

where ψ is a constant, δτ captures the linear effect of NAO τ periods ago and κp captures the effect

of a pth-order polynomial time trend. As with Equation 2.5.2, standard errors use the Newey-West

adjustment allowing for arbitrary forms of serial correlation and heteroscedasticity in the error terms

over an optimally chosen window of time (Newey and West, 1987, 1994). Again, we estimate Equation

2.5.5 separately for the Gulf of Maine and Georges Bank cod fisheries.

Table 2.13 shows results for Equation 2.5.5 for the Gulf of Maine fishery in Column (1) and the

Georges Bank fishery in Column (2) and corresponds to Panels (A) and (B) of Figure 3 in the main

text respectively. The sample period is 1913-2013 for the Gulf of Maine and 1913-2011 for the Georges

Bank fishery. Lagged NAO terms up to 20 years prior are included in each model in addition to a

4th-order polynomial time trend. In the Gulf of Maine fishery, we find that a 1-unit increase in NAO

is associated with a -3 to -6% change in catch that lasts up to 19 years after the initial event. We

find persistent effects of similar magnitude for up to 15 years after a 1-unit increase in NAO for the
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Georges Bank fishery.

Model selection tests

In Tables 2.14 and 2.15 we conduct goodness-of-fit and unit-root tests separately for versions of Equa-

tion 2.5.5 while varying lag number L (across rows) and the order number of the polynomial time trend

N (across columns). For the Gulf of Maine, Table 2.14 demonstrates that the AIC statistic generally

decreases as the lag number increases up to 20 years prior. The AIC statistic is also minimized for

models with longer lag specifications and with higher order polynomial time trends. The Dickey-Fuller

Generalized Least Square (DF-GLS) test rejects the presence of a unit root for our benchmark specifi-

cation with L = 20 and p = 4. Table 2.15 provides diagnostics for the Georges Bank fishery and shows

a similar pattern of test results.

Decomposing NAO’s effect on cod catch decline since 1980

Panels (C) and (D) of Figure 3 performs a decomposition of NAO’s contribution to the overall decline

in commercial cod catch since 1980 using a procedure that is identical to that detailed for adult biomass

in Section 2.5.2. Using Eq. 2.5.4 but for catch, we find that the recent multi-decadal positive phase

of the NAO since 1980 explains 32% and 7% of the overall decline in catch in the Gulf of Maine and

Georges Bank fisheries respectively.
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2.5.3 Figures

Figure 2.4: Birth-year NAO effect using SLP and PC-based winter NAO indices
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Notes: Top and bottom panels show regression coefficients representing the effect of a 1-unit increase in birth-year NAO
on a cod cohort as it matures from age 1 to 6 for the Gulf of Maine and Georges Bank stocks, respectively. Each
coefficient comes from a separate multiple regression model (see Eq. 2.5.2). Green shows effects using the station NAO
index based on sea-level pressure (SLP) differences. Blue shows effects using a principal-component based NAO index.
Both NAO indices standardized to zero mean and unit variance. 90% confidence interval shown.
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Figure 2.5: Testing for nonlinearities in birth-year NAO effect
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B) Georges Bank
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Notes: Plots test the linearity of birth-year NAO effect on age-specific surveys biomass for ages 1-6 Gulf of Maine
(Panel A) and Georges Bank (Panel B). Both variables are first regressed on post-birth-year NAO, birth-year spawning
stock in levels and logs, and a 3rd-order polynomial time trend (see Eq. 2.5.2). Residuals are then fitted using a
local polynomial regression with an Epanechnikov kernel and “rule-of-thumb” bandwidth (Fan and Gijbels, 1996). 90%
confidence intervals shown.
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Figure 2.6: Testing for time-invariant NAO-recruitment effect
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Notes: Plots birth-year NAO recruitment (i.e. age-1 cod) effect for Gulf of Maine using a 20-year moving window. Mean
year of each estimation window shown on x-axis. Model specification from Eq. 2 of main text with 3rd-order polynomial
time trend. Serial correlation and heteroscedasticity robust Newey-West standard errors with optimal bandwidth. 90%
confidence intervals shown. Horizontal red lines show 90% confidence interval for the full sample effect.
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2.5.4 Tables

Table 2.1: Trend selection for winter NAO effects on sea surface temperatures in Gulf of Maine

Dep. var. is average winter SST (DJFM)

(1) (2) (3) (4)

NAOt 0.0206 0.0442** 0.0453*** 0.0458**
[0.0325] [0.0188] [0.0154] [0.0200]

Observations 32 32 32 32
Sample period 1982-2013 1982-2013 1982-2013 1982-2013
Number of trends 1 2 3 4

AIC 51.85 36.98 36.91 36.99
Newey-West bandwidth 16 16 16 16
Notes: Each column shows the coefficient from a time-series regression of
winter SST (DJFM), in degrees Celsius, averaged over grid-cells in the Gulf
of Maine fishery on NAO. Order of polynomial time trend varies across
columns. Serial correlation and heteroscedasticity robust Newey-West stan-
dard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1

Table 2.2: Trend selection for winter NAO effects on sea surface temperatures in Georges Bank

Dep. var. is average winter SST (DJFM)

(1) (2) (3) (4)

NAOt 0.0597 0.0849*** 0.0808*** 0.0813**
[0.0460] [0.0320] [0.0308] [0.0362]

Observations 32 32 32 32
Sample period 1982-2013 1982-2013 1982-2013 1982-2013
Number of time trends 1 2 3 4

AIC 70.68 63.13 62.66 62.59
Newey-West bandwidth 16 16 16 16
Notes: Each column shows the coefficient from a time-series regression of
winter SST (DJFM), in degrees Celsius, averaged over grid-cells in the
George’s Bank fishery on NAO. Order of polynomial time trend varies across
columns. Serial correlation and heteroscedasticity robust Newey-West stan-
dard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Table 2.3: Effects of NAO on age-specific biomass in Gulf of Maine
Dep. var. is log cohort-specific spring cod biomass

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
age=1 age=1 age=2 age=2 age=3 age=3 age=4 age=4 age=5 age=5 age=6 age=6

mean biomass (in kg) 0.0200 0.0200 0.200 0.200 0.730 0.730 1.320 1.320 1.230 1.230 0.880 0.880

NAOt -0.0258 -0.0234 0.115* 0.118* 0.0821 0.0980* -0.00496 -0.00873 0.00913 -0.0185 -0.0744 -0.100
[0.0517] [0.0519] [0.0673] [0.0684] [0.0662] [0.0564] [0.110] [0.119] [0.0610] [0.101] [0.0768] [0.0854]

NAOt−1 -0.165*** -0.164*** 0.0527 0.0526 0.0784*** 0.0857*** 0.0499 0.0500 -0.0974 -0.0971 -0.107* -0.118**
[0.0503] [0.0394] [0.0871] [0.0851] [0.0219] [0.0198] [0.0621] [0.0729] [0.0971] [0.0630] [0.0558] [0.0526]

NAOt−2 -0.215*** -0.204** 0.0299 0.0658 0.0176 0.00711 0.110*** 0.0760 -0.158* -0.198**
[0.0488] [0.0697] [0.0781] [0.122] [0.0456] [0.113] [0.0411] [0.0902] [0.0903] [0.100]

NAOt−3 -0.0690*** -0.0282 0.0317 0.0200 -0.0270 -0.0681 0.0236 -0.0180
[0.0243] [0.0929] [0.0392] [0.126] [0.0359] [0.0822] [0.0416] [0.0547]

NAOt−4 -0.116*** -0.117*** 0.0325 0.0245 -0.0293 -0.0377
[0.0496] [0.0448] [0.0875] [0.111] [0.0609] [0.0643]

NAOt−5 -0.213*** -0.179* -0.0298 -0.00594
[0.0424] [0.106] [0.0784] [0.0806]

NAOt−6 -0.226*** -0.231***
[0.0391] [0.0562]

catcht−1 -0.0634 -0.0244 -0.0879 0.0265 0.101 0.0906*
[0.0883] [0.0564] [0.154] [0.195] [0.151] [0.0483]

adult biomasst−age 0.170 0.171 0.212 0.212 0.164*** 0.165** -0.000259 -0.00216 0.0770 0.0825 0.191 0.242
[0.191] [0.179] [0.175] [0.180] [0.0566] [0.0770] [0.149] [0.174] [0.167] [0.182] [0.178] [0.160]

ln[adult biomasst−age] -0.618 -0.592 -0.759 -0.751 -0.943*** -0.977** -0.0211 0.0204 -0.200 -0.131 -0.636 -0.864
[0.689] [0.669] [0.879] [0.898] [0.358] [0.390] [0.539] [0.403] [0.889] [0.808] [0.910] [0.858]

Observations 43 43 42 42 41 41 40 40 39 39 38 38
Sample period 1971-2013 1971-2013 1972-2013 1972-2013 1973-2013 1973-2013 1974-2013 1974-2013 1975-2013 1975-2013 1976-2013 1976-2013
Number of trends 3 3 3 3 3 3 3 3 3 3 3 3
Newey-West bandwidth 17 17 17 17 2 11 17 17 17 17 17 9
Notes: Each column shows coefficients from a time-series regression model of log cohort-specific spring cod biomass on current and past NAO, adult biomass (ages 2 and up) from the spawning
year of that cohort, and trend terms. Some models additionally include control for previous year catch. Coefficients shaded in gray capture birth-year NAO effects. Coefficients in bold correspond
to coefficients shown in Figure 2 of the main text. Serial correlation and heteroscedasticity robust Newey-West standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Table 2.4: Trend selection tests for age-specific biomass models in Gulf of Maine

Number of trend terms
(1) (2) (3) (4) (5)

Panel (1) Dep. var. is age 1 cohort biomass
NAOt−1 -0.147** -0.162*** -0.165*** -0.165*** -0.150****

[0.0574] [0.0527] [0.0502] [0.0502] [0.0522]

Dickey-Fuller p-value *** *** *** *** −
AIC 150.9 152.8 152.5 152.5 151.8

Panel (2) Dep. var. is age 2 cohort biomass
NAOt−2 -0.210*** -0.227*** -0.215*** -0.216*** -0.203***

[0.0392] [0.0620] [0.0488] [0.0490] [0.0563]

Dickey-Fuller p-value − − − − ***
AIC 139.5 141.4 142.0 140.3 136.7

Panel (3) Dep. var. is age 3 cohort biomass
NAOt−3 -0.0669** -0.0759*** -0.0690*** -0.0696*** -0.0633**

[0.0330] [0.0245] [0.0242] [0.0252] [0.0323]

Dickey-Fuller p-value *** *** *** *** ***
AIC 117.4 119.4 118.7 118.8 117.2

Panel (4) Dep. var. is age 4 cohort biomass
NAOt−4 -0.0969*** -0.116** -0.116** -0.116** -0.0761*

[0.0336] [0.0495] [0.0497] [0.0501] [0.0452]

Dickey-Fuller p-value − − − − ***
AIC 115.7 117.4 117.4 117.3 116.0

Panel (5) Dep. var. is age 5 cohort biomass
NAOt−5 -0.217*** -0.213*** -0.213*** -0.212*** -0.211***

[0.0370] [0.0424] [0.0424] [0.0425] [0.0437]

Dickey-Fuller p-value ** * ** − −
AIC 123.3 125.3 125.0 125.0 124.9

Panel (6) Dep. var. is age 6 cohort biomass
NAOt−6 -0.156*** -0.221*** -0.226*** -0.223*** -0.220***

[0.0435] [0.0545] [0.0389] [0.0394] [0.0399]

Dickey-Fuller p-value − − − − −
AIC 113.6 113.7 102.3 102.0 101.7
Notes: Each column and row shows statistics from separate time-series regressions.
Each panel uses a different age cohort biomass as the dependent variable. Order of
polynomial time trend varies across columns. Table shows birth-year NAO effects with
coefficients in bold corresponding to that shown in Figure 2 of the main text. Model
AIC statistic and p-value from Dickey-Fuller tests model residual against the presence
of a unit root also shown. *** p<0.01, ** p<0.05, * p<0.1, − p>0.1
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Table 2.5: Lag selection tests for age-specific biomass models in Gulf of Maine

Additional pre-birth-year NAO terms
birth-year
NAO only (1) (2) (3) (4) (5) (6)

Panel (1) Dep. var. is age 1 cohort biomass
NAOt−1 -0.166*** -0.165*** -0.147** -0.163** -0.190*** -0.191*** -0.155**

[0.0523] [0.0502] [0.0623] [0.0721] [0.0676] [0.0626] [0.0638]

Dickey-Fuller p-value ** *** *** *** * * ***
AIC 152.6 152.5 155.6 156.9 155.9 157.9 158.3

Panel (2) Dep. var. is age 2 cohort biomass
NAOt−2 -0.235*** -0.215*** -0.209*** -0.242*** -0.243*** -0.284***

[0.0321] [0.0488] [0.0486] [0.0411] [0.0556] [0.0734]

Dickey-Fuller p-value − − − *** *** ***
AIC 140.3 142.0 143.9 139.7 141.7 141.1

Panel (3) Dep. var. is age 3 cohort biomass
NAOt−3 -0.0905*** -0.0690*** -0.0657** -0.0740** -0.0663**

[0.0276] [0.0242] [0.0284] [0.0340] [0.0312]

Dickey-Fuller p-value *** *** *** *** ***
AIC 117.5 118.7 120.6 124.1 125.6

Panel (4) Dep. var. is age 4 cohort biomass
NAOt−4 -0.123*** -0.116** -0.103** -0.155***

[0.0275] [0.0497] [0.0482] [0.0357]

Dickey-Fuller p-value − − − −
AIC 112.1 117.4 118.7 114.0

Panel (5) Dep. var. is age 5 cohort biomass
NAOt−5 -0.199*** -0.213*** -0.204***

[0.0706] [0.0424] [0.0463]

Dickey-Fuller p-value * ** −
AIC 120.0 125.0 126.9

Panel (6) Dep. var. is age 6 cohort biomass
NAOt−6 -0.170** -0.226***

[0.0667] [0.0389]
Dickey-Fuller p-value − −
AIC 102.1 102.3
Notes: Each column and row shows statistics from separate time-series regressions. Each panel uses a different
age cohort biomass as dependent variable. First column includes only birth-year NAO term. Each subsequent
column further includes an additional lagged NAO term. All models include a 3rd-order polynomial time trend.
Table shows birth-year NAO effects with coefficients in bold corresponding to that shown in Figure 2 of the
main text. Model AIC statistic and p-value from Dickey-Fuller tests model residual against the presence of a
unit root also shown. *** p<0.01, ** p<0.05, * p<0.1, − p>0.1
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Table 2.6: Intergenerational effects of NAO on age-specific biomass in Gulf of Maine

Dep. var. is log age-specific spring cod biomass

(1) (2) (3) (4)
Age 1 Age 2 Age 3 Age 4

mean biomass (in kg) 0.0200 0.200 0.730 1.320

NAOt -0.165** 0.0166 0.108 -0.0932
[0.0788] [0.103] [0.0724] [0.0757]

NAOt−1 -0.155** 0.0364 0.0444 0.110***
[0.0641] [0.0860] [0.0336] [0.0268]

NAOt−2 -0.187 -0.284*** 0.0534 -0.101**
[0.135] [0.0735] [0.0794] [0.0433]

NAOt−3 -0.0721 -0.0139 -0.0663** 0.00389
[0.108] [0.0799] [0.0311] [0.0170]

NAOt−4 -0.220** -0.248*** 0.00370 -0.155***
[0.0977] [0.0886] [0.0560] [0.0357]

NAOt−5 0.0225 0.00923 -0.0712 0.00291
[0.0724] [0.0864] [0.0545] [0.0370]

NAOt−6 -0.154*** -0.0795 0.0558 -0.249***
[0.0554] [0.113] [0.0829] [0.0580]

Observations 43 42 41 40
Sample period 1971-2013 1972-2013 1973-2013 1974-2013
Number of trends 3 3 3 3
Newey-West bandwidth 17 6 13 17
Notes: Each column shows coefficients from a time-series regression of
log age-specific spring cod biomass on current and past NAO. Coefficients
shaded in gray capture birth-year NAO effects. All models include a 3rd-
order polynomial time trend. Serial correlation and heteroscedasticity ro-
bust Newey-West standard errors with optimal bandwidth. *** p<0.01, **
p<0.05, * p<0.1



C
H

A
PT

ER
2.

C
O

D
C

O
LLA

PSE
A

N
D

C
LIM

AT
E

35

Table 2.7: Effects of NAO on age-specific biomass in Georges Bank
Dep. var. is log cohort-specific spring cod biomass

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
age=1 age=1 age=2 age=2 age=3 age=3 age=4 age=4 age=5 age=5 age=6 age=6

mean biomass (in kg) 0.120 0.120 0.790 0.790 2.410 2.410 2.760 2.760 2.680 2.680 1.290 1.290

NAOt 0.0649 0.00288 0.0348 0.0702* -0.0430*** -0.0427** -0.0442 -0.00377 -0.0882* -0.0510 -0.0477 -0.0904
[0.0408] [0.0788] [0.0351] [0.0396] [0.0158] [0.0196] [0.0593] [0.0515] [0.0456] [0.0462] [0.0551] [0.0789]

NAOt−1 0.0898 0.0643 0.0601 0.0721 0.0964** 0.0964** -0.0423 -0.0330 -0.0387 -0.0373 -0.0755 -0.0911*
[0.148] [0.159] [0.0491] [0.0492] [0.0485] [0.0480] [0.0589] [0.0623] [0.0576] [0.0565] [0.0538] [0.0490]

NAOt−2 -0.0560** -0.0332 -0.0605 -0.0602 -0.0657** -0.0413* -0.149*** -0.132* -0.118 -0.110
[0.0230] [0.0300] [0.0632] [0.0705] [0.0315] [0.0234] [0.0503] [0.0707] [0.102] [0.0990]

NAOt−3 -0.0883 -0.0882 -0.0816** -0.0637* -0.0947** -0.0887* -0.0910 -0.0953
[0.0586] [0.0559] [0.0377] [0.0326] [0.0478] [0.0476] [0.0997] [0.0930]

NAOt−4 -0.0690* -0.0860** -0.0901 -0.103 -0.104 -0.0593
[0.0357] [0.0374] [0.0713] [0.0787] [0.0813] [0.0651]

NAOt−5 -0.0609* -0.0918 -0.112** -0.0711
[0.0354] [0.0588] [0.0448] [0.0471]

NAOt−6 0.00256 0.0654***
[0.0333] [0.0253]

catcht−1 0.0.0518* -0.0259** -0.000191 -0.0276** -0.0266 0.0416**
[0.0287] [0.0116] [0.00832] [0.0133] [0.0250] [0.0166]

adult biomasst−age -0.0305*** -0.0365*** -0.0441*** -0.0443*** -0.0214*** -0.0214*** -0.0161*** -0.0171*** -0.0499*** -0.0533*** -0.0398*** -0.0358***
[0.0118] [0.0116] [0.00604] [0.00538] [0.00629] [0.00765] [0.00421] [0.00564] [0.00817] [0.00770] [0.00993] [0.00906]

ln[adult biomasst−age] 1.069* 0.921** 0.725*** 0.801*** 0.201 0.202 0.0683 0.0534 0.479** 0.477** 0.597** 0.479*
[0.562] [0.454] [0.202] [0.181] [0.158] [0.180] [0.146] [0.153] [0.233] [0.216] [0.292] [0.261]

Observations 33 33 32 32 31 31 30 30 29 29 28 28
Sample period 1979-2011 1979-2011 1980-2011 1980-2011 1981-2011 1981-2011 1982-2011 1982-2011 1983-2011 1983-2011 1984-2011 1984-2011
Number of trends 3 3 3 3 3 3 3 3 3 3 3 3
Newey-West bandwidth 16 16 16 16 16 16 16 16 16 16 16 16
Notes: Each column shows coefficients from a time-series regression model of log cohort-specific spring cod biomass on current and past NAO, adult biomass (ages 2 and up) from the spawning
year of that cohort, and trend terms. Some models additionally include control for previous year catch. Coefficients shaded in gray capture birth-year NAO effects. Coefficients in bold correspond
to coefficients shown in Figure 2 of the main text. Serial correlation and heteroscedasticity robust Newey-West standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Table 2.8: Trend selection tests for age-specific biomass models in Georges Bank

Number of trend terms
(1) (2) (3) (4) (5)

Panel (1) Dep. var. is age 1 cohort biomass
NAOt−1 0.0606 0.0992 0.0898 0.0901 0.0906

[0.109] [0.147] [0.149] [0.149] [0.149]

Dickey-Fuller p-value *** *** *** *** ***
AIC 126.1 127.1 126.2 126.2 126.2

Panel (2) Dep. var. is age 2 cohort biomass
NAOt−2 -0.0721*** -0.0322 -0.0560** -0.0570** -0.0578**

[0.0152] [0.0271] [0.0239] [0.0256] [0.0282]

Dickey-Fuller p-value * ** ** ** **
AIC 77.03 72.47 70.02 69.94 69.87

Panel (3) Dep. var. is age 3 cohort biomass
NAOt−3 -0.123* -0.101* -0.0883 -0.0881 -0.0879

[0.0682] [0.0594] [0.0584] [0.0581] [0.0575]

Dickey-Fuller p-value ** − − − −
AIC 74.37 74.79 76.30 74.31 74.34

Panel (4) Dep. var. is age 4 cohort biomass
NAOt−4 -0.114*** -0.102*** 0.0811 -0.0681 -0.0674

[0.0284] [0.0271] [0.0649] [0.0451] [0.0413]

Dickey-Fuller p-value − − − − −
AIC 75.70 77.55 77.22 74.67 74.77

Panel (5) Dep. var. is age 5 cohort biomass
NAOt−5 -0.0400 -0.0722*** -0.0609* -0.0596* -0.0583

[0.0274] [0.0271] [0.0358] [0.0344] [0.0431]

Dickey-Fuller p-value *** *** *** *** ***
AIC 82.58 83.87 84.48 80.36 82.24

Panel (6) Dep. var. is age 6 cohort biomass
NAOt−6 0.0130 -0.0444* -0.112*** 0.00583 0.00912

[0.0253] [0.0260] [0.0431] [0.0362] [0.700]

Dickey-Fuller p-value − ** − − −
AIC 87.33 87.39 85.62 85.52 83.43
Notes: Each column and row shows statistics from separate time-series regressions.
Each panel uses a different age cohort biomass as the dependent variable. Order of
polynomial time trend varies across columns. Table shows birth-year NAO effects with
coefficients in bold corresponding to that shown in Figure 2 of the main text. Model
AIC statistic and p-value from Dickey-Fuller tests model residual against the presence
of a unit root also shown. *** p<0.01, ** p<0.05, * p<0.1, − p>0.1
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Table 2.9: Lag selection tests for age-specific biomass models in Georges Bank

Additional pre-birth-year NAO terms
birth-year
NAO only (1) (2) (3) (4) (5) (6)

Panel (1) Dep. var. is age 1 cohort biomass
NAOt−1 0.0953 0.0898 0.0787 0.0647 0.0262 0.0442 0.0381

[0.152] [0.149] [0.148] [0.147] [0.158] [0.148] [0.151]

Dickey-Fuller p-value *** *** *** *** − − −
AIC 126.5 126.2 127.4 126.6 127.6 129.4 133.4

Panel (2) Dep. var. is age 2 cohort biomass
NAOt−2 -0.0590** -0.0560** -0.0559* -0.0705** -0.0708** -0.0527

[0.0294] [0.0239] [0.0299] [0.0318] [0.0303] [0.0361]

Dickey-Fuller p-value ** ** ** ** ** **
AIC 69.91 70.02 69.64 71.94 73.86 77.51

Panel (3) Dep. var. is age 3 cohort biomass
NAOt−3 -0.102* -0.0883 -0.0907 -0.0989* -0.0973*

[0.0569] [0.0584] [0.0593] [0.0562] [0.0568]

Dickey-Fuller p-value − − − − −
AIC 71.45 76.30 77.99 79.08 79.03

Panel (4) Dep. var. is age 4 cohort biomass
NAOt−4 -0.0357 -0.0690* -0.0710 -0.0767*

[0.0400] [0.0357] [0.0437] [0.0405]

Dickey-Fuller p-value *** *** *** ***
AIC 69.42 74.57 77.22 79.10

Panel (5) Dep. var. is age 5 cohort biomass
NAOt−5 -0.0404 -0.0609* -0.0651

[[0.0362] [0.0358] [0.0434]

Dickey-Fuller p-value *** *** ***
AIC 77.59 84.48 86.37

Panel (6) Dep. var. is age 6 cohort biomass
NAOt−6 0.0574* 0.00256

[0.0315] [0.0343]

Dickey-Fuller p-value ** −
AIC 77.90 87.62
Notes: Each column and row shows statistics from separate time-series regressions. Each panel uses a different
age cohort biomass as dependent variable. First column includes only birth-year NAO term. Each subsequent
column further includes an additional lagged NAO term. All models include a 3rd-order polynomial time trend.
Table shows birth-year NAO effects with coefficients in bold corresponding to that shown in Figure 2 of the
main text. Model AIC statistic and p-value from Dickey-Fuller tests model residual against the presence of a
unit root also shown. *** p<0.01, ** p<0.05, * p<0.1, − p>0.1
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Table 2.10: Intergenerational effects of NAO on age-specific biomass in Georges Bank

Dep. var. is log age-specific spring cod biomass

(1) (2) (3) (4)
Age 1 Age 2 Age 3 Age 4

mean biomass (in kg) 0.120 0.790 2.410 2.760

NAOt -0.0169 0.0337 -0.0345 -0.0707**
[0.0914] [0.0240] [0.0293] [0.0345]

NAOt−1 0.0381 0.0370 0.0688 -0.0116
[0.151] [0.0591] [0.0419] [0.0305]

NAOt−2 0.0800 -0.0527 -0.0694 -0.0814***
[0.0745] [0.0396] [0.0624] [0.0161]

NAOt−3 -0.133 0.0298 -0.0973* -0.0661*
[0.150] [0.0422] [0.0568] [0.0399]

NAOt−4 -0.232 -0.0693 -0.0352 -0.0767*
[0.179] [0.0628] [0.0360] [0.0394]

NAOt−5 0.0519 -0.0212 -0.0658 0.0831
[0.121] [0.0688] [0.0492] [0.0768]

NAOt−6 0.0285 0.0387 0.0174 -0.0244
[0.0358] [0.0513] [0.0326] [0.0917]

Observations 33 32 31 30
Sample period 1979-2011 1980-2011 1981-2011 1982-2011
Number of trends 3 3 3 3
Newey-West bandwidth 16 16 16 16
Notes: Each column shows coefficients from a time-series regression of
log age-specific spring cod biomass on current and past NAO. Coefficients
shaded in gray capture birth-year NAO effects. All models include a 3rd-
order polynomial time trend. Serial correlation and heteroscedasticity ro-
bust Newey-West standard errors with optimal bandwidth. *** p<0.01, **
p<0.05, * p<0.1
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Table 2.11: Effects of NAO on adult cod biomass in Gulf of Maine

Dep. var. is log adult (ages 2-6) surveyed biomass

(1) (2) (3) (4) (5) (6) (7) (8)
mean biomass (kg) 4.350 4.350 4.350 4.350 4.350 4.350 4.350 4.350

NAOt 0.0256 0.0255 -0.0181 -0.0179 -0.0181 -0.0160 -0.0178 -0.0167
[0.0431] [0.0497] [0.0390] [0.0421] [0.0380] [0.0383] [0.0389] [0.0393]

NAOt−1 0.0338 0.0338 0.0190 0.0191 0.0168 0.0158 0.0181 0.0176
[0.0349] [0.0358] [0.0361] [0.0364] [0.0397] [0.0395] [0.0397] [0.0403]

NAOt−2 0.0362 0.0360 -0.0146 -0.0142 -0.0147 -0.0112 -0.0142 -0.0123
[0.0272] [0.0321] [0.0255] [0.0255] [0.0247] [0.0235] [0.0253] [0.0245]

NAOt−3 0.0483*** 0.0482** 0.0199 0.0203 0.0202 0.0243 0.0202 0.0225
[0.0131] [0.0201] [0.0184] [0.0172] [0.0198] [0.0211] [0.0192] [0.0215]

NAOt−4 -0.0365 -0.0367 -0.0765*** -0.0759** -0.0772*** -0.0726** -0.0766*** -0.0741**
[0.0249] [0.0447] [0.0274] [0.0384] [0.0289] [0.0360] [0.0293] [0.0354]

NAOt−5 -0.0452 -0.0452 -0.0601* -0.0602 -0.0616* -0.0641* -0.0606* -0.0621*
[0.0387] [0.0416] [0.0364] [0.0388] [0.0327] [0.0367] [0.0335] [0.0370]

NAOt−6 -0.0575 -0.0576 -0.108** -0.108** -0.108* -0.107* -0.108* -0.107**
[0.0534] [0.0515] [0.0541] [0.0535] [0.0555] [0.0552] [0.0551] [0.0548]

catcht−1 0.00334 -0.00837 -0.0804 -0.0445
[0.342] [0.214] [0.147] [0.152]

Observations 44 44 44 44 44 44 44 44
Sample period 1970-2013 1970-2013 1970-2013 1970-2013 1970-2013 1970-2013 1970-2013 1970-2013
Number of trends 1 1 2 2 3 3 4 4
Newey-West bandwidth 17 17 17 17 17 17 17 17
Notes: Each column shows coefficients from a time-series regression model of log adult (ages 2-6) surveyed biomass on current and
past NAO and time-trend terms. Models in even numbered columns additionally include control for previous year catch. Serial
correlation and heteroscedasticity robust Newey-West standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Table 2.12: Effects of NAO on adult cod biomass in Georges Bank

Dep. var. is log adult (ages 2-6) surveyed biomass

(1) (2) (3) (4) (5) (6) (7) (8)
mean biomass (kg) 9.930 9.930 9.930 9.930 9.930 9.930 9.930 9.930

NAOt -0.0181 0.00103 -0.0366* -0.0131 -0.0311 -0.0133 -0.0303 -0.0133
[0.0223] [0.0186] [0.0205] [0.0180] [0.0208] [0.0165] [0.0210] [0.0159]

NAOt−1 0.00294 0.0161 -0.0110 0.00417 -0.00822 0.00390 -0.00803 0.00382
[0.0261] [0.0255] [0.0261] [0.0243] [0.0269] [0.0247] [0.0283] [0.0257]

NAOt−2 -0.0730 -0.0682 -0.0886* -0.0909** -0.0834** -0.0896** -0.0823** -0.0890**
[0.0473] [0.0474] [0.0461] [0.0425] [0.0417] [0.0411] [0.0406] [0.0394]

NAOt−3 -0.0975* -0.0888 -0.107** -0.0976 -0.103* -0.0971* -0.102* -0.0968*
[0.0531] [0.0544] [0.0544] [0.0604] [0.0547] [0.0589] [0.0544] [0.0550]

NAOt−4 -0.0767*** -0.0757*** -0.0920*** -0.102** -0.0891*** -0.100** -0.0882*** -0.0998***
[0.0269] [0.0285] [0.0276] [0.0415] [0.0290] [0.0420] [0.0296] [0.0377]

NAOt−5 -0.0593 -0.0648 -0.0671 -0.0837* -0.0738* -0.0843* -0.0739* -0.0843*
[0.0413] [0.0420] [0.0409] [0.0456] [0.0442] [0.0453] [0.0432] [0.0466]

NAOt−6 -0.0165 -0.0317 -0.0299 -0.0697*** -0.0330 -0.0679*** -0.0324 -0.0672***
[0.0323] [0.0287] [0.0346] [0.0224] [0.0311] [0.0212] [0.0311] [0.0219]

catcht−1 -0.243** -0.476** -0.446 -0.436
[0.113] [0.242] [0.300] [0.276]

Observations 34 34 34 34 34 34 34 34
Sample period 1978-2011 1978-2011 1978-2011 1978-2011 1978-2011 1978-2011 1978-2011 1978-2011
Number of trends 1 1 2 2 3 3 4 4
Newey-West bandwidth 16 16 16 12 16 13 16 16
Notes: Each column shows coefficients from a time-series regression model of log adult (ages 2-6) surveyed biomass on current and
past NAO and time-trend terms. Models in even numbered columns additionally include control for previous year catch. Serial
correlation and heteroscedasticity robust Newey-West standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Table 2.13: Effects of NAO on commercial cod catch for both fisheries
Dep. var. is log commercial catch

(1) (2)
GOM GB

NAOt 0.0318* -0.0245
[0.0180] [0.0226]

NAOt−1 0.000101 -0.0387***
[0.0178] [0.00970]

NAOt−2 0.00948 -0.0376***
[0.0179] [0.0104]

NAOt−3 0.00426 -0.0560***
[0.0244] [0.0151]

NAOt−4 -0.0282** -0.0296**
[0.0120] [0.0123]

NAOt−5 -0.0546*** -0.0488**
[0.0161] [0.0211]

NAOt−6 -0.0439*** -0.0387**
[0.0122] [0.0176]

NAOt−7 -0.0407*** -0.0130
[0.0156] [0.0189]

NAOt−8 -0.0268** -0.00679
[0.0123] [0.0187]

NAOt−9 -0.0519*** -0.0228
[0.0162] [0.0145]

NAOt−10 -0.0377* -0.0261*
[0.0204] [0.0135]

NAOt−11 -0.0385*** -0.0343***
[0.0127] [0.0128]

NAOt−12 -0.0458*** -0.0374***
[0.00779] [0.0128]

NAOt−13 -0.0647*** -0.0377***
[0.00854] [0.0110]

NAOt−14 -0.0461*** -0.0375***
[0.00900] [0.0136]

NAOt−15 -0.0292*** -0.0443***
[0.00896] [0.0140]

NAOt−16 -0.0226** -0.00173
[0.0115] [0.0131]

NAOt−17 -0.0204* 0.0119
[0.0121] [0.0188]

NAOt−18 -0.0362*** 0.00593
[0.0124] [0.0152]

NAOt−19 -0.0362*** 0.00219
[0.0140] [0.0190]

NAOt−20 0.0167 0.0100
[0.0133] [0.0237]

Observations 101 99
Sample period 1913-2013 1913-2011
Newey-West bandwidth 21 20
Notes: Each column shows coefficients from a time-
series regression of log commercial landing on cur-
rent and past NAO and a 4th-order polynomial time
trend. Serial correlation and heteroscedasticity ro-
bust Newey-West standard errors with optimal band-
width. *** p<0.01, ** p<0.05, * p<0.1
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Table 2.14: Trend and lag selection tests on catch models in Gulf of Maine

Number of trend terms
(1) (2) (3) (4) (5)

NAOt−1
Dickey-Fuller test − − − − −
AIC 144.4 143.3 133.8 114.2 99.78
NAOt−2
Dickey-Fuller test − − ** − −
AIC 140.4 138.1 130.6 114.9 98.64
NAOt−3
Dickey-Fuller test ** − *** − −
AIC 139.4 135.6 129.3 116.1 97.75
NAOt−4
Dickey-Fuller test * − *** − −
AIC 141.1 137.6 131.3 116.9 99.14
NAOt−5
Dickey-Fuller test * * *** − −
AIC 140.8 138.4 131.8 115 98.54
NAOt−6
Dickey-Fuller test * − ** − −
AIC 141.9 140.1 133.2 113.7 95.43
NAOt−7
Dickey-Fuller test ** * − − −
AIC 142.8 141.6 134.4 112.3 98.6
NAOt−8
Dickey-Fuller test − * * − −
AIC 143 142.6 135.3 110.9 101.6
NAOt−9
Dickey-Fuller test − * *** − −
AIC 141.7 142.2 134.9 106.7 100.6
NAOt−10
Dickey-Fuller test − − − − −
AIC 141.6 142.8 135.2 104.8 101.1
NAOt−11
Dickey-Fuller test − * − − −
AIC 141.9 143.5 136.1 102.3 100.6
NAOt−12
Dickey-Fuller test *** *** * − −
AIC 141.1 143 136 95.78 96.33
NAOt−13
Dickey-Fuller test *** *** *** − −
AIC 139.1 141.1 135.4 85.29 86.95
NAOt−14
Dickey-Fuller test *** *** *** − −
AIC 139.8 141.7 136.6 79.84 81.83
NAOt−15
Dickey-Fuller test *** *** ** − −
AIC 141.8 143.6 138.5 80.34 82.1
NAOt−16
Dickey-Fuller test *** *** − − −
AIC 143.7 145.4 140.5 80.21 81.23
NAOt−17
Dickey-Fuller test *** ** ** − −
AIC 144.4 145.7 142.1 80.54 78.83
NAOt−18
Dickey-Fuller test *** ** ** * *
AIC 143.4 143.7 142.6 76.91 76.77
NAOt−19
Dickey-Fuller test *** *** ** * −
AIC 142.3 141.3 141.9 75.59 72.6
NAOt−20
Dickey-Fuller test ** ** * *** ***
AIC 143.2 142.7 142.6 76.83 74.21
Notes: Each column shows statistics from a time-series regres-
sion of log commercial landing on current and past NAO. Order
of polynomial time trend varies across columns. AIC statistic
shown. Dickey-Fuller tests model residual against the presence
of a unit root. *** p<0.01, ** p<0.05, * p<0.1, − p>0.1
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Table 2.15: Trend and lag selection tests on catch models in Georges Bank

Number of trend terms
(1) (2) (3) (4) (5)

NAOt−1
Dickey-Fuller test * − − − −
AIC 191 162 120.1 94.6 64.24
NAOt−2
Dickey-Fuller test − − − − −
AIC 192.5 163.8 122.1 95.54 63.54
NAOt−3
Dickey-Fuller test − − − − −
AIC 192.8 165.7 123.5 93.05 64.46
NAOt−4
Dickey-Fuller test − − − − −
AIC 194.3 167.7 125.4 91.94 65.27
NAOt−5
Dickey-Fuller test * − − − −
AIC 194.1 169.1 125.9 84.96 62.68
NAOt−6
Dickey-Fuller test − − − − −
AIC 194.4 171 127.5 82.55 63.38
NAOt−7
Dickey-Fuller test * − − − −
AIC 195.8 172.9 129.5 83.79 61.19
NAOt−8
Dickey-Fuller test * − − − −
AIC 196.8 174.9 131.5 85.38 64.70
NAOt−9
Dickey-Fuller test * − − − −
AIC 196.3 176.6 133.3 85.77 68.7
NAOt−10
Dickey-Fuller test * − − − −
AIC 194.9 177.9 134.4 85.02 68.62
NAOt−11
Dickey-Fuller test ** * − − −
AIC 192.2 178.4 135.9 84.34 72
NAOt−12
Dickey-Fuller test ** * − − −
AIC 190.7 179.2 137.4 81.46 70.42
NAOt−13
Dickey-Fuller test * − ** − −
AIC 189.4 179.7 139.1 77.17 71.3
NAOt−14
Dickey-Fuller test * − ** − −
AIC 185.7 178.4 140.3 71.47 66.54
NAOt−15
Dickey-Fuller test − − ** − −
AIC 180.2 175.6 141.2 66.56 63.5
NAOt−16
Dickey-Fuller test ** * ** − −
AIC 176.6 174.9 143.2 68.53 67.49
NAOt−17
Dickey-Fuller test ** ** − − −
AIC 175.8 175.2 145 70.08 68.62
NAOt−18
Dickey-Fuller test ** ** − * −
AIC 175.5 175.5 146.6 72 68.49
NAOt−19
Dickey-Fuller test ** ** * ** *
AIC 172.4 173.3 148.4 73.95 70.34
NAOt−20
Dickey-Fuller test ** ** * *** **
AIC 173.4 174.5 149.9 75.68 73.75
Notes: Each column shows statistics from a time-series regres-
sion of log commercial landing on current and past NAO. Order
of polynomial time trend varies across columns. AIC statistic
shown. Dickey-Fuller tests model residual against the presence
of a unit root. *** p<0.01, ** p<0.05, * p<0.1, − p>0.1
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Table 2.16: Effects of SST on age-specific biomass in Gulf of Maine
Dep. var. is log cohort-specific spring cod biomass

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

SSTt 1.305* 1.272** 0.343 0.285 0.00843 -0.209 0.00325 -0.0812 -0.401 -0.220 0.431 0.473
[0.682] [0.645] [0.416] [0.335] [0.214] [0.198] [0.267] [0.317] [0.486] [0.453] [0.493] [0.411]

SSTt−1 -0.240 -0.291 0.741 0.776* 0.342* 0.376 -0.0224 -0.0725 0.704** 0.824** 0.0747 0.0863
[0.399] [0.400] [0.472] [0.433] [0.188] [0.267] [0.272] [0.295] [0.331] [0.327] [0.210] [0.194]

SSTt−2 -1.125** -1.229*** 0.0188 0.109 -0.0253 -0.0491 0.241 0.359 0.487 0.531
[0.480] [0.469] [0.263] [0.236] [0.219] [0.239] [0.255] [0.263] [0.393] [0.479]

SSTt−3 -1.294* -1.727*** -0.837*** -0.928*** -0.259 -0.0347 0.394* 0.466
[0.716] [0.571] [0.271] [0.359] [0.471] [0.612] [0.205] [0.356]

SSTt−4 -1.272*** -1.404*** -0.368 -0.123 -0.170 -0.0738
[0.408] [0.305] [0.267] [0.192] [0.155] [0.357]

SSTt−5 -0.808 -0.646 -0.0850 0.00983
[0.594] [0.662] [0.101] [0.264]

SSTt−6 -0.661 -0.665*
[0.432] [0.402]

catcht−1 -0.0764* -0.0819 -0.167*** -0.0545 0.0945** 0.0306
[0.0396] [0.0528] [0.0307] [0.0420] [0.0418] [0.0689]

adult biomasst−age 0.151 0.146 0.223 0.252 0.287** 0.437*** 0.0525 0.0791 0.164 0.156 -0.185 -0.144
[0.156] [0.151] [0.357] [0.374] [0.144] [0.139] [0.113] [0.0961] [0.195] [0.209] [0.277] [0.377]

ln[adult biomasst−age] -0.582 -0.486 -1.041 -1.106 -1.643* -2.290*** -0.267 -0.427 -0.553 -0.441 1.094 0.943
[0.750] [0.780] [1.752] [1.813] [0.878] [0.886] [0.485] [0.424] [0.887] [0.859] [1.529] [1.889]

Observations 31 31 30 30 29 29 28 28 27 27 26 26
Sample period 1983-2013 1983-2013 1984-2013 1984-2013 1985-2013 1985-2013 1986-2013 1986-2013 1987-2013 1987-2013 1988-2013 1988-2013
Number of trends 3 3 3 3 3 3 3 3 3 3 3 3
Newey-West bandwidth 16 16 15 14 13 13 12 10 15 15 15 15
Notes: Each column shows coefficients from a time-series regression model of log cohort-specific spring cod biomass on current and past SST, adult biomass (ages 2 and up) from the
spawning year of that cohort, and trend terms. Some models additionally include control for previous year catch. Coefficients shaded in gray capture birth-year SST effects. Serial
correlation and heteroscedasticity robust Newey-West standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Table 2.17: Effects of SST on age-specific biomass in Georges Bank
Dep. var. is log cohort-specific spring cod biomass

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
age=1 age=1 age=2 age=2 age=3 age=3 age=4 age=4 age=5 age=5 age=6 age=6

mean biomass (in kg) 0.12 0.12 0.79 0.79 2.41 2.41 2.76 2.76 2.68 2.68 1.29 1.29

SSTt 0.377** 0.325* 0.0636 0.0600 -0.0781 -0.0739 0.426*** 0.442*** -0.0917 -0.0816 -0.532* -0.536*
[0.160] [0.175] [0.199] [0.193] [0.0721] [0.0949] [0.0882] [0.107] [0.0947] [0.0956] [0.302] [0.299]

SSTt−1 -0.145 -0.0806 0.110 0.0888 -0.0688 -0.121 -0.252** -0.232* 0.196 0.252 -0.0284 0.0479
[0.155] [0.183] [0.126] [0.154] [0.105] [0.132] [0.117] [0.119] [0.129] [0.172] [0.221] [0.286]

SSTt−2 -0.319 -0.361* -0.00877 -0.0148 0.0693 0.0834 0.319*** 0.355** 0.697*** 0.700***
[0.232] [0.207] [0.120] [0.138] [0.137] [0.105] [0.111] [0.150] [0.241] [0.250]

SSTt−3 -0.344 -0.357 0.210** 0.217** -0.214 -0.181 -0.225 -0.208
[0.237] [0.242] [0.103] [0.107] [0.169] [0.169] [0.225] [0.250]

SSTt−4 0.163 0.183 0.856*** 0.891*** 0.312* 0.414*
[0.157] [0.219] [0.226] [0.267] [0.160] [0.225]

SSTt−5 0.416 0.455 0.754*** 0.772***
[0.317] [0.346] [0.186] [0.211]

SSTt−6 0.203 0.128
[0.247] [0.213]

catcht−1 0.0444 -0.0218* -0.0171 0.00544 0.0174 0.0477***
[0.0322] [0.0117] [0.0208] [0.0175] [0.0127] [0.00940]

adult biomasst−age -0.0407*** -0.0453*** -0.0488*** -0.0484*** -0.0393*** -0.0420*** -0.0176*** -0.0170** -0.0542*** -0.0488*** -0.0327*** -0.0234*
[0.0101] [0.00858] [0.00725] [0.00899] [0.00654] [0.00997] [0.00614] [0.00765] [0.00638] [0.00580] [0.01000] [0.0121]

ln[adult biomasst−age] 1.126*** 1.004*** 0.775*** 0.862*** 0.490*** 0.600** -0.242* -0.269 0.665*** 0.613*** 0.0640 0.0134
[0.417] [0.370] [0.158] [0.195] [0.190] [0.294] [0.142] [0.167] [0.136] [0.127] [0.270] [0.263]

Observations 29 29 28 28 27 27 26 26 25 25 24 24
Sample period 1983-2011 1983-2011 1984-2011 1984-2011 1985-2011 1985-2011 1986-2011 1986-2011 1987-2011 1987-2011 1988-2011 1988-2011
Number of trends 3 3 3 3 3 3 3 3 3 3 3 3
Newey-West bandwidth 16 16 16 16 11 9 15 15 15 15 14 15
Notes: Each column shows coefficients from a time-series regression model of log cohort-specific spring cod biomass on current and past SST, adult biomass (ages 2 and up) from the
spawning year of that cohort, and trend terms. Some models additionally include control for previous year catch. Coefficients shaded in gray capture birth-year SST effects. Serial
correlation and heteroscedasticity robust Newey-West standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Table 2.18: Effects of NAO on fall-surveyed age-specific biomass in Gulf of Maine
Dep. var. is log cohort-specific fall cod biomass

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
age=1 age=1 age=2 age=2 age=3 age=3 age=4 age=4 age=5 age=5 age=6 age=6

mean biomass (in kg) 0.13 0.13 0.64 0.64 1.18 1.18 1.49 1.49 1.19 1.19 0.93 0.93

NAOt -0.0350 -0.0337 0.0533 0.0642* 0.0234 0.0390 -0.152*** -0.149*** 0.0533 0.0773 -0.135 -0.171*
[0.0544] [0.0504] [0.0466] [0.0383] [0.0288] [0.0634] [0.0439] [0.0489] [0.0520] [0.214] [0.0987] [0.100]

NAOt−1 -0.0430 -0.0374 0.0355 0.0406 0.0448 0.0832** -0.0919 -0.0871 -0.147*** -0.139 -0.168*** -0.196***
[0.144] [0.144] [0.110] [0.109] [0.0476] [0.0388] [0.0641] [0.0604] [0.0330] [0.112] [0.0532] [0.0358]

NAOt−2 -0.0931*** -0.0732*** -0.00789 0.0509 -0.0450 -0.0284 0.0250 0.0568 -0.0952 -0.163*
[0.0163] [0.0284] [0.0309] [0.0680] [0.0383] [0.0370] [0.0276] [0.200] [0.0682] [0.0862]

NAOt−3 -0.243*** -0.186** -0.196*** -0.181*** -0.0616 -0.0380 -0.128** -0.188***
[0.0329] [0.0752] [0.0321] [0.0343] [0.0381] [0.0531] [0.0510] [0.0689]

NAOt−4 -0.211*** -0.210*** 0.0692** 0.0785 -0.143*** -0.144***
[0.0218] [0.0245] [0.0350] [0.0630] [0.0351] [0.0349]

NAOt−5 -0.257*** -0.278** -0.301*** -0.267***
[0.0570] [0.125] [0.0700] [0.0536]

NAOt−6 -0.211*** -0.210***
[0.0601] [0.0618]

catcht−1 -0.0572* -0.0430 -0.135 -0.0341 -0.0717 0.135*
[0.0330] [0.0399] [0.130] [0.0286] [0.338] [0.0698]

adult biomasst−age 0.0647 0.0640 0.126*** 0.110*** -0.00548 -0.0576 0.105 0.0979 -0.0870** -0.0821 0.0831*** 0.0655
[0.0742] [0.0716] [0.0398] [0.0349] [0.0669] [0.0460] [0.0723] [0.0684] [0.0350] [0.138] [0.0275] [0.0475]

ln[adult biomasst−age] -0.0152 -0.00771 -1.462*** -1.299*** -0.351 0.132 -1.264** -1.196** 0.103 -0.0136 -0.647** -0.362
[0.634] [0.628] [0.405] [0.356] [0.438] [0.281] [0.531] [0.490] [0.520] [1.951] [0.296] [0.363]

Observations 41 41 40 40 39 39 38 38 37 37 36 36
Sample period 1971-2011 1971-2011 1972-2011 1972-2011 1973-2011 1973-2011 1974-2011 1974-2011 1975-2011 1975-2011 1976-2011 1976-2011
Number of trends 3 3 3 3 3 3 3 3 3 3 3 3
Newey-West bandwidth 17 17 17 17 17 17 17 17 17 17 16 16
Notes: Each column shows coefficients from a time-series regression model of log cohort-specific fall cod biomass on current and past NAO, adult biomass (ages 2 and up) from the
spawning year of that cohort, and trend terms. Some models additionally include control for previous year catch. Coefficients shaded in gray capture birth-year NAO effects. Serial
correlation and heteroscedasticity robust Newey-West standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Table 2.19: Effects of NAO on fall-surveyed age-specific biomass in Georges Bank
Dep. var. is log cohort-specific fall cod biomass

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
age=1 age=1 age=2 age=2 age=3 age=3 age=4 age=4 age=5 age=5 age=6 age=6

mean biomass (in kg) 0.270 0.270 0.630 0.630 1.040 1.040 0.790 0.790 0.380 0.380 0.460 0.460

NAOt 0.0357 -0.0462 0.110* 0.107 0.0243 -0.0241 0.0452 0.0283 0.0244 0.0620 -0.0855 -0.168*
[0.0484] [0.0457] [0.0579] [0.0951] [0.0756] [0.0882] [0.0709] [0.0970] [0.0270] [0.114] [0.0777] [0.0908]

NAOt−1 0.0531 0.0285 0.0229 0.0212 0.0983 0.0830 -0.136 -0.140 -0.0202 -0.0181 0.164*** 0.0302
[0.0958] [0.0720] [0.0502] [0.0573] [0.0676] [0.0765] [0.0926] [0.0974] [0.0248] [0.0239] [0.0473] [0.0433]

NAOt−2 -0.0398 -0.0412 -0.0236 -0.0537 0.115** 0.103*** -0.0308 -0.0147 -0.0976 -0.0763
[0.0369] [0.0262] [0.0474] [0.0529] [0.0506] [0.0385] [0.0269] [0.0422] [0.0618] [0.0884]

NAOt−3 0.0145 -0.00687 -0.149*** -0.156*** -0.147*** -0.139*** 0.0439 0.0261
[0.0380] [0.0498] [0.0421] [0.0341] [0.0234] [0.0281] [0.0329] [0.0439]

NAOt−4 0.120* 0.126** 0.0737*** 0.0664 -0.0184 0.0831*
[0.0634] [0.0605] [0.0277] [0.0434] [0.0480] [0.0485]

NAOt−5 0.0180 0.00348 0.0825 0.196
[0.0544] [0.0465] [0.0835] [0.127]

NAOt−6 -0.219* -0.0619
[0.117] [0.0788]

catcht−1 0.0534*** 0.00239 0.0301 0.0120 -0.0174 0.128**
[0.00971] [0.0249] [0.0304] [0.0242] [0.0405] [0.0578]

adult biomasst−age -0.0709 -0.0445 0.0442 0.0424 0.0450 0.0548 -0.214** -0.202*** -0.0208 -0.0192 -0.243*** -0.194
[0.164] [0.0656] [0.0463] [0.0509] [0.166] [0.166] [0.0886] [0.0782] [0.0746] [0.0860] [0.0861] [0.174]

ln[adult biomasst−age] -0.298 -0.525 -0.552** -0.554 -0.466 -0.479 -0.342 -0.377 -0.582** -0.657* 0.787** 1.150**
[0.302] [0.379] [0.271] [0.340] [0.662] [0.647] [0.400] [0.361] [0.239] [0.383] [0.318] [0.482]

Observations 33 33 32 32 31 31 30 30 29 29 28 28
Sample period 1979-2011 1979-2011 1980-2011 1980-2011 1981-2011 1981-2011 1982-2011 1982-2011 1983-2011 1983-2011 1984-2011 1984-2011
Number of trends 3 3 3 3 3 3 3 3 3 3 3 3
Newey-West bandwidth 16 16 16 16 16 16 16 16 16 16 14 10
Notes: Each column shows coefficients from a time-series regression model of log cohort-specific fall cod biomass on current and past NAO, adult biomass (ages 2 and up) from the
spawning year of that cohort, and trend terms. Some models additionally include control for previous year catch. Coefficients shaded in gray capture birth-year NAO effects. Serial
correlation and heteroscedasticity robust Newey-West standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Abstract

Environmental shocks on natural resource supplies can reduce labor demand in harvesting sectors.

However, such a linkage had not been empirically established in fisheries, where the climate’s effect

on productivity may not be observable in catch data until years later. This paper identifies a causal,

persistent relationship between environmental shocks and employment and wages in New England

fisheries. It quantifies these effects by exploiting plausibly exogenous climate variation via the North

Atlantic Oscillation (NAO), the dominant mode of interannual climate variability in the North Atlantic.

In this setting, NAO creates shocks to population growth that are not observed until the affected fish

are mature enough to be harvested. This results in lagged labor demand shocks. A 1-unit increase in

the NAO index corresponds to a 17% decline in fishing employment 2 years later, an effect that persists

for at least 4 years. Fishing wages and establishments respond similarly. A test for reallocation of

labor into other sectors, or into unemployment, suggests possible shifts into extractive industries, but

is not conclusive. The findings imply that fishery managers could preserve fishing jobs by adjusting

harvest quotas in response to observed climate shocks. Additionally, the use of a biological mechanism

to explain the persistent impacts of environmental variability on wages and employment represents a

novel identification strategy in the research on climate’s impact on labor markets.
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3.1 Introduction

A critical question in a changing climate is how climate-driven shocks will impact natural resources

and the labor markets that depend on them. Theory points to changes in natural resource productivity

driving structural shifts in the labor market (Gollin et al., 2002; Lewis, 1954). These linkages have

been empirically studied primarily in the context of agriculture. Short-term labor adjustments to

contemporaneous impacts of local weather variables such as temperature (Colmer, 2016; Fishman

et al., 2013; Kaur, 2014; Zivin and Neidell, 2014) as well as long-run adjustments (Feng et al., 2015;

Hornbeck, 2012; Mueller and Osgood, 2009) have been documented. By comparison, there has been

little empirical exploration of climate variability’s economic effect on fisheries 1, with more focus

being placed on projected climate change impacts (Allison et al., 2009; Eide, 2007; Lam et al., 2016;

Rashid Sumaila et al., 2011). Leveraging a biological understanding of the stock, a lagged relationship

between productivity and catch in certain species provides a useful empirical setting in which to

examine the persistent effects of climate variability on labor over time.

In this chapter, I empirically identify and measure a causal relationship between the North At-

lantic Oscillation (NAO) and catch, wages, and employment in New England fisheries, using South

Atlantic U.S. fisheries as a control. This plausibly exogenous climate signal simultaneously forces local

environmental variables and their interactions (Stenseth et al., 2002), which addresses concerns of

omitted variable bias. I find that increases in the NAO signal reduce fishing productivity cumulatively

over a seven-year period in New England, but not the South Atlantic. Over time, the supply shock

measurably reduces labor demand. Using a Difference-in-Difference approach, I compare the effects of

NAO on employment and wages in the two regions, finding that increases in the NAO index reduces

fishing employment and wages with a two-year lag, and by larger amounts in subsequent years. These

findings provide two main contributions. First, they can directly inform fishing policy by connecting

future economic impacts to observed climate shocks. Second, using knowledge of stocks’ age-structure,

which depends on the biophysical relationship at birth and catch-size restrictions at death, to establish

lagged effects represents a novel source of identification in the research linking climate variability to

the labor market.

New England's fishing industry predates the establishment of the United States (Kurlansky, 1997)

and has played a formative role in the region’s culture and economy. This historical significance

1There is empirical evidence of adaptation to contemporaneous negative climate shocks by fishermen when climate
forecasts are available (Shrader, 2017).



CHAPTER 3. CLIMATE, FISHING AND LABOR 51

gives it a unique position in the public's eye and in policy today. Long-simmering controversy over

management of New England fisheries has spawned congressional hearings and is at the heart of a four-

year delay in reauthorizing the Magnuson-Stevens Act, the main U.S. law governing fisheries. New

evidence suggests that climate is playing a role in the industry’s recent struggles (Meng et al., 2016;

Pershing et al., 2015). Previous findings suggest that observed climate variability can be incorporated

into fishery management due to the lagged relationship between productivity and catch, without the

need for prediction (Meng et al., 2016).

Theoretical models suggest that fishing practices that fail to account for environmental impacts on

productivity can lead to suboptimal economic harvest, stock decline, and potential collapse (Carson

et al., 2009)2. Yet fishery management generally treats the environment as either static or stochastic

due to the difficulties of weather prediction3. A firmer, empirical understanding of climate’s lagged

effect on economic outcomes in the fishing industry could enable more effective management of fisheries,

while also providing a new lens through which to evaluate the lasting impact of environmental shocks

on a labor market over time.

The NAO, defined by the winter, atmospheric pressure difference at sea-level between Iceland and

Portugal, is the dominant mode of interannual climate variability in the North Atlantic. The NAO’s

strongest direct effect on fish stocks takes place in the fish’s first year of life, impacting their one-year

survival rate, also known as recruitment. Since stocks are not harvested until maturity due to catch-

size restrictions, the effect on the harvest rate should lag the recruitment fluctuations. For example,

the impact of NAO on cod landings appears four years after an NAO event, when the affected cohort

is mature enough to be harvested (Meng et al., 2016). As time passes from the initial NAO shock,

more stocks enter the pool of catch affected by it. From 1875-2014, a 1-unit increase in the NAO

index contemporaneously reduces total New England catch by 8%. This significant effect persists and

accumulates for 7 years. I can use these persistent lagged relationships to detect spillover effects on

employment and wages.

NAO does not have the same effect on catch in the South Atlantic region, due to differences in the

biology of the stock. Warm-water species in the South Atlantic receive a positive shock from increases

in NAO, while cold-water stocks receive a negative shock. Overall, there is no significant effect on

2Fishery management can mismatch the timing of fishing with fishery productivity if time-invariant biological growth
is assumed, but true growth parameters, such as climate, are oscillating. If harvest quotas are fixed, but productivity
is varying, there will be years when fishing is below the economic optimum and years when fishing is higher that the
biological optimum, known as maximum sustainable yield. This disconnect can theoretically lead to collapse.

3For example in the Atlantic cod fishery, natural mortality has been fixed at 0.20 for all age-cohorts since 1982
(NEFSC, 2008), except through surveys of recruitment.
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cumulative lagged catch in the region, making it a useful control group for study of the NAO's effects

on North Atlantic fisheries.

As NAO’s effect on New England catch accumulates year by year, it begins to reduce labor demand.

Over the period from 1996 to 2014, I find that a 1-unit increase in NAO leads to declines of 17% and

47% in fishing-sector employment and wages, respectively, with a two-year lag. The declines are even

greater in following years. These findings are robust to the inclusion of a regional time trend and

leads of NAO. In addition, the labor markets of other industries show no significant relationship with

current or past NAO events. The lagged relationship allows lead time for adaptive management based

on an already observed climate signal, eliminating the need for prediction. Using multi-year lags of

NAO as an instrument for catch to determine its effects on labor also avoids the simultaneity bias that

would result from looking at the direct effects of catch on fishing labor.

One interesting question raised by these findings is whether those leaving the fishing sector in

response to NAO become unemployed, migrate or reallocate to another sector. Previous studies have

found evidence of these sorts of structural changes (Colmer, 2016; Hornbeck, 2012; Kaur, 2014) 4.

While the evidence is not conclusive, there is one sector in which employment increases in response to

NAO with the same magnitude and lag structure as the decrease in fishing employment: the extraction

industry. Whether North Atlantic fishermen are migrating to extraction is a question for future study.

3.2 Data

3.2.1 Labor data

The analysis conducted in this paper uses labor data from the Bureau of Labor Statistics (BLS). BLS

provides fishing wage, employment, and establishment data by county. I use total annual county-level

data for New England and the South Atlantic 5. The sample is limited to counties that have fishing

employment. The sample period for a balanced panel is 1996-2014 for 100 counties. Additionally, I use

total annual unemployment, employment, and labor force data to look for general equilibrium effects

in the same 100 counties. I also search for signs of reallocation into other industries, using employment

data by industry for the sample counties.
4Empirical differences of short-run impacts on agricultural productivity versus long-run adjustments in the form of on

migration after the Dust Bowl (Hornbeck, 2012). Labor is reallocated into manufacturing when negative weather shocks
on productivity reduce agricultural labor demand (Colmer, 2016). However, positive shocks that generate ratcheting,
combined with downward nominal wage rigidity, can lead to a reduction in employment (Kaur, 2014).

5coastal New England includes Maine, New Hampshire, Massachusetts, Rhode Island and Connecticut, while coastal
South Atlantic includes North Carolina, South Carolina, Virginia and Florida
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3.2.2 North Atlantic Oscillation

The National Center for Atmospheric Research provides NAO data. NAO represents the dominant

mode of interannual climate variability in the North Atlantic basin and is predominantly a winter

signal. The NAO Hurrell winter (DJFM) station-based index measures the difference in normalized

atmospheric sea-level pressure between Lisbon, Portugal and Reykjavik, Iceland (Hurrell, 1995) since

1864. This is a standardized index measured in standard deviations from the mean. Positive val-

ues represent larger pressure differences, which are associated with stronger-than-average westerlies

and warmer-than-average sea-surface-temperatures (SSTs) off the Atlantic coast of the United States.

Negative values represent weakening pressure centers and a smaller pressure gradient, allowing the

Icelandic low pressure center to drop south. This is associated with colder-than-average conditions off

the United States'Atlantic coast. Winter NAO correlates with wind speed as well SSTs. The Hurrell

winter (DJFM) principal-component index is an alternative index that allows the center of pressure

to vary geographically. As with the station-based index, the units of the principal-component index

represent standard deviations from the mean.

Figure 3.1: NAO time-series.
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The index represents standard deviations from the mean of normalized atmospheric sea-level pressure
difference in the North Atlantic. The blue areas represent the negative phase of the index, associated
with colder SSTs off the Atlantic coast of the United States. The red represents the positive phase,
associated with warmer SSTs. These two colors represent the principal-component index. The black
line represents the station-based index.

The above figures show that NAO was predominantly stuck in a negative phase during the late

1950s-1960s. The 1980s represented a mostly positive phase of the index. However, the index appears

stochastic during the period of this study: 1996-2014.
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3.2.3 Catch data

Catch data comes from a database that I generated for Chapter 4. This data comes from National

Oceanic and Atmospheric Administration's (NOAA) Species Information System (Office of Science and

Technology, 2016b), augmented by additional species from the National Marine Fisheries Service. All

the data originates from the most recent stock assessment. Stock assessments are considered the best

scientific information available for fish stocks in the United States. Still, uncertainty in the data arises

from the models used, data collection techniques, and how long ago the assessment was conducted.

Not all commercial stocks are included in this dataset, but the time series goes back to 1882 for New

England stocks and 1930 for South Atlantic stocks. NOAA’s Office of Science and Technology provides

yearly total commercial landings by region. This dataset includes freshwater landings as well as kelp

landings. Year-to-year composition of stocks may not be consistent in this dataset.

Sea scallop catch data comes from the Northeast Fisheries Science Center's (NEFSC) last stock

assessment, the 59th Stock Assessment Workshop (SAW) (NEFSC, 2014b). Yearly landings were

recorded from 1964-2013.

3.3 Empirical Strategy

3.3.1 Empirical context

Local environmental variables such as temperature or wind speed are often used as an instrument

for natural resource productivity (Deschenes and Greenstone, 2007; Kaur, 2014), which may result

in omitted variable bias. However, NAO physically forces the entire North Atlantic basin, affecting

winter weather patterns and localized environmental variables and their interactions (McCarthy et al.,

2015; Ottersen et al., 2001; Ottersen and Stenseth, 2001). Positive phases of the NAO are correlated

with warmer-than-average winter sea-surface temperatures and lower-than-average spring wind speeds

off the Atlantic coast as well as their interactions, which affects ocean productivity (Stenseth et al.,

2002).

Fish are most vulnerable to their environment in their first year of life (recruitment) (Brander, 2005;

Gröger and Fogarty, 2011). NAO shocks are strongest on the recruitment of the stock. These effects

persist as the affected cohort matures, and will not show up in the catch data until those fish are large
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enough to be harvested under catch-size restrictions6 (Meng et al., 2016). Although maturation time

varies between species, New England's most valuable fisheries (lobster, sea scallops and groundfish)

have size restrictions that are likely to prohibit them from being fished before they reach 3 years old.

If a stock reaches commercial maturity at age 3, then NAO's effect on that stock will not be seen on

catch until three years after the initial signal. It is unlikely an NAO event would have such a lagged

effect on other sectors of the economy that correlate with catch.

Additionally, while NAO correlates with local environmental variables in the winter and to some

degree in the spring, this correlation does not hold for the summer and fall. Most fishing happens

between the spring and fall, reducing the chances of a direct contemporaneous effect of NAO on fishing

effort. There is no anecdotal evidence that fishermen are responsive to NAO. Even if they were, it is

not clear that it is endogenous with respect to their decision-making. For these reasons, it is unlikely

the exclusion restriction is violated.

The effect of NAO on different fish stocks varies due to biological differences. In the South Atlantic,

there is a mixture of warm-water and cold-water species. Warm-water species prefer the warmer-than-

average winter SSTs associated with a positive NAO event, whereas cold-water species are adversely

effected by these anomalies (Morley et al., 2016). 53% of commercial revenue in the South Atlantic

comes from shrimp and blue crab, and most shrimp stocks in the South Atlantic are warm-water

species. Most of the groundfish stocks, such as summer flounder, and pelagic stocks, such as bluefish,

are cold-water species.

In New England, there is evidence that the commercially valuable species are negatively correlated

with winter SSTs and NAO (Meng et al., 2016; Pershing et al., 2015). The Mid-Atlantic includes

species from both the South Atlantic and New England. The effect of NAO on Mid-Atlantic species

should theoretically be in between the effects in New England and those in the South Atlantic.

Figure 3.2a plots mean standardized fishing employment for New England in orange and the South

Atlantic in green. The NAO index is plotted as a solid black line. This index is flipped because

positive NAO events are negatively correlated with fishery productivity, and the index is lagged by 6

years because few commercial fish live beyond 6 years. New England employment roughly moves up

and down with this 6-year lag of NAO. Panel b plots the mean standardized fishing wages and shows

similar effects. Historically, New England fisheries comprised many family businesses, creating wage

6Atlantic cod have a minimum fish size restriction for recreational fishing and a minimum mesh size of 6.5 inches
in commercial fisheries. These size restrictions allow for smaller and younger cod to survive for reproduction. Cod are
mostly caught between age-2 to age-4. There are very few cod caught that are older than 6-years old.
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flexibility but employment rigidity. Conversely, fish processing has shown more wage rigidity, but more

flexibility in employment (Doeringer et al., 1986).

3.3.2 Empirical specifications: NAO and catch

I estimate the effects of NAO on total catch using a distributed-lag model with flexible polynomial

time trends (Meng et al., 2016). These lags will capture the delayed effects of NAO on catch due to

catch-size restrictions.

log(catcht) = ψ +
10∑
τ=0

δτNAOt−τ +
N∑
p=1

κpt
p + µt (3.3.1)

ψ is a constant; δτ captures the linear effect of NAO τ periods ago; and κp represents the effect of

a pth-order polynomial time trend. Standard errors use the Newey-West adjustment, allowing for

arbitrary forms of serial correlation and heteroscedasticity in the error term with a bandwidth of 10

years. As a robustness check, I use different polynomial time trends to remove any long-term trends.

I also calculate cumulative effects of NAO lags on total catch.

3.3.3 Empirical specifications: NAO and fishing labor

This paper uses a difference-in-difference strategy to compare the effect of NAO on fishing labor in

New England to its effect on fishing labor in the South Atlantic. I use panel data on fishing wages,

employment and establishment by county and year and define New England counties as treated and

South Atlantic counties as untreated. Using a “donut hole” regression (Cohodes and Goodman, 2014), I

omit the Mid-Atlantic or border region. Since NAO shocks affect stock recruitment and then propagate

to catch over time, I use a difference-in-difference specification with distributed lags to identify the

effect of contemporaneous and past NAO events.

log(Lct) = α+
p∑
τ=0

βτNAOt−τ × IcεNE + φt + λc + εct (3.3.2)

Lct represents the labor variable of interest (wages, employment or establishment) by county and year.

I use an inverse hyperbolic sine7 of my labor variable in my main specification to transform zeroes

in my data (Burbidge et al., 1988; Card and DellaVigna, 2017). α is a constant and βτ captures the

linear effect of NAO τ periods ago on counties in New England (NE) compared to counties in the South
7ln(L+

√
1 + L2) −→ ln(2L)
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Atlantic (SA). The treatment is NAO τ periods ago interacted with a dummy, IcεNE , that equals 1

for counties in New England and 0 for counties in the South Atlantic. The number of the lags in the

model are defined by p, which I define to be between 1 and 6. My main specification uses 6 lags of

NAO because most catch-restrictions allow for fish that are 6-years-old and up to be caught. In many

stocks the density of the population drops off after age-6 (NEFSC, 2014a). φt are year fixed effects

and λc are county fixed effects. Standard errors are clustered at the county level.

3.4 Results

3.4.1 NAO effects on catch

Tables 3.1 and 3.3 show that past and contemporaneous NAO are negatively correlated with catch in

New England, but not in the South Atlantic. The tables shows the effect of a 1-unit increase in the

NAO index on total percentage catch by region using equation 3.3.1. Catch and NAO are negatively

correlated in New England (Table 3.1) at all lags. The negative correlation between catch and an

NAO increase 3 years is ago is the most prominent. This matches the timing of significant effects

between NAO and some of the region’s most economically valuable stocks, including sea scallops and

groundfish (Table 3.9 and Figure 2.3). This can be explained by catch-size restrictions, which vary

from one species to the next. For instance, shrimp are typically caught in their first year of life, while

some sea scallops are not caught until age 5. As time progresses from the initial NAO shock, more

stocks enter the pool of catch affected by it. This may explain the monotonic increase in the cumulative

effect of NAO over time, seen in Table 3.1.

Similar, but smaller correlations are found in the Mid-Atlantic (Table 3.2), but NAO and catch

are not correlated in the South Atlantic (Table 3.3). This is consistent with literature (Morley et al.,

2016) that finds some warm-water stocks in the South Atlantic benefit from winter SST increases, while

others receive negative shocks. That may explain the insignificant effect of NAO on cumulative catch

in the South Atlantic. This supports the use of a “donut-hole” regression that omits the Mid-Atlantic,

which is still affected by NAO. It also allows for a difference-in-difference strategy that compares the

effects of NAO on fishing labor in New England, the treated region, to the South Atlantic, the control.

I run my model on two catch data sets. My main results use catch data that goes back over 100 years

for New England and almost 90 years for the South Atlantic, but does not include all stocks. In the

appendix, I report the effects of NAO on regional catch and revenue using data (Office of Science and
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Technology, 2016a) that includes all commercial stocks, but not recreational stocks from 1990-2015.

Table 3.10 show reduced effects of NAO on catch with similar effects on catch revenue, Table 3.11.

Table 3.12 show small negative, contemporaneous effects of NAO on catch. This commercial dataset

only goes back to 1990. The data includes freshwater landings and may not include the same stocks year

to year, making it difficult to identify the effect of NAO on catch through this biological mechanism.

3.4.2 NAO effects on fishing sector

Figure 3.3 shows the effect of NAO on fishing employment. The dependent variable is the inverse

hyperbolic sine of employment by county for work in the fishery sector. From 1996-2014, there is a

negative relationship between NAO and labor in New England. Using Eq. 3.3.2, a 1-standard-deviation

increase in the NAO signal corresponds to a 17% decline in employment two years later. This effect

persists for at least four years. These results are statistically significant at the 5% level, except for the

third lag, which is significant at 10% level. The lags between NAO and its employment effects may

be due to the cumulative impact of NAO on catch over time, with labor demand responding to the

supply shock only when it reaches a certain threshold.

During the same time period, NAO has a similar negative effect on New England wages in the

fishing sector. Figure 3.4 and 3.5 shows that a 1-unit increase in the NAO index corresponds with a

47% decline in wages two years later, which also persists for at least 4 years. The same increase in the

NAO index results in a 13% decline in fishing establishments after four years. This is significant at

the 1% level and persists for at least 2 years. The effect on fishing establishments becomes significant

with a two-year lag and persists for four years, similar to the effect on wages and employment.

3.4.3 Robustness and falsification checks

Results are consistent when regional time trends are added, and remain consistent with the addition

of lagged NAO effects that are common for all counties in both the treatment and control region

(Tables 3.15 - 3.17). Table 3.13 shows fishing employment and establishment results remain significant

when presented in levels instead of logs, but wages do not. Different lag structures do not show

consistent estimates for lag 2 and 3, but lags 4 through 6 are consistent, with lags 5 and 6 remaining

precise (Tables 3.4 - 3.6). Table 3.14 shows results are also robust to leads of NAO.

Interestingly, NAO shocks do not spill into fish and seafood wholesalers or markets (Tables 3.18

- 3.19). This implies that these sectors can more readily adjust their supply in response to climate
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variability.

To check whether there are unobserved confounders between New England and the South Atlantic

that might be driving these results, I run a falsification test. Results are reported for the difference-in-

difference effect of NAO on the utility, education, and arts and recreational industries, which should

not respond to environmental shocks. These industries show almost no correlations with NAO under

different lagged structures (Tables 3.20 - 3.22).

3.4.4 Linearity check

Equation 3.3.2 assumes linearity between the log of fishing employment and lags of NAO. I test to

see if a linear relationship holds by plotting the residuals of a lag of NAO on the remaining lags of

NAO against the residuals of log of fishing employment on the same remaining lags of NAO. Figure 3.7

shows that the linear assumption is not overly restrictive. However, the few extreme negative NAO

events may be amplifying the effect, which explains why lags 2 and 3 are more sensitive to different

specifications.

The linear relationship implies that we can linearly combine lagged NAO coefficients to get the

cumulative effect of NAO. Table 3.4 shows the cumulative effect of NAO on reduced employment in

fishing is monotonically increasing over time, but only significant in the last column. This pattern

matches the monotonically increasing cumulative effects of NAO on catch over time (Table 3.1). NAO

shocks to catch for the most economically valuable stocks appear at lags 3, 4 and 5, depending on

the age of commercial viability for each stock. Labor demand appears to decrease as the reduction in

catch propagates through different fisheries according to their age-structure. Tables 3.5 and 3.6 also

show cumulative effects monotonically increasing.

3.4.5 Threats to identification

Figure 3.2 plots mean standardized employment and wages for New England (orange) and the South

Atlantic (green). These two lines appear negatively correlated. If that is the case, the effect of NAO

will be an upward-biased estimate. Using an alternative dataset (Office of Science and Technology,

2016a), NAO shows small negative contemporaneous effects on South Atlantic catch (Table 3.12). New

England catch is negatively impacted by NAO two years later (Table 3.10), and the impact persists and

increases over time. Autocorrelation in NAO combined with the differing lag structure between the

two regions’ effects may explain why treatment and control regions appear to be negatively correlated
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in Figure 3.2. This would imply results are downward-biased. However, these alternative catch results

should not be overly interpreted because the data includes freshwater species and does not include

the same species year to year. This dataset also only covers 24 years of data, whereas the main

specification leverages over 100 years of data. NAO is teleconnected to every region in the United

States and theoretically could drive correlation in catch data between regions, making it difficult to

find a good control region.

3.4.6 Climate-driven unemployment or labor reallocation?

None of the sectors tested have NAO effects with the same lagged structure that fishing shows, except

for the extraction industry and unemployment. Table 3.7 shows a positive correlation between NAO

and employment in the extraction industry. Employment increases 2 years after a 1-unit increase in

the NAO index, and this persists for 4 years. The effect matches the declines in employment in the

fishing industry in levels (Table 3.23). Though not conclusive, this suggests the possibility that some

fishing labor is being reallocated into extraction.

The size of the overall labor force appears to be correlated with NAO, but when I add a regional

time trend, this effect goes away. This implies that, on average, the labor force in New England is

increasing in counties with fishing. Similarly, unemployment and the number of individuals employed

appear to be positively correlated with NAO, but not when linear regional trends are added (Table 3.8).

Finer-resolution data needs to be gathered on a firm level to determine whether climate-driven changes

in fish productivity are pushing fishermen into unemployment or reallocating them into extraction.

3.5 Conclusions

This paper seeks to contribute to the research on environmental shocks to labor in three ways. First, it

uses the North Atlantic Oscillation to instrument fishery productivity (or catch). Fishery productivity

is difficult to measure. Local environmental conditions can affect fishery productivity, but only a few

such conditions are studied and their interactions are poorly understood, which could result in omitted

variable bias. NAO is a basin-wide physical forcing that is well measured and has systematic effects

on local environmental variables.

Second, NAO has persistent and monotonically increasing effects on catch over time. Most catch

is heavily regulated in the United States. In general, stocks are legally allowed to be harvested at a
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size that roughly corresponds to the age of reproduction. This age varies by the biology of the stock.

Shrimp can be harvested in its first year of life, cod in its third year of life, and some sea scallops are

not harvested until age 5. The reduction in catch from NAO propagates over time through different

fisheries according to their age-structure. This means that the cumulative effect of NAO on catch

grows with longer lags.

Finally, this is the first paper to detect effects of NAO on the New England fishing labor market.

This paper demonstrates how well-documented, biophysical links can be used to understand the eco-

nomic effects of climate variability on natural resources. These lagged effects could be used to inform

changes in harvest and mitigate the effects on the livelihoods that depend on it.
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Figure 3.2: Mean standardized fishing employment and wages and NAO.
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Panel (a) shows mean standardized fishing employment for the treatment region, New England (or-
ange), compared to the control region, the South Atlantic (green) from 1996-2014. The black line
plots a 6-year lag of the flipped NAO index (NAO x -1). Panel (b) shows the mean standardized
fishing wages for New England (orange) and the South Atlantic (green).
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Figure 3.3: Effect of current and past NAO on New England fishing employment.
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Regression coefficients shown using Eq. 3.3.2 with 6 lags of NAO. Each regression uses New England
counties as treated counties compared to unaffected South Atlantic counties. The x-axis displays the
number of years prior to a 1-unit increase in the NAO index. 95% confidence interval shown.
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Figure 3.4: Effect of current and past NAO on New England fishing wages.
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Regression coefficients shown using Eq. 3.3.2 with 6 lags of NAO. Each regression uses New England
counties as treated counties compared to unaffected South Atlantic counties. The x-axis displays the
number of years prior to a 1-unit increase in the NAO index. 95% confidence interval shown
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Figure 3.5: Effect of current and past NAO on New England fishing establishements.
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Regression coefficients shown using Eq. 3.3.2 with 6 lags of NAO. Each regression uses New England
counties as treated counties compared to unaffected South Atlantic counties. The x-axis displays the
number of years prior to a 1-unit increase in the NAO index. 95% confidence interval shown
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Figure 3.6: Effect of current and past NAO on New England extraction industry.
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Regression coefficients shown using Eq. 3.3.2 with 6 lags of NAO. Each regression uses New England
counties as treated counties compared to unaffected South Atlantic counties. The x-axis displays the
number of years prior to a 1-unit increase in the NAO index. 95% confidence interval shown
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Figure 3.7: Testing for linearity in NAO and fishing employment.
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Plots the residuals of a lag of NAO on remaining lags of NAO against the residuals of the inverse
hyperbolic sine of fishing employment on the same remaining lags of NAO (blue dots). These residuals
are fitted with a lowess curve (orange line). Each panel plots these residuals for one lag of NAO. Lags
go from 1 to 6, left to right.
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Table 3.1: Effects of NAO on catch in New England

Dep. var. is log total catches
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

NAOt -0.082*** -0.077*** -0.084*** -0.082*** -0.072*** -0.076*** -0.065*** -0.062** -0.059** -0.061**
(0.0234) (0.0233) (0.0229) (0.0204) (0.0220) (0.0215) (0.0198) (0.0203) (0.0214) (0.0201)

NAOt−1 -0.103*** -0.094*** -0.087*** -0.092*** -0.091*** -0.078*** -0.081*** -0.075*** -0.072*** -0.067***
(0.0208) (0.0190) (0.0177) (0.0184) (0.0158) (0.0183) (0.0174) (0.0157) (0.0157) (0.0172)

NAOt−2 -0.082*** -0.064*** -0.060** -0.066** -0.065** -0.052** -0.055** -0.051** -0.047**
(0.0235) (0.0184) (0.0207) (0.0225) (0.0206) (0.0196) (0.0195) (0.0184) (0.0173)

NAOt−3 -0.129*** -0.111*** -0.106*** -0.113*** -0.113*** -0.103*** -0.104*** -0.100***
(0.0192) (0.0223) (0.0226) (0.0243) (0.0210) (0.0242) (0.0242) (0.0220)

NAOt−4 -0.117*** -0.109*** -0.103*** -0.110*** -0.110*** -0.103*** -0.104***
(0.0154) (0.0190) (0.0178) (0.0207) (0.0188) (0.0213) (0.0214)

NAOt−5 -0.064* -0.056* -0.052* -0.057* -0.058* -0.050*
(0.0291) (0.0225) (0.0257) (0.0264) (0.0263) (0.0244)

NAOt−6 -0.081*** -0.072** -0.069** -0.073** -0.075**
(0.0245) (0.0218) (0.0231) (0.0254) (0.0238)

NAOt−7 -0.081*** -0.075*** -0.073*** -0.077***
(0.0189) (0.0201) (0.0195) (0.0221)

NAOt−8 -0.057** -0.053** -0.050**
(0.0197) (0.0169) (0.0178)

NAOt−9 -0.046 -0.041
(0.0298) (0.0277)

NAOt−10 -0.056**
(0.0201)

Linear Combination -0.19** -0.25** -0.36*** -0.46*** -0.51*** -0.57*** -0.63*** -0.66*** -0.69*** -0.73***
(0.04) (0.05) (0.06) (0.07) (0.08) (0.09) (0.10) (0.11) (0.12) (0.14)

Trends 3 3 3 3 3 3 3 3 3 3
N 140 140 140 140 140 140 140 140 140 140
Sample period 1875-2014 1875-2014 1875-2014 1875-2014 1875-2014 1875-2014 1875-2014 1875-2014 1875-2014 1875-2014
R2 0.891 0.895 0.904 0.911 0.913 0.917 0.920 0.922 0.923 0.924

Notes: Effect of current and past NAO on New England total catches. The logarithm of total catches are regressed on current and past NAO
using Eq. 3.3.1. Each regression includes current and past NAO events and a third order polynomial time trend. The first column includes
current and lagged NAO. Each subsequent column adds another lagged NAO term. Serial correlation and heteroscedasticity robust Newey-West
standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Table 3.2: Effects of NAO on catch in Mid Atlantic

Dep. var. is log total catches
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

NAOt -0.026 -0.032 -0.037 -0.060* -0.046 -0.056 -0.049** -0.048* -0.047* -0.050*
(0.0357) (0.0365) (0.0325) (0.0295) (0.0319) (0.0289) (0.0189) (0.0195) (0.0217) (0.0223)

NAOt−1 -0.062 -0.057 -0.070 -0.072 -0.092 -0.079 -0.095* -0.095* -0.095* -0.083
(0.0465) (0.0442) (0.0502) (0.0510) (0.0471) (0.0505) (0.0473) (0.0467) (0.0463) (0.0474)

NAOt−2 -0.037 -0.018 -0.036 -0.038 -0.055 -0.036 -0.039 -0.039 -0.039
(0.0445) (0.0349) (0.0397) (0.0397) (0.0371) (0.0461) (0.0371) (0.0372) (0.0366)

NAOt−3 -0.127 -0.115 -0.131 -0.135 -0.159* -0.156* -0.158* -0.158*
(0.0719) (0.0655) (0.0738) (0.0777) (0.0694) (0.0771) (0.0750) (0.0729)

NAOt−4 -0.073 -0.056 -0.070* -0.075* -0.079* -0.077* -0.088**
(0.0413) (0.0310) (0.0345) (0.0360) (0.0331) (0.0345) (0.0338)

NAOt−5 -0.077 -0.062 -0.084 -0.085 -0.087 -0.075
(0.0600) (0.0545) (0.0537) (0.0527) (0.0543) (0.0615)

NAOt−6 -0.073 -0.050 -0.052 -0.052 -0.073*
(0.0404) (0.0368) (0.0349) (0.0352) (0.0329)

NAOt−7 -0.104** -0.102** -0.103** -0.103**
(0.0350) (0.0318) (0.0322) (0.0333)

NAOt−8 -0.011 -0.010 -0.019
(0.0470) (0.0456) (0.0429)

NAOt−9 -0.008 0.002
(0.0221) (0.0207)

NAOt−10 -0.057***
(0.0163)

Linear Combination -0.09 -0.13 -0.25 -0.36 -0.44* -0.53* -0.65** -0.67** -0.68** -0.74**
(0.07) (0.10) (0.16) (0.20) (0.23) (0.25) (0.26) (0.24) (0.23) (0.24)

Trends 3 3 3 3 3 3 3 3 3 3
N 54 54 54 54 54 54 54 54 54 54
Sample period 1962-2015 1962-2015 1962-2015 1962-2015 1962-2015 1962-2015 1962-2015 1962-2015 1962-2015 1962-2015
R2 0.711 0.714 0.759 0.770 0.783 0.794 0.817 0.817 0.818 0.823

Notes: Effect of current and past NAO on Mid-Atlantic total catches. The logarithm of total catches are regressed on current and past NAO
using Eq. 3.3.1. Each regression includes current and past NAO events and a third order polynomial time trend. The first column includes
current and lagged NAO. Each subsequent column adds another lagged NAO term. Serial correlation and heteroscedasticity robust Newey-West
standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Table 3.3: Effects of NAO on catch in South Atlantic

Dep. var. is log total catches
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

NAOt -0.054* -0.048 -0.048 -0.048 -0.051 -0.049 -0.055 -0.054 -0.058* -0.059*
(0.0257) (0.0262) (0.0263) (0.0260) (0.0299) (0.0293) (0.0311) (0.0314) (0.0286) (0.0289)

NAOt−1 -0.035 -0.043 -0.045 -0.046 -0.045 -0.048 -0.042 -0.042 -0.046 -0.045
(0.0318) (0.0318) (0.0285) (0.0293) (0.0309) (0.0281) (0.0264) (0.0249) (0.0257) (0.0256)

NAOt−2 0.036 0.039 0.036 0.036 0.038 0.025 0.025 0.021 0.022
(0.0321) (0.0305) (0.0302) (0.0306) (0.0312) (0.0248) (0.0261) (0.0254) (0.0255)

NAOt−3 -0.011 -0.007 -0.005 -0.005 -0.001 0.000 0.005 0.006
(0.0384) (0.0387) (0.0356) (0.0359) (0.0361) (0.0378) (0.0406) (0.0404)

NAOt−4 -0.018 -0.022 -0.020 -0.021 -0.022 -0.036 -0.038
(0.0295) (0.0253) (0.0257) (0.0260) (0.0295) (0.0327) (0.0349)

NAOt−5 0.015 0.012 0.017 0.017 0.024 0.028
(0.0443) (0.0383) (0.0419) (0.0420) (0.0357) (0.0362)

NAOt−6 0.015 0.003 0.002 0.003 0.001
(0.0372) (0.0301) (0.0322) (0.0335) (0.0359)

NAOt−7 0.050 0.051 0.055 0.056
(0.0495) (0.0419) (0.0437) (0.0432)

NAOt−8 -0.003 -0.016 -0.017
(0.0542) (0.0590) (0.0606)

NAOt−9 0.058 0.061
(0.0405) (0.0449)

NAOt−10 -0.014
(0.0324)

Linear Combination -0.09* -0.06 -0.07 -0.08 -0.07 -0.06 -0.02 -0.03 0.01 -0.00
(0.03) (0.04) (0.06) (0.07) (0.08) (0.10) (0.13) (0.16) (0.15) (0.16)

Trends 3 3 3 3 3 3 3 3 3 3
N 84 84 84 84 84 84 84 84 84 84
Sample period 1930-2013 1930-2013 1930-2013 1930-2013 1930-2013 1930-2013 1930-2013 1930-2013 1930-2013 1930-2013
R2 0.787 0.788 0.788 0.789 0.789 0.789 0.791 0.791 0.794 0.794

Notes: Effect of current and past NAO on South Atlantic total catches. The logarithm of total catches are regressed on current and past NAO
using Eq. 3.3.1. Each regression includes current and past NAO events and a third order polynomial time trend. The first column includes
current and lagged NAO. Each subsequent column adds another lagged NAO term. Serial correlation and heteroscedasticity robust Newey-West
standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Table 3.4: Difference-in-Difference: Effects of NAO on employment in fishing

Dep. var. is log employment in fishing
(1) (2) (3) (4) (5) (6)

NAOt -0.006 -0.002 0.001 -0.019 -0.002 -0.085*
(0.0265) (0.0275) (0.0340) (0.0391) (0.0353) (0.0500)

NAOt−1 -0.049** -0.048* -0.044 -0.057 -0.078* -0.028
(0.0236) (0.0243) (0.0404) (0.0446) (0.0466) (0.0372)

NAOt−2 0.015 0.015 -0.023 -0.087* -0.167**
(0.0269) (0.0272) (0.0389) (0.0490) (0.0669)

NAOt−3 0.009 0.016 -0.026 -0.106*
(0.0461) (0.0446) (0.0484) (0.0618)

NAOt−4 -0.077 -0.088* -0.179**
(0.0486) (0.0482) (0.0724)

NAOt−5 -0.184** -0.280***
(0.0833) (0.1044)

NAOt−6 -0.249**
(0.0979)

Linear Combination -0.06 -0.03 -0.02 -0.16 -0.46* -1.10**
(0.04) (0.06) (0.13) (0.18) (0.25) (0.42)

County FE yes yes yes yes yes yes
Year FE yes yes yes yes yes yes

N 1094 1094 1094 1094 1094 1094
Clusters 100 100 100 100 100 100
Sample period 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014
R2 0.818 0.818 0.818 0.819 0.822 0.828
AIC 2873.4 2875.1 2877.0 2874.3 2853.6 2818.9

Notes: Effect of current and past NAO on the inverse hyperbolic sine of employment in fishing
for counties in New England relative to the South Atlantic. Employment in fishing is regressed on
current and past NAO using Eq. 3.3.2. The first column includes current and lagged NAO. Each
subsequent column adds another lagged NAO term. All columns include county fixed effects and
year fixed effects. Errors were cluster at the county level. *** p<0.01, ** p<0.05, * p<0.1
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Table 3.5: Difference-in-Difference: Effects of NAO on wages in fishing

Dep. var. is log wages in fishing
(1) (2) (3) (4) (5) (6)

NAOt -0.019 0.002 0.030 -0.026 0.030 -0.197
(0.1060) (0.1157) (0.1417) (0.1550) (0.1497) (0.1734)

NAOt−1 -0.189* -0.181* -0.140 -0.178 -0.244 -0.110
(0.0952) (0.0986) (0.1606) (0.1716) (0.1745) (0.1605)

NAOt−2 0.077 0.078 -0.031 -0.237 -0.456**
(0.1130) (0.1144) (0.1419) (0.1564) (0.1966)

NAOt−3 0.094 0.112 -0.023 -0.240
(0.1825) (0.1781) (0.1829) (0.2072)

NAOt−4 -0.220 -0.256 -0.503**
(0.1565) (0.1541) (0.2137)

NAOt−5 -0.591** -0.853**
(0.2689) (0.3251)

NAOt−6 -0.679**
(0.2886)

Linear Combination -0.21 -0.10 0.06 -0.34 -1.32 -3.04*
(0.18) (0.26) (0.52) (0.67) (0.81) (1.23)

County FE yes yes yes yes yes yes
Year FE yes yes yes yes yes yes

N 1094 1094 1094 1094 1094 1094
Clusters 100 100 100 100 100 100
Sample period 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014
R2 0.728 0.729 0.729 0.729 0.733 0.737
AIC 5894.8 5896.3 5897.8 5897.4 5884.6 5869.7

Notes: Effect of current and past NAO on the inverse hyperbolic sine of wages in fishing for counties
in New England relative to the South Atlantic. Wages in fishing is regressed on current and past
NAO using Eq. 3.3.2. The first column includes current and lagged NAO. Each subsequent column
adds another lagged NAO term. All columns include county fixed effects and year fixed effects.
Errors were cluster at the county level. *** p<0.01, ** p<0.05, * p<0.1
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Table 3.6: Difference-in-Difference: Effects of NAO on establishments in fishing

Dep. var. is log establishments in fishing
(1) (2) (3) (4) (5) (6)

NAOt -0.010 -0.003 0.010 0.016 0.023* -0.022
(0.0085) (0.0088) (0.0101) (0.0135) (0.0135) (0.0169)

NAOt−1 0.007 0.010 0.029 0.033 0.024 0.051**
(0.0121) (0.0126) (0.0209) (0.0235) (0.0225) (0.0206)

NAOt−2 0.026* 0.027* 0.038* 0.010 -0.033
(0.0137) (0.0138) (0.0224) (0.0228) (0.0254)

NAOt−3 0.044* 0.043* 0.025 -0.019
(0.0258) (0.0245) (0.0231) (0.0245)

NAOt−4 0.022 0.017 -0.032
(0.0222) (0.0212) (0.0249)

NAOt−5 -0.079** -0.131***
(0.0320) (0.0366)

NAOt−6 -0.135***
(0.0362)

Linear Combination -0.00 0.03 0.11* 0.15 0.02 -0.32**
(0.01) (0.02) (0.06) (0.09) (0.10) (0.14)

County FE yes yes yes yes yes yes
Year FE yes yes yes yes yes yes

N 1094 1094 1094 1094 1094 1094
Clusters 100 100 100 100 100 100
Sample period 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014
R2 0.883 0.883 0.884 0.884 0.885 0.889
AIC 1632.0 1631.3 1627.7 1628.5 1617.3 1586.2

Notes: Effect of current and past NAO on the logarithm of establisments in fishing for counties in
New England relative to the South Atlantic. Establishments in fishing is regressed on current and
past NAO using Eq. 3.3.2. The first column includes current and lagged NAO. Each subsequent
column adds another lagged NAO term. All columns include county fixed effects and year fixed
effects. Errors were cluster at the county level. *** p<0.01, ** p<0.05, * p<0.1
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Table 3.7: Difference-in-Difference: Effects of NAO on employment in extraction

Dep. var. is log employment in extraction
(1) (2) (3) (4) (5) (6)

NAOt -0.006 -0.006 0.039 0.079 0.069 0.141**
(0.0410) (0.0417) (0.0469) (0.0562) (0.0566) (0.0673)

NAOt−1 0.002 0.002 0.072 0.099 0.116* 0.085
(0.0385) (0.0396) (0.0580) (0.0633) (0.0643) (0.0623)

NAOt−2 0.002 0.004 0.088* 0.143*** 0.225***
(0.0322) (0.0324) (0.0498) (0.0538) (0.0652)

NAOt−3 0.157** 0.144** 0.178*** 0.256***
(0.0616) (0.0585) (0.0607) (0.0717)

NAOt−4 0.164*** 0.178*** 0.268***
(0.0600) (0.0598) (0.0700)

NAOt−5 0.143** 0.244***
(0.0545) (0.0717)

NAOt−6 0.208***
(0.0703)

Linear Combination -0.00 -0.00 0.27* 0.57* 0.83** 1.43***
(0.06) (0.08) (0.16) (0.24) (0.26) (0.37)

County FE yes yes yes yes yes yes
Year FE yes yes yes yes yes yes

N 855 855 855 855 855 855
Clusters 84 84 84 84 84 84
Sample period 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014
R2 0.768 0.768 0.771 0.773 0.775 0.777
AIC 2698.9 2700.9 2692.9 2685.7 2681.7 2673.8

Notes: Effect of current and past NAO on the inverse hyperbolic sine of employment in extraction
for counties in New England relative to the South Atlantic. Employment in extraction is regressed
on current and past NAO using Eq. 3.3.2. The first column includes current and lagged NAO.
Each subsequent column adds another lagged NAO term. All columns include county fixed effects
and year fixed effects. Errors were cluster at the county level. *** p<0.01, ** p<0.05, * p<0.1
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Table 3.8: Difference-in-Difference: Effects of NAO on labor

log(labor force) log(unemployed) log(employed)
(1) (2) (3) (4) (5) (6)

NAOt 0.010*** -0.000 0.030*** 0.006 0.008** -0.001
(0.0037) (0.0030) (0.0070) (0.0051) (0.0038) (0.0031)

NAOt−1 0.010*** -0.002 0.001 -0.026*** 0.010*** 0.000
(0.0029) (0.0020) (0.0053) (0.0053) (0.0032) (0.0022)

NAOt−2 0.017*** 0.001 0.021** -0.014 0.016*** 0.003
(0.0053) (0.0046) (0.0102) (0.0090) (0.0052) (0.0045)

NAOt−3 0.016*** -0.001 0.021** -0.018** 0.016*** 0.001
(0.0043) (0.0036) (0.0083) (0.0076) (0.0043) (0.0036)

NAOt−4 0.017*** -0.001 0.025** -0.014 0.016*** 0.001
(0.0056) (0.0049) (0.0106) (0.0099) (0.0055) (0.0049)

NAOt−5 0.010* 0.003 0.041*** 0.026** 0.008 0.002
(0.0057) (0.0055) (0.0118) (0.0114) (0.0055) (0.0053)

NAOt−6 0.012* 0.003 0.051*** 0.031** 0.009 0.001
(0.0059) (0.0057) (0.0131) (0.0122) (0.0057) (0.0055)

Linear Combination 0.09** 0.00 0.19** -0.01 0.08** 0.01
(0.03) (0.03) (0.06) (0.05) (0.03) (0.03)

County FE yes yes yes yes yes yes
Year FE yes yes yes yes yes yes
Region Trend no yes no yes no yes

N 1094 1094 1094 1094 1094 1094
Clusters 100 100 100 100 100 100
Sample period 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014
R2 0.999 1.0 0.994 1.0 0.999 1.0
AIC -3554.0 -3631.1 -1582.6 -1644.9 -3470.5 -3517.0

Notes: Effect of current and past NAO on logarithm of labor for counties exposed to NAO (New
England) relative to counties not affected by NAO (South Atlantic). Labor force, unemployed and
employed are regressed on current and past NAO using Eq. 3.3.2. Each regression includes county
fixed effects, year fixed effects and regional time trends. Errors were cluster at the county level.
*** p<0.01, ** p<0.05, * p<0.1



CHAPTER 3. CLIMATE, FISHING AND LABOR 76

Appendix

Table 3.9: Effects of NAO on commercial sea scallop catch for four fisheries
Dep. var. is log commercial catch

(1) (2) (3) (4) (5)
GOM GB SNE MAB Total

NAOt 0.0169 0.0411*** 0.0224 -0.00543 0.0242**
[0.0529] [0.0155] [0.0400] [0.0273] [0.0106]

NAOt−1 -0.00240 0.0883 -0.00536 -0.000565 0.00889
[0.0296] [0.0161] [0.0160] [0.0419] [0.0245]

NAOt−2 -0.0132 -0.0199 0.0257 0.0488 0.0199
[0.0446] [0.0276] [0.0431] [0.0406] [0.0327]

NAOt−3 -0.00809 -0.0668*** -0.0566 0.000377 -0.0275
[0.0377] [0.0187] [0.0395] [0.0468] [0.0257]

NAOt−4 0.0112 -0.107*** -0.0857** -0.0406 -0.0685***
[0.0246] [0.0268] [0.0345] [0.0501] [0.0258]

NAOt−5 0.00188 -0.142*** -0.128** -0.0650*** -0.0883***
[0.0268] [0.0517] [0.0595] [0.0234] [0.0264]

NAOt−6 0.0283 -0.0549 0.0742 -0.0606 -0.0406
[0.0253] [0.0437] [0.0677] [0.0408] [0.0287]

NAOt−7 0.118*** 0.0321 -0.108** -0.102*** -0.0430
[0.0335] [0.0231] [0.0524] [0.0208] [0.0279]

NAOt−8 0.125*** -0.0312 -0.190* -0.142*** -0.0827***
[0.0407] [0.0201] [0.110] [0.0313] [0.0258]

NAOt−9 0.0308* -0.103*** -0.105 -0.0861 -0.0754**
[0.0180] [0.0327] [0.0832] [0.0663] [0.0376]

NAOt−10 0.0808*** -0.0450 -0.0429 -0.0885 -0.0668**
[0.0218] [0.0352] [0.0775] [0.0687] [0.0289]

NAOt−11 0.0337 -0.0292 -0.0629 -0.0499* -0.0397*
[0.0445] [0.0496] [0.0598] [0.0256] [0.0219]

NAOt−12 0.0188 -0.0712* -0.165* 0.0570 -0.0202
[0.0426] [0.0383] [0.0886] [0.0482] [0.0226]

NAOt−13 0.107*** -0.0598*** -0.0654 -0.000915 -0.0105
[0.0339] [0.0219] [0.0657] [0.0379] [0.0262]

NAOt−14 0.00701 -0.0188 -0.0955** -0.0706 -0.0126
[0.0307] [0.0326] [0.0483] [0.0532] [0.0199]

NAOt−15 0.0327 -0.112** 0.154* -0.0923*** -0.0697***
[0.0752] [0.0498] [0.0871] [0.0339] [0.0181]

Observations 35 35 35 35 35
Sample period 1979-2013 1979-2013 1979-2013 1979-2013 1979-2013
Notes: Each column shows coefficients of NAO from a time-series regression of log
commercial landings of four sea scallop fisheries on current and past NAO and a
3th-order polynomial time trend. Serial correlation and heteroscedasticity robust
Newey-West standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, *
p<0.1
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Table 3.10: Effects of NAO on total catch in New England

Dep. var. is log total catch
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

NAOt -0.006 -0.007 -0.007 -0.008 -0.006 -0.003 -0.003 -0.009 -0.007 -0.016**
(0.0075) (0.0075) (0.0069) (0.0068) (0.0054) (0.0058) (0.0064) (0.0066) (0.0073) (0.0060)

NAOt−1 -0.001 -0.002 -0.003 -0.003 -0.005* -0.007** -0.009*** -0.012*** -0.015*** -0.012*
(0.0027) (0.0027) (0.0016) (0.0021) (0.0023) (0.0022) (0.0024) (0.0034) (0.0044) (0.0058)

NAOt−2 -0.003 -0.003 -0.004 -0.005 -0.002 -0.002 -0.011 -0.013** -0.022***
(0.0021) (0.0023) (0.0025) (0.0033) (0.0033) (0.0034) (0.0063) (0.0045) (0.0043)

NAOt−3 -0.003 -0.003 -0.007 -0.005 -0.007 -0.006 -0.011 -0.016***
(0.0061) (0.0060) (0.0077) (0.0064) (0.0065) (0.0050) (0.0059) (0.0027)

NAOt−4 -0.001 -0.001 0.003 0.002 -0.009* -0.008* -0.023***
(0.0035) (0.0027) (0.0030) (0.0025) (0.0041) (0.0039) (0.0047)

NAOt−5 -0.009** -0.010*** -0.012*** -0.015*** -0.021*** -0.018***
(0.0030) (0.0027) (0.0029) (0.0040) (0.0051) (0.0030)

NAOt−6 0.011* 0.011** 0.003 0.002 -0.017***
(0.0044) (0.0040) (0.0041) (0.0035) (0.0047)

NAOt−7 -0.005 -0.006 -0.010 -0.013*
(0.0042) (0.0041) (0.0053) (0.0058)

NAOt−8 -0.017** -0.017** -0.027***
(0.0062) (0.0057) (0.0060)

NAOt−9 -0.009* -0.007
(0.0038) (0.0040)

NAOt−10 -0.020***
(0.0027)

Linear Combination -0.01 -0.01 -0.02** -0.02** -0.03** -0.01 -0.03** -0.08** -0.11*** -0.19***
(0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.02) (0.02) (0.02)

Trends 3 3 3 3 3 3 3 3 3 3
N 26 26 26 26 26 26 26 26 26 26
Sample period 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015
R2 0.155 0.163 0.171 0.172 0.225 0.276 0.288 0.393 0.422 0.516

Notes: Effect of current and past NAO on New England total catches. The logarithm of total catches are regressed on current and past NAO
using Eq. 3.3.1. Each regression includes current and past NAO events and a third order polynomial time trend. Data comes from the NMFS
landings database and spans 1990-2015. The first column includes current and lagged NAO. Each subsequent column adds another lagged NAO
term. Serial correlation and heteroscedasticity robust Newey-West standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Table 3.11: Effects of NAO on total revenue in New England

Dep. var. is log total revenue
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

NAOt 0.002 0.002 0.000 -0.003 -0.002 0.001 0.001 -0.007 0.001 -0.008*
(0.0036) (0.0062) (0.0061) (0.0079) (0.0073) (0.0064) (0.0064) (0.0051) (0.0043) (0.0037)

NAOt−1 -0.009 -0.010 -0.012 -0.015 -0.017 -0.018 -0.018 -0.023 -0.038*** -0.035***
(0.0076) (0.0094) (0.0102) (0.0122) (0.0126) (0.0142) (0.0140) (0.0121) (0.0032) (0.0045)

NAOt−2 -0.003 -0.004 -0.009 -0.009 -0.007 -0.007 -0.019 -0.029*** -0.038***
(0.0112) (0.0108) (0.0145) (0.0144) (0.0158) (0.0153) (0.0155) (0.0053) (0.0058)

NAOt−3 -0.008 -0.008 -0.010 -0.009 -0.009 -0.008 -0.034*** -0.039***
(0.0052) (0.0061) (0.0067) (0.0059) (0.0054) (0.0066) (0.0048) (0.0035)

NAOt−4 -0.010 -0.010 -0.008 -0.008 -0.022* -0.017* -0.032***
(0.0090) (0.0084) (0.0077) (0.0077) (0.0087) (0.0076) (0.0051)

NAOt−5 -0.006 -0.006 -0.006 -0.010 -0.042*** -0.039***
(0.0086) (0.0077) (0.0085) (0.0094) (0.0058) (0.0036)

NAOt−6 0.007 0.007 -0.003 -0.006 -0.026***
(0.0113) (0.0119) (0.0116) (0.0048) (0.0068)

NAOt−7 -0.000 -0.002 -0.021** -0.024***
(0.0082) (0.0084) (0.0065) (0.0058)

NAOt−8 -0.022*** -0.022*** -0.033***
(0.0051) (0.0028) (0.0026)

NAOt−9 -0.049*** -0.047***
(0.0066) (0.0049)

NAOt−10 -0.021**
(0.0072)

Linear Combination -0.01 -0.01 -0.02 -0.05 -0.05 -0.04 -0.04 -0.12** -0.26*** -0.34***
(0.01) (0.03) (0.03) (0.04) (0.05) (0.05) (0.05) (0.05) (0.02) (0.03)

Trends 3 3 3 3 3 3 3 3 3 3
N 26 26 26 26 26 26 26 26 26 26
Sample period 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015
R2 0.892 0.893 0.896 0.900 0.901 0.902 0.902 0.913 0.965 0.972

Notes: Effect of current and past NAO on New England total revenue. The logarithm of total revenue is regressed on current and past NAO
using Eq. 3.3.1. Each regression includes current and past NAO events and a third order polynomial time trend. Data comes from the NMFS
landings database and spans 1990-2015. The first column includes current and lagged NAO. Each subsequent column adds another lagged NAO
term. Serial correlation and heteroscedasticity robust Newey-West standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Table 3.12: Effects of NAO on total catch in South Atlantic

Dep. var. is log total catch
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

NAOt -0.011*** -0.011*** -0.011*** -0.009* -0.009 -0.016*** -0.018** -0.019** -0.022** -0.021
(0.0027) (0.0030) (0.0033) (0.0047) (0.0050) (0.0049) (0.0063) (0.0070) (0.0086) (0.0111)

NAOt−1 -0.016*** -0.016*** -0.016*** -0.015*** -0.015*** -0.012* -0.015** -0.016* -0.008 -0.009
(0.0039) (0.0042) (0.0021) (0.0027) (0.0026) (0.0049) (0.0058) (0.0073) (0.0089) (0.0115)

NAOt−2 0.002 0.002 0.005 0.005 -0.000 0.000 -0.001 0.003 0.005
(0.0038) (0.0035) (0.0055) (0.0054) (0.0051) (0.0069) (0.0042) (0.0072) (0.0054)

NAOt−3 -0.001 -0.001 -0.001 -0.005 -0.010 -0.010 0.003 0.004
(0.0089) (0.0092) (0.0086) (0.0070) (0.0085) (0.0083) (0.0076) (0.0105)

NAOt−4 0.005 0.005 -0.001 -0.004 -0.006 -0.008 -0.005
(0.0105) (0.0106) (0.0101) (0.0078) (0.0072) (0.0091) (0.0150)

NAOt−5 0.000 0.002 -0.003 -0.003 0.012 0.012
(0.0038) (0.0046) (0.0095) (0.0115) (0.0091) (0.0119)

NAOt−6 -0.020** -0.020** -0.022 -0.020* -0.016
(0.0063) (0.0075) (0.0115) (0.0090) (0.0171)

NAOt−7 -0.011 -0.011 -0.002 -0.001
(0.0192) (0.0196) (0.0163) (0.0157)

NAOt−8 -0.003 -0.003 -0.001
(0.0107) (0.0118) (0.0107)

NAOt−9 0.024* 0.024**
(0.0096) (0.0092)

NAOt−10 0.004
(0.0171)

Linear Combination -0.03** -0.02** -0.03** -0.02 -0.02 -0.05 -0.08 -0.09 -0.02 -0.00
(0.00) (0.01) (0.01) (0.03) (0.03) (0.02) (0.04) (0.07) (0.06) (0.07)

Trends 3 3 3 3 3 3 3 3 3 3
N 26 26 26 26 26 26 26 26 26 26
Sample period 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015 1990-2015
R2 0.938 0.938 0.938 0.938 0.938 0.944 0.945 0.945 0.951 0.952

Notes: Effect of current and past NAO on South Atlantic total catches. The logarithm of total catches are regressed on current and past NAO
using Eq. 3.3.1. Each regression includes current and past NAO events and a third order polynomial time trend. Data comes from the NMFS
landings database and spans 1990-2015. The first column includes current and lagged NAO. Each subsequent column adds another lagged NAO
term. Serial correlation and heteroscedasticity robust Newey-West standard errors with optimal bandwidth. *** p<0.01, ** p<0.05, * p<0.1
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Table 3.13: Difference-in-Difference: Effects of NAO on fishing labor in levels

employment wages establishments
(1) (2) (3) (4) (5) (6)

NAOt -3.489 -3.340* -544289.646 -359644.014 -0.759* -0.413*
(2.1173) (1.7184) (423092.0717) (272923.3318) (0.4199) (0.2228)

NAOt−1 -0.350 -0.181 -486935.810 -276099.124 -0.172 0.222
(0.7154) (0.5732) (377195.3576) (204247.3704) (0.2779) (0.2145)

NAOt−2 -5.004* -4.783** -802798.292 -527549.020 -1.259* -0.744*
(2.9423) (2.3055) (593740.6963) (371360.5384) (0.6428) (0.4129)

NAOt−3 -3.282 -3.036 -658545.638 -352652.672 -1.072* -0.500
(2.4686) (1.8312) (469820.5432) (228347.3886) (0.6212) (0.3344)

NAOt−4 -4.546 -4.296** -691859.169 -380773.639 -1.239* -0.657
(2.8434) (2.1167) (499251.8492) (255613.5460) (0.6813) (0.3976)

NAOt−5 -6.625* -6.526* -548939.072 -425979.189 -1.507** -1.277**
(3.8288) (3.5972) (362143.0155) (273552.8468) (0.7125) (0.6083)

NAOt−6 -7.619* -7.490* -617766.389 -457768.557 -1.781** -1.481**
(4.2196) (3.8921) (432294.3997) (313103.8766) (0.7640) (0.5921)

Linear Combination -30.92* -29.65** -4351134.02 -2780466.21 -7.79* -4.85**
(18.17) (14.71) (3123345.04) (1875362.69) (3.93) (2.42)

County FE yes yes yes yes yes yes
Year FE yes yes yes yes yes yes
Region Trend no yes no yes no yes

N 1094 1094 1094 1094 1094 1094
Cluster 100 100 100 100 100 100
Sample period 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014
AIC 10061.5 10063.4 36380.1 36378.8 6998.8 6995.4

Notes: Level effect of current and past NAO on fishing labor for counties exposed to NAO (New England)
relative to counties not affected by NAO (South Atlantic). Fishing employment, wages and establishments
are regressed on current and past NAO from using Eq 3.3.2. Each regression includes county fixed effects
and year fixed effects. Errors were cluster at the county level. Even numbered columns include regional
time trends. *** p<0.01, ** p<0.05, * p<0.1
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Table 3.14: Difference-in-Difference: Effects of NAO lags and leads on fishing employment

Dep. var. is log fishing employment
(1) (2) (3) (4) (5) (6)

NAOt+2 -0.043 -0.078
(0.0440) (0.0623)

NAOt+1 -0.000 -0.001 -0.006 -0.046
(0.0363) (0.0481) (0.0371) (0.0637)

NAOt -0.136 -0.138 -0.135 -0.138 -0.159 -0.237
(0.0987) (0.1104) (0.1006) (0.1094) (0.1146) (0.1675)

NAOt−1 -0.047 -0.047 -0.047 -0.048 -0.065 -0.129
(0.0356) (0.0401) (0.0457) (0.0642) (0.0480) (0.0939)

NAOt−2 -0.204** -0.206* -0.204** -0.206* -0.223* -0.318*
(0.1012) (0.1118) (0.1017) (0.1147) (0.1136) (0.1830)

NAOt−3 -0.200* -0.202 -0.200* -0.203 -0.201* -0.276*
(0.1116) (0.1233) (0.1123) (0.1246) (0.1125) (0.1629)

NAOt−4 -0.236** -0.237** -0.235** -0.237** -0.261** -0.329**
(0.0922) (0.0932) (0.0940) (0.0931) (0.1102) (0.1478)

NAOt−5 -0.275** -0.276** -0.275** -0.277** -0.261** -0.291**
(0.1055) (0.1090) (0.1051) (0.1154) (0.1019) (0.1206)

NAOt−6 -0.255** -0.257** -0.255** -0.256** -0.249** -0.284**
(0.1218) (0.1252) (0.1254) (0.1257) (0.1218) (0.1390)

Linear Combination -1.35** -1.36** -1.35** -1.37** -1.47** -1.99*
(0.59) (0.64) (0.59) (0.66) (0.65) (1.03)

County FE yes yes yes yes yes yes
Year FE yes yes yes yes yes yes
Region Trend no yes no yes no yes

N 941 941 941 941 941 941
Clusters 95 95 95 95 95 95
Sample period 1996-2012 1996-2012 1996-2012 1996-2012 1996-2012 1996-2012
R2 0.8 0.8 0.8 0.8 0.8 0.8
AIC 2455.6 2457.6 2457.6 2459.6 2458.2 2459.1

Notes: Effect of current and past NAO on the logarithm of fishing employment for counties ex-
posed to NAO (New England) relative to counties not affected by NAO (South Atlantic). Fishing
employment is regressed on current and past NAO using Eq. 3.3.2. Each regression includes
current and past NAO events as well as county fixed effects and year fixed effects and a regional
time trend. Columns 3-6 add leads of NAO. Even numbered columns include regional time trends.
Errors were cluster at the county level. *** p<0.01, ** p<0.05, * p<0.1
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Table 3.15: Robustness Checks: Effects of NAO on fishing employment

Dep. var. is log fishing employment
(1) (2) (3) (4) (5) (6)

NAOt 0.066* -52076.393 -51525.131
(0.0360) (2.1172e+09) (2.1169e+09)

NAOt−1 0.026 -29115.973 -28668.161
(0.0231) (1.3246e+09) (1.3261e+09)

NAOt−2 0.142*** -32849.613 -32796.771
(0.0528) (1.3157e+09) (1.3159e+09)

NAOt−3 0.082*
(0.0456)

NAOt−4 0.132**
(0.0574)

NAOt−5 0.184** 68978.388 68792.321
(0.0787) (1.3641e+09) (1.3648e+09)

NAOt−6 0.148** 28253.643 27713.847
(0.0722) (1.5163e+09) (1.5181e+09)

NAOt x NE -0.081* -0.085* 0.019 -0.047 -0.085* -0.081*
(0.0479) (0.0500) (0.0255) (0.0442) (0.0501) (0.0480)

NAOt−1 x NE -0.024 -0.028 0.003 -0.023 -0.028 -0.024
(0.0447) (0.0372) (0.0273) (0.0358) (0.0373) (0.0448)

NAOt−2 x NE -0.162*** -0.167** 0.023 -0.119* -0.167** -0.162***
(0.0608) (0.0669) (0.0288) (0.0602) (0.0671) (0.0609)

NAOt−3 x NE -0.100 -0.106* 0.018 -0.064 -0.106* -0.100
(0.0627) (0.0618) (0.0282) (0.0537) (0.0619) (0.0628)

NAOt−4 x NE -0.173*** -0.179** -0.000 -0.133** -0.179** -0.173***
(0.0644) (0.0724) (0.0332) (0.0664) (0.0726) (0.0645)

NAOt−5 x NE -0.277*** -0.280*** -0.021 -0.206** -0.280*** -0.277***
(0.1047) (0.1044) (0.0390) (0.0879) (0.1046) (0.1050)

NAOt−6 x NE -0.246*** -0.249** -0.026 -0.175** -0.249** -0.246***
(0.0917) (0.0979) (0.0427) (0.0839) (0.0981) (0.0919)

Linear Combination -1.06*** -1.10** 0.02 -0.76** -1.10** -1.06 ***
(0.40) (0.42) (0.13) (0.37) (0.42) (0.40)

County FE yes yes yes yes yes yes
Year FE yes yes no no yes yes
Region Trend yes no no no no yes

N 1094 1094 1094 1094 1094 1094
Clusters 100 100 100 100 100 100
Sample period 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014
R2 0.828 0.828 0.812 0.821 0.828 0.828
AIC 2820.9 2818.9 2917.7 2874.8 2828.9 2830.9

Notes: Effect of current and past NAO on fishing employment for counties exposed to NAO (New England)
relative to counties not exposed to NAO (South Atlantic). Columns 1-3 include current and past NAO
events interacted with a dummy for New England. Columns 4-6 add the average effect of NAO for all
counties. Each regression includes county fixed effects, but only columns 1,2, 5 and 6 have year fixed
effects and columns 1 and 6 include include linear regional time trends. Columns 5 and 6 have omitted
values for NAOt−3 and NAOt−4 due to collinearity between NAO and year fixed effects. Errors were
cluster at the county level.
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Table 3.16: Robustness Checks: Effects of NAO on fishing wages

Dep. var. is log fishing wages
(1) (2) (3) (4) (5) (6)

NAOt 0.166 -231033.318 -228852.314
(0.1214) (8.5379e+09) (8.5383e+09)

NAOt−1 0.073 -71705.100 -69933.385
(0.0998) (5.7460e+09) (5.7516e+09)

NAOt−2 0.423** -272961.655 -272752.592
(0.1658) (5.3484e+09) (5.3508e+09)

NAOt−3 0.180
(0.1523)

NAOt−4 0.350*
(0.1832)

NAOt−5 0.543** 108617.989 107881.834
(0.2398) (5.6882e+09) (5.6907e+09)

NAOt−6 0.390* -86704.552 -88840.191
(0.2186) (6.8370e+09) (6.8437e+09)

NAOt x NE -0.182 -0.197 0.081 -0.085 -0.197 -0.182
(0.1720) (0.1734) (0.1044) (0.1603) (0.1738) (0.1724)

NAOt−1 x NE -0.093 -0.110 -0.018 -0.091 -0.110 -0.093
(0.1804) (0.1605) (0.1163) (0.1535) (0.1609) (0.1808)

NAOt−2 x NE -0.433** -0.456** 0.105 -0.318* -0.456** -0.433**
(0.2015) (0.1966) (0.0676) (0.1791) (0.1970) (0.2020)

NAOt−3 x NE -0.215 -0.240 0.068 -0.112 -0.240 -0.215
(0.2181) (0.2072) (0.1000) (0.1823) (0.2077) (0.2186)

NAOt−4 x NE -0.478** -0.503** -0.014 -0.364* -0.503** -0.478**
(0.2134) (0.2137) (0.0791) (0.1997) (0.2142) (0.2139)

NAOt−5 x NE -0.843** -0.853** -0.094 -0.637** -0.853** -0.843**
(0.3356) (0.3251) (0.1476) (0.2819) (0.3259) (0.3363)

NAOt−6 x NE -0.666** -0.679** -0.068 -0.459* -0.679** -0.666**
(0.2768) (0.2886) (0.1278) (0.2534) (0.2892) (0.2775)

Linear Combination -2.91** -3.04** 0.06 -2.07* -3.04** -2.91**
(1.27) (1.23) (0.25) (1.08) (1.23) (1.28)

County FE yes yes yes yes yes yes
Year FE yes yes no no yes yes
Region Trend yes no no no no yes

N 1094 1094 1094 1094 1094 1094
Clusters 100 100 100 100 100 100
Sample period 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014
R2 0.737 0.737 0.724 0.731 0.737 0.737
AIC 5871.7 5869.7 5924.3 5908.0 5879.7 5881.7

Notes: Effect of current and past NAO on fishing wages for counties exposed to NAO (New England)
relative to counties not exposed to NAO (South Atlantic). Columns 1-3 include current and past NAO
events interacted with a dummy for New England. Columns 4-6 add the average effect of NAO for all
counties. Each regression includes county fixed effects, but only columns 1,2, 5 and 6 have year fixed
effects and columns 1 and 6 include linear regional time trends. Columns 5 and 6 have omitted values
for NAOt−3 and NAOt−4 due to collinearity between NAO and year fixed effects. Errors were cluster at
the county level.
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Table 3.17: Robustness Checks: Effects of NAO on fishing establishments

Dep. var. is log fishing establishments
(1) (2) (3) (4) (5) (6)

NAOt -0.011 -55971.284 -61072.114
(0.0094) (1.2195e+09) (1.2216e+09)

NAOt−1 -0.115*** -186975.556 -191119.160
(0.0131) (1.1602e+09) (1.1477e+09)

NAOt−2 0.024 -126650.718 -127139.666
(0.0147) (6.3393e+08) (6.3734e+08)

NAOt−3 -0.072***
(0.0134)

NAOt−4 0.002
(0.0129)

NAOt−5 0.157*** -32108.436 -30386.752
(0.0251) (5.7142e+08) (5.7324e+08)

NAOt−6 0.117*** 280271.417 285266.148
(0.0234) (8.4097e+08) (8.3260e+08)

NAOt x NE -0.057*** -0.022 -0.041*** -0.030* -0.022 -0.057***
(0.0179) (0.0169) (0.0142) (0.0171) (0.0169) (0.0180)

NAOt−1 x NE 0.010 0.051** -0.060*** 0.055** 0.051** 0.010
(0.0163) (0.0206) (0.0165) (0.0211) (0.0206) (0.0163)

NAOt−2 x NE -0.086*** -0.033 -0.019 -0.044* -0.033 -0.086***
(0.0301) (0.0254) (0.0187) (0.0238) (0.0255) (0.0302)

NAOt−3 x NE -0.077*** -0.019 -0.085*** -0.013 -0.019 -0.077***
(0.0291) (0.0245) (0.0198) (0.0239) (0.0245) (0.0291)

NAOt−4 x NE -0.092*** -0.032 -0.038** -0.040* -0.032 -0.092***
(0.0296) (0.0249) (0.0191) (0.0231) (0.0250) (0.0297)

NAOt−5 x NE -0.155*** -0.131*** 0.019 -0.138*** -0.131*** -0.155***
(0.0436) (0.0366) (0.0205) (0.0325) (0.0367) (0.0437)

NAOt−6 x NE -0.165*** -0.135*** -0.024 -0.141*** -0.135*** -0.165***
(0.0401) (0.0362) (0.0234) (0.0332) (0.0363) (0.0401)

Linear Combination -0.62*** -0.32** -0.25** -0.35*** -0.32** -0.62***
(0.18) (0.14) (0.10) (0.13) (0.14) (0.18)

County FE yes yes yes yes yes yes
Year FE yes yes no no yes yes
Region Trend yes no no no no yes

N 1094 1094 1094 1094 1094 1094
Clusters 100 100 100 100 100 100
Sample period 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014
R2 0.890 0.889 0.815 0.849 0.889 0.890
AIC 1580.2 1586.2 2142.5 1934.3 1596.2 1590.2

Notes: Effect of current and past NAO on fishing establishments for counties exposed to NAO (New
England) relative to counties not exposed to NAO (South Atlantic). Columns 1-3 include current and
past NAO events interacted with a dummy for New England. Columns 4-6 add the average effect of
NAO for all counties. Each regression includes county fixed effects, but only columns 1,2, 5 and 6 have
year fixed effects and columns 1 and 6 include include linear regional time trends. Columns 5 and 6 have
omitted values for NAOt−3 and NAOt−4 due to collinearity between NAO and year fixed effects. Errors
were cluster at the county level.



CHAPTER 3. CLIMATE, FISHING AND LABOR 85

Table 3.18: Difference-in-Difference: Effects of NAO on employment in fish and seafood wholesalers

Dep. var. is log employment in fish and seafood wholesalers
(1) (2) (3) (4) (5) (6)

NAOt 0.009 0.018 0.019 0.015 0.013 0.043
(0.0296) (0.0288) (0.0391) (0.0463) (0.0470) (0.0558)

NAOt−1 -0.010 -0.008 -0.005 -0.008 -0.005 -0.017
(0.0317) (0.0334) (0.0548) (0.0603) (0.0620) (0.0628)

NAOt−2 0.032 0.032 0.021 0.029 0.064
(0.0395) (0.0401) (0.0584) (0.0618) (0.0700)

NAOt−3 0.007 0.008 0.014 0.046
(0.0722) (0.0691) (0.0707) (0.0787)

NAOt−4 -0.021 -0.019 0.018
(0.0520) (0.0525) (0.0633)

NAOt−5 0.021 0.063
(0.0433) (0.0578)

NAOt−6 0.081
(0.0628)

Linear Combination -0.00 0.04 0.05 0.01 0.05 0.30
(0.04) (0.07) (0.18) (0.26) (0.27) (0.35)

County FE yes yes yes yes yes yes
Year FE yes yes yes yes yes yes

N 945 945 945 945 945 945
Clusters 83 83 83 83 83 83
Sample period 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014
R2 0.822 0.822 0.822 0.822 0.822 0.822
AIC 2915.9 2917.2 2919.2 2921.0 2922.8 2923.1

Notes: Effect of current and past NAO on the inverse hyperbolic sine of employment for fish and
seafood wholesalers for counties in New England relative to the South Atlantic. Fish and seafood
wholesale employment is regressed on current and past NAO using Eq. 3.3.2. The first column
includes current and lagged NAO. Each subsequent column adds another lagged NAO term. All
columns include county fixed effects and year fixed effects. Errors were cluster at the county level.
*** p<0.01, ** p<0.05, * p<0.1
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Table 3.19: Difference-in-Difference: Effects of NAO on employment in fish and seafood markets

Dep. var. is log employment in fish and seafood markets
(1) (2) (3) (4) (5) (6)

NAOt -0.050 -0.046 -0.042 -0.034 -0.029 -0.039
(0.0476) (0.0465) (0.0504) (0.0574) (0.0578) (0.0689)

NAOt−1 -0.047 -0.045 -0.039 -0.034 -0.043 -0.039
(0.0348) (0.0339) (0.0416) (0.0475) (0.0511) (0.0492)

NAOt−2 0.017 0.018 0.035 0.007 -0.005
(0.0376) (0.0377) (0.0548) (0.0652) (0.0857)

NAOt−3 0.014 0.011 -0.007 -0.018
(0.0564) (0.0538) (0.0590) (0.0768)

NAOt−4 0.033 0.025 0.012
(0.0611) (0.0634) (0.0828)

NAOt−5 -0.071 -0.085
(0.0654) (0.0859)

NAOt−6 -0.028
(0.0774)

Linear Combination -0.10 -0.07 -0.05 0.01 -0.12 -0.20
(0.06) (0.07) (0.13) (0.21) (0.27) (0.43)

County FE yes yes yes yes yes yes
Year FE yes yes yes yes yes yes

N 948 948 948 948 948 948
Clusters 87 87 87 87 87 87
Sample period 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014
R2 0.739 0.739 0.739 0.739 0.740 0.740
AIC 3016.5 3018.3 3020.3 3021.8 3022.3 3024.1

Notes: Effect of current and past NAO on the inverse hyperbolic sine of employment in the fish and
seafood market for counties in New England relative to the South Atlantic. Employment in the
fish and seafood market is regressed on current and past NAO using Eq. 3.3.2. The first column
includes current and lagged NAO. Each subsequent column adds another lagged NAO term. All
columns include county fixed effects and year fixed effects. Errors were cluster at the county level.
*** p<0.01, ** p<0.05, * p<0.1
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Table 3.20: Difference-in-Difference: Effects of NAO on employment in utilities

Dep. var. is log employment in utilities
(1) (2) (3) (4) (5) (6)

NAOt -0.020 -0.012 -0.006 0.004 0.001 -0.025
(0.0636) (0.0710) (0.0831) (0.0898) (0.0905) (0.0941)

NAOt−1 0.018 0.021 0.030 0.036 0.039 0.054
(0.0658) (0.0662) (0.0772) (0.0810) (0.0820) (0.0857)

NAOt−2 0.030 0.030 0.049 0.059 0.034
(0.0717) (0.0722) (0.0868) (0.0897) (0.0988)

NAOt−3 0.020 0.016 0.023 -0.001
(0.0747) (0.0729) (0.0780) (0.0876)

NAOt−4 0.038 0.040 0.012
(0.0941) (0.0929) (0.1015)

NAOt−5 0.028 -0.002
(0.0896) (0.1104)

NAOt−6 -0.076
(0.1324)

Linear Combination -0.00 0.04 0.07 0.14 0.19 -0.00
(0.10) (0.15) (0.25) (0.32) (0.35) (0.48)

County FE yes yes yes yes yes yes
Year FE yes yes yes yes yes yes

N 1062 1062 1062 1062 1062 1062
Clusters 98 98 98 98 98 98
Sample period 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014
R2 0.606 0.606 0.606 0.606 0.606 0.606
AIC 4504.1 4505.8 4507.8 4509.5 4511.4 4512.8

Notes: Effect of current and past NAO on the inverse hyperbolic sine of employment in utilities
for counties in New England relative to the South Atlantic. Employment in utilities is regressed
on current and past NAO using Eq. 3.3.2. The first column includes current and lagged NAO.
Each subsequent column adds another lagged NAO term. All columns include county fixed effects
and year fixed effects. Errors were cluster at the county level. *** p<0.01, ** p<0.05, * p<0.1
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Table 3.21: Difference-in-Difference: Effects of NAO on employment in education

Dep. var. is log employment in education
(1) (2) (3) (4) (5) (6)

NAOt -0.070 -0.079 -0.085 -0.099 -0.084 -0.152
(0.1034) (0.1090) (0.1236) (0.1331) (0.1336) (0.1539)

NAOt−1 0.128 0.125 0.116 0.106 0.088 0.128
(0.1022) (0.1045) (0.1143) (0.1196) (0.1212) (0.1192)

NAOt−2 -0.031 -0.031 -0.060 -0.115 -0.180
(0.0970) (0.0971) (0.1343) (0.1492) (0.1641)

NAOt−3 -0.021 -0.016 -0.052 -0.117
(0.1196) (0.1196) (0.1233) (0.1419)

NAOt−4 -0.057 -0.067 -0.141
(0.1353) (0.1371) (0.1445)

NAOt−5 -0.158 -0.237
(0.1501) (0.1615)

NAOt−6 -0.203
(0.1590)

Linear Combination 0.06 0.01 -0.02 -0.13 -0.39 -0.90
(0.16) (0.23) (0.33) (0.45) (0.54) (0.72)

County FE yes yes yes yes yes yes
Year FE yes yes yes yes yes yes

N 1094 1094 1094 1094 1094 1094
Clusters 100 100 100 100 100 100
Sample period 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014
R2 0.412 0.412 0.412 0.412 0.413 0.414
AIC 5546.3 5548.2 5550.2 5551.9 5552.5 5552.5

Notes: Effect of current and past NAO on the inverse hyperbolic sine of employment in education
for counties in New England relative to the South Atlantic. Employment in education is regressed
on current and past NAO using Eq. 3.3.2. The first column includes current and lagged NAO.
Each subsequent column adds another lagged NAO term. All columns include county fixed effects
and year fixed effects. Errors were cluster at the county level. *** p<0.01, ** p<0.05, * p<0.1
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Table 3.22: Difference-in-Difference: Effects of NAO on employment in arts and recreation

Dep. var. is log employment in arts and recreation
(1) (2) (3) (4) (5) (6)

NAOt -0.036 -0.068 -0.075 -0.107 -0.114 -0.190
(0.0919) (0.1039) (0.1134) (0.1249) (0.1256) (0.1274)

NAOt−1 -0.072 -0.083 -0.094 -0.115 -0.106 -0.061
(0.0958) (0.0983) (0.1102) (0.1193) (0.1203) (0.1265)

NAOt−2 -0.117 -0.117 -0.179 -0.151 -0.225
(0.1203) (0.1208) (0.1560) (0.1556) (0.1544)

NAOt−3 -0.024 -0.014 0.004 -0.069
(0.1024) (0.0990) (0.1053) (0.1086)

NAOt−4 -0.124 -0.119 -0.202
(0.1250) (0.1235) (0.1220)

NAOt−5 0.079 -0.008
(0.1089) (0.1161)

NAOt−6 -0.227*
(0.1206)

Linear Combination -0.11 -0.27 -0.31 -0.54 -0.41 -0.98*
(0.15) (0.25) (0.34) (0.49) (0.50) (0.54)

County FE yes yes yes yes yes yes
Year FE yes yes yes yes yes yes

N 1087 1087 1087 1087 1087 1087
Clusters 100 100 100 100 100 100
Sample period 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014 1996-2014
R2 0.324 0.325 0.325 0.326 0.326 0.328
AIC 5416.9 5417.3 5419.2 5420.1 5421.7 5420.9

Notes: Effect of current and past NAO on the inverse hyperbolic sine of employment in arts and
recreation for counties in New England relative to the South Atlantic. Employment in arts and
recreation is regressed on current and past NAO using Eq. 3.3.2. The first column includes current
and lagged NAO. Each subsequent column adds another lagged NAO term. All columns include
county fixed effects and year fixed effects. Errors were cluster at the county level. *** p<0.01, **
p<0.05, * p<0.1
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Table 3.23: Robustness Checks: Effects of NAO on extraction employment

logarithm levels
(1) (2) (3) (4)

NAOt 0.141** 0.060 4.909 2.741
(0.0673) (0.0652) (3.1012) (1.7988)

NAOt−1 0.085 -0.011 0.982 -1.565
(0.0623) (0.0828) (1.7400) (2.5501)

NAOt−2 0.225*** 0.100 8.392* 5.050
(0.0652) (0.0849) (4.8377) (3.2261)

NAOt−3 0.256*** 0.117 7.250* 3.538
(0.0717) (0.0949) (4.2542) (3.0978)

NAOt−4 0.268*** 0.125 9.045** 5.229
(0.0700) (0.0861) (4.4676) (3.1690)

NAOt−5 0.244*** 0.188** 10.999* 9.511**
(0.0717) (0.0733) (5.6912) (4.6981)

NAOt−6 0.208*** 0.134* 10.386* 8.424*
(0.0703) (0.0757) (5.5458) (4.4502)

Linear Combination 1.43*** 0.71 51.96* 32.93*
(0.37) (0.47) (28.49) (19.40)

County FE yes yes yes yes
Year FE yes yes yes yes
Region Trend no yes no yes

N 855 855 855 855
Clusters 84 84 84 84
Sample period 1996-2014 1996-2014 1996-2014 1996-2014
R2 0.8 0.8 0.9 0.9
AIC 2673.8 2669.5 8762.1 8760.5

Notes: Level effect of current and past NAO on the extraction industry
for counties in New England relative to the South Atlantic. Regression
coefficients shown from using Eq. 3.3.2 that regresses extraction employ-
ment on lagged NAO events in levels and logs. Each regression includes
current and past NAO events as well as county fixed effects and year
fixed effects. Errors were cluster at the county level. Even numbered
columns include regional time trends. *** p<0.01, ** p<0.05, * p<0.1
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Abstract

Reauthorization of the primary law governing U.S. fishery management, the Magnuson-Stevens Act

(MSA), has been held up in Congress for almost 4 years. At the center of the debate is whether a

key provision, the requirement to rebuild overfished stocks, should be strengthened or weakened. This

study examines catch and biomass data for 119 stocks, of which 56 have received rebuilding plans

under the MSA. Using a difference-in-difference estimator, I compare outcomes for the stocks that

were designated with rebuilding plans to those that were not. On average, I find that rebuilding plans

have significantly lowered catch, yet for most stocks, biomass has yet to respond to the policy.
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4.1 Introduction

The Magnuson-Stevens Fisheries Conservation and Management Act (MSA), also known as the “fish

bill,” is regarded as a gold standard in sustainable fishery management. This is mostly due to its 1996

reauthorization as the Sustainable Fisheries Act, when a requirement to rebuild overfished stocks was

established. Countries around the world recently adopted similar rebuilding provisions through the UN

Sustainable Development goals and the EU Common Fishery Policy. However, the 2013 reauthorization

has been held up in Congress for 4 years. Much of the debate centers on how successful these rebuilding

provisions have been, a question that has not been definitively answered. More broadly, understanding

the successes and failures of these provisions could lay the groundwork for future policy in the United

States and abroad.

Rebuilding provisions adopted in the 1996 MSA reauthorization required overfished stocks to be

rebuilt in a time period “as short as possible, ... not [to] exceed 10 years except in cases where

the biology of the stock of fish, other environmental conditions, or management measures under an

international agreement in which the United States participates dictate otherwise.” Early studies found

rebuilding plans did not stop overfishing, with very few stocks considered rebuilt (Rosenberg et al.,

2006). Subsequent recent studies found results trending in a positive direction (Milazzo, 2012; Oremus

et al., 2014; Sewell et al., 2013). A more recent study (Benson et al., 2016) uses simulation to evaluate

rebuilding provisions versus other fishery management options, and Patrick and Cope (2014) consider

whether another timeline should be used instead of the 10-year maximum. These studies either did not

have enough data for program evaluation (Rosenberg et al., 2006) or used a non-experimental design

that lacked the necessary control group to attribute outcomes to changes in the policy (Milazzo, 2012;

NRC, 2014; Oremus et al., 2014; Sewell et al., 2013).

This study evaluates two separate but related questions: whether rebuilding provisions are reducing

catch, and whether they are increasing biomass. Leveraging the National Oceanic and Atmospheric

Administration’s (NOAA) effort to centralize stock assessment data, I use a dataset of 119 stocks in the

Untied States, of which 56 have been treated with rebuilding plans. By exploiting quasi-experimental

variation in the timing of policy implementation, I am able to report the first causally interpretable

results on the efficacy of rebuilding provisions. I find that the policy is significantly lowering catch, by

55%, but not significantly rebuilding biomass.

A natural concern is that stocks that enter the rebuilding process are likely to be experiencing more
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fishing pressure than stocks that are never put into rebuilding. I test for parallel trends in the data

prior to treatment. I find that the biomass data for my treatment and control behave similarly prior

to receiving policy treatment. However, the catch data for the treated group does not show similar

behavior to the control group prior to policy implementation. This means the effect of the policy on

catch is not well-identified.

My findings suggest that restricting catch by itself may not be an effective policy. Further un-

derstanding is needed on how other variables and their interaction with catch impact biomass under

rebuilding provisions. Examples include the timing of catch reductions and the interactions between

catch and other drivers of productivity variability.

4.2 Background

Fishery management in the United States is a blend of science and politics. Though each region has

well-defined timelines and definitions for when a stock needs to be assessed, when it is considered

overfished, and when it needs to be rebuilt, there is broad flexibility in how it is rebuilt. Below

I have summarized my observations from attending fishery management council meetings combined

with NOAA documentation (Methot, 2014) about how total allowable catch is determined and put

into management.

The first step is assessing the stock. Stock assessors use survey data, catch data, fishing effort data,

and biological information to estimate the mortality and population of the stock. Often new data and

techniques can yield new reference points for a stock. The most important reference point for fishery

management is Maximum Sustainable Yield (MSY). This is theoretically the largest catch that can

be taken year to year from a stock while maintaining a sustainable population indefinitely. The stock

assessments are created by NOAA scientists and undergo peer review, informing recommendations for

the regional fishery management councils.

The second step is applying the science to management. The most important recommendation

for a stock assessor to give the council is the total allowable catch (TAC) for the fishery. Fishery

management councils may ask stock assessors for an array of TAC recommendations based on dif-

ferent models. Regional councils are composed of commercial and recreational fishermen, state and

federal representatives, and other community members. These recommendations also undergo a public

deeming process. During these public hearings, fishermen and community members may discuss the

economic hardship that quotas could cause. In the end, both the scientific and political processes
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determine the TAC.

Though stocks have to be rebuilt in 10 years, there is flexibility in the management pathway.

Some fisheries, like the yelloweye rockfish, will slowly ramp down catch due to economic considerations

(Wallace, 2007). Some fisheries do not decrease their catch. The Natural Resources Defense Council

won a landmark lawsuit overruling a 1999 catch quota that violated rebuilding provisions for summer

flounder (Chasis, 2000). However, if a fishery does not appear on track to be rebuilt in 10 years,

such as Atlantic cod, it may be placed in a new rebuilding plan with a new timeline (NEFSC, 2012).

Sometimes new reference points due to improved data or statistical methods will also move a stock,

like monkfish (40th Northeast Regional Stock Assessment Workshop (40th SAW), 2005; Northeast

Fisheries Science Center, 2002), from overfished to rebuilt without any changes to catch quotas. These

baselines can also move the status of fishing a particular stock from not overfishing to overfishing, as

was the case with Atlantic cod in 2011 (NEFSC, 2012). These examples underscore the importance of

evaluating the efficacy of this policy.

4.3 Data

There are over 500 stocks in the United States, but only around 200 are assessed. NOAA provides

data through its Species Information System (SIS) (Office of Science and Technology, 2016b). This

database includes biomass and catch data. Using this data set, I excluded stocks that might be shared

with other nations, including highly migratory stocks, stocks in Hawaii, and stocks in the Caribbean.

Stocks in rebuilding plans that were not listed in SIS had to be manually added from stock assessments

conducted by National Marine Fisheries Service (NMFS). I have panel data for 119 stocks. 56 of the

119 stocks in this study were subjected to rebuilding plans following the 1996 enactment. If biomass

data did not exist, proxies such as spawning stock biomass were used. Stock assessments are considered

the best identification information available for fish stocks in the United States, but uncertainty in the

data arises from the models used, the data collection technique, and how long ago the assessment was

conducted. Other stocks were excluded from this study because they did not have enough information.

Yearly biomass and catch data is used from 1976, when MSA was enacted. That year was marked

by major changes in fishery policy, including the removal of international fishing fleets from within the

newly created 200-nm Exclusive Economic Zone and the formation of Regional Fishery Management

Councils. For species whose data did not go back to 1976, the earliest date available was used.

Figure 4.2 shows the mean of standardized catch in orange and biomass in blue for both the treated
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group (Panel a) and control group (Panel b) over time. The treated group shows trends over event

time, which is centered on the year before policy implementation, year 0. Prior to treatment, both the

catch and biomass are declining. Post-treatment, biomass is increasing and catch is stagnating.

The control group shows mean standardized catch and biomass over years. It is hard to visually

compare this group to the treatment group because stocks go into treatment during different years.

Figure 4.1 shows the number of stocks entering rebuilding plans on any given year. A majority of

stocks entered rebuilding plans in 2000 and 2004. Prior to 2000, both catch and biomass are declining

in the control group.

Rebuilding plan information comes from NMFS’s fishery management plans. The year a rebuilding

plan was implemented is the year the stock gets assigned to the treatment group. I assume a stock is

treated for every year after it enters a rebuilding plan. If a stock receives multiple rebuilding plans,

the date of implementing the first rebuilding plan was used as the treatment start date. Stocks went

into rebuilding plans on different dates, so the treatment year is stock-dependent.

4.4 Empirical Strategy

4.4.1 Difference in differences

I estimate the average effects of federal rebuilding provisions with a difference-in-difference model.

This compares stock biomass and catch before and after policy implementation and against untreated

stocks. I regress the average logarithm (or the level) of biomass or catch (y) per stock i of year t using

the following specification:

log(yit) = α+ βIt≥t0i
+ φt + λi + εit (4.4.1)

where α is a constant and β captures the linear effect of the policy implemented at time t0i. φt are

year fixed effects and λi are stock fixed effects. Standard errors are clustered at the fish stock level,

because a stock is defined by a species and its particular geographic habitat. It can be thought of as

a subpopulation of a species. I also run this regression interacting my treatment with stock to get the

effect of the policy on each stock, βi.
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4.4.2 Testing for parallel trends

A stock goes into rebuilding provisions once its biomass drops below 50% of its Maximum Sustainable

Yield (MSY) or a similar proxy. This number can only be obtained by a stock assessment. Stocks

receive assessments based on how important they are to the fishery, their status, ecosystem importance,

available information and biology. Therefore, the stocks that are treated with the policy are a biased set

of stocks that do not have healthy populations. I use a generalized difference-in-difference specification

(Costa and Gerard, 2015) to test for parallel trends to see if my untreated stocks are a good control

group for my treated stocks. Specifically, I test to see if heterogeneity between stocks that receive

policy treatment and stocks that do not receive treatment is correlated with the treatment effect

log(yit) = α+ β−15It−t0i≤−15 +
−1∑

p=−14
βpIt−t0i=p +

14∑
p=1

βpIt−t0i=p + β15It−t0i≥15 +φt +λi + εit (4.4.2)

where time is relative to the policy implementation, t − t0i, and is recentered around the year before

policy implementation. The year before treatment is omitted from the specification, and the other

recentered dates are relative to β0, which is normalized to 0. βp captures the diff-in-diff estimates for

each time period before the policy was implemented and after, estimating the effect of the policy as

a function of how long a stock has been in rebuilding. If the time period is more than 15 years away

from the treatment date, I average the effects of 15+ years away from the exposure. The unobserved

heterogeneity between a proper control group and the treated group in the pre-treatment period should

not be correlated with observable variation. Pre-treatment trends should be flat and close to zero.

4.5 Results

This study found that the policy may be significantly lowering catch by an average of 55%1, but has

had no discernible effect on the biomass. Table 4.1 reports the average effect, β, from equation 4.4.1.

However, the effect is not well identified due to the lack of a proper control group. Results on catch

are presented before results on biomass.

1obtained by using the treatment coefficient, β in column 1 of Table 4.1 and making this adjustment eβ − 1
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4.5.1 Did the policy lower catch?

The policy’s main lever to rebuild biomass is to reduce catch. For most stocks, the policy significantly

lowered catch. Figure 4.4 shows the average effect of the policy, βi by stock i. Of the 19 stocks

whose average catch did not decline since they entered rebuilding plans, 6 are considered overfished or

undergoing overfishing2. The other 14 stocks are considered rebuilt. However, a rebuilt stock, bluefish,

is declining in population. Atlantic pollock, monkfish, and haddock were considered rebuilt because

their reference points changed. Some stocks such as sea scallops and spiny dogfish are experiencing

overfishing using old reference points, but not with newly defined thresholds. Some stocks such as

petrale sole have only been in rebuilding plans for a couple of years, which may not be long enough to

see an effect.

Figure 4.3a shows the generalized difference-in-difference coefficient, βp, from equation 4.4.2. Catch

significantly dropped after policy implementation in year 1. However, prior to policy implementation,

year 0, β is slightly trending downwards and is not centered over 0. This indicates that there may be

some unobserved heterogeneity that’s correlated with treatment. Less than half the commercial stocks

in the United States receive stock assessments due to time and cost constraints. Stocks are more likely

to receive stock assessments if the fishery looks like it’s undergoing collapse. One of the first signs of

a fishery collapsing is a decline in catch (Worm et al., 2006). The set of stocks that receive the policy

may be more likely to have declining catch trends prior to treatment than the control group. More

data on similar stocks will help to better identify the effects of this policy on catch.

Significant but reduced effects of the policy were found using standardized catch (Columns 1 and

2, Table 4.2 and Figure 4.6a). However, no significant effects of the policy were found using levels

(Figure 4.7)

4.5.2 Did the policy help rebuild the population?

Figure 4.3b shows the generalized difference-in-difference coefficient for biomass. The policy appears

to have no effect on improving the population. Estimates are centered around 0 prior to treatment.

This means parallel trends between the treatment and control group exist, making it a good control

group for biomass. Columns 4 and 5 in Table 4.1 show no average significant effect of the policy. The

point estimate shows a negative effect. Figure 4.8 plots the number of observations by year relative

2Atlantic halibut, GB winter flounder, red snapper and greater amberjack are overfished and summer flounder, GB
winter flounder and tilefish are experiencing overfishing
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to policy implementation. There are very few observations for more than 25 years prior to policy

implementation. Columns 5 and 6 show the policy has an imprecise positive effect on biomass after

truncating the data to 25 years prior to policy implementation. Figure 4.5 plots the average effect of

the policy by stock. Of the 36 stocks not rebounding with policy, surprisingly, 17 stocks are considered

officially rebuilt. For several of these stocks, this is due to changes in reference points.

Likewise, no effect was found using equation 4.4.1 and 4.4.2 on standardized biomass (Columns 3

and 4, Table 4.2 and Figure 4.6b). Following Oremus et al. (2014) a continuous trend break model was

used on standardized biomass and found significant effects (Columns 5 and 6, Table 4.2). However, it

is unclear if this imposed spline is the most appropriate structure for the data. Further details and

discussion of these results can be found in the appendix.

4.6 Discussion

This study examines the efficacy of rebuilding provisions, a landmark fishing policy that is being

debated in Congress even as 150 other countries around the world have adopted it. Using a dataset of

119 U.S. fish stocks, I exploit quasi-experimental variation in the timing of rebuilding implementation

to show that the policy may be reducing catch, but not significantly increasing biomass. However, these

findings are not well identified due to selection bias in the treatment group. Stocks under the policy

are receiving treatment because their biomass and catch are already declining. Future research should

gather more data and explore other research methods such as synthetic controls to better identify the

policy’s effects.

This suggests that either catch has not yet declined enough to rebuild populations, or that other

variables and their interactions with catch need to be taken into consideration. For example, several

studies show that reducing catch immediately instead of ramping it down over time will yield bet-

ter results (Milazzo, 2012; Murawski, 2010; Rosenberg et al., 2006). Some studies suggest that the

interaction of fishing effort and environmental variables could make a difference (Meng et al., 2016).

Other studies point to permanent regime shifts in fish stocks due to changes in the ecosystem, such as

predator-prey dynamics or shifts in habitat due to climate change (Meng et al., 2016; Pershing et al.,

2015).

My findings appear to contradict earlier studies that suggested rebuilding provisions were having

the desired impact (Milazzo, 2012; Oremus et al., 2014; Sewell et al., 2013). This may be due to

differences in outcome variables. NMFS generally considers a stock to be rebuilt as soon as its estimated
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biomass reaches the level that produces maximum sustainable yield (BMSY). This study examined

whether there had been a sustained percentage change over time in a stock's biomass following policy

implementation. As the policy stands, a stock can exit and enter rebuilding plans an infinite number

of times. If an oscillating practice of allowing a stock to recover, get overfished, and recover again is

optimal, then over time the rebuilding provision may not have an average affect on catch or biomass

over time. Further work should examine what the threshold for recovery should be, and whether

this oscillation is the optimal harvest path. Benson et al. (2015) showed that status quo rebuilding

plans achieve the best outcomes compared to the 3 alternative plans proposed by Congress. More

importantly, other drivers of successful rebuilding plans need to be explored.
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Figure 4.1: Number of stocks entering treatment by year.
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The y-axis shows the number of stocks that enter rebuilding plans on a certain year (x-axis). Once
a stock enters a rebuilding plan, it is actively receiving treatment. Even after a stock is considered
rebuilt, it is usually monitored.
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Figure 4.2: Standardized mean catch and biomass.
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Panel (a) shows the standardized mean catch (orange) and biomass (blue) for stocks that were put
into rebuilding plans at time 1. The x-axis is defined in event time and is standardized to the year
before the policy was implemented, which is defined as year 0. Panel (b) shows the standardized catch
(orange) and biomass (blue) for the group of stocks that never receive treatment. The x-axis is defined
by year.
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Figure 4.3: Generalized Difference-in-Difference.
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Regression coefficients shown from regressing the log of catch (panel a) or log of biomass (b) on
dummies of years relative to policy implementation and stock and year fixed effects using Eq. 4.4.2.
95% confidence intervals are shown.



CHAPTER 4. REBUILDING U.S. FISH STOCKS 104

Figure 4.4: Policy effect on fishing by stock.
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The dot is the coefficient of the diff-in-diff (Eq. 4.4.1) interacted with stock dummies. This measures
the percentage change in catch due to the policy by stock. The orange dots represent a coefficient
of zero or above, which indicates that catch either stayed the same or increased after implementing
rebuilding provisions. The graph highlights the stocks that are not responding to the policy. The line
through the dot represents 95% confidence intervals.
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Figure 4.5: Policy effect on biomass by stock.
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The dot is the coefficient of the diff-in-diff (Eq. 4.4.1) interacted with stock dummies. This measures
the percentage change in biomass due to the policy by stock. The bright blue dots represent a coefficient
of zero or above, which indicates that biomass either stayed the same or increased after implementing
rebuilding provisions. The graph highlights the stocks that are rebounding with the policy. The line
through the dot represents 95% confidence intervals.
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Table 4.1: Difference-in-Difference: Effects of policy on catch and biomass

Dep. var. is log catch Dep. var. is log biomass
(1) (2) (3) (4) (5) (6)

treatment -0.799*** -0.799*** -0.097 -0.097 0.084 0.084
(0.2049) (0.2171) (0.1336) (0.1310) (0.1230) (0.1253)

Year FE yes yes yes yes yes yes
Stock FE yes yes yes yes yes yes
Errors clustered stock region x family stock region x family stock region x family

N 3878 3878 4204 4204 3197 3197
R2 0.893 0.893 0.973 0.973 0.978 0.978
AIC 9298.6 9298.6 6416.5 6416.5 4344.4 4344.4
Event time -35 to 16 -35 to 16 -35 to 16 -35 to 16 -25 to 16 -25 to 16

Notes: Effect of the implementation of rebuilding provisions on log of catch and log of biomass. Regression
coefficients used Eq. 4.4.1. Each regression includes stock fixed effects and year fixed effects. Errors were
clustered by stock (odd columns) or region*family (even columns). Columns 5 and 6 use a subset of the
data: 25 years prior to treatment to 16 years after the treatment. *** p<0.01, ** p<0.05, * p<0.1
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4.7 Appendix

4.7.1 Additional specifications and results

Similar results were found using standardized catch and biomass with equation 4.4.1 and 4.4.2. Fig-

ure 4.6 plots the generalized difference-in-difference coefficient for standardized catch (Panel a) and

standardized biomass (Panel b). This specification shows downward trends prior to the implementation

of the policy for both catch and biomass, indicating that the control group may not be appropriate for

this model specification. Average effects are reported in Table 4.2. Columns 1 and 2 show rebuilding

plans significantly lower catch, but columns 3 and 4 show the policy has no effect on the biomass.

I also run a trend-break model for comparison. Following event study Oremus et al., 2014 a

continuous linear trend-break model can be used.

log(Bit) = α+ βIt≥t0i(t− t0i) + δt+ λi + εit (4.7.1)

where I test whether pre-trend growth rates of biomass, δ, are different from post-trend growth rates,

β. Though this results is sensitive to functional form chosen, this provides a point of comparison to a

previous study using 44 treated stocks (Oremus et al., 2014).

Table 4.2, column 5 and 6, shows the effect of the policy on the growth rate of standardized biomass

by stock. This alternative specification shows that the policy significantly improves the growth rate

of the fishery by 3-4%. However, this result is sensitive to the model choice as our main specification

shows no effect of the policy.
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Figure 4.6: Difference-in-Difference using std. data.
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b) Biomass

Regression coefficients shown from regressing the standardized catch (panel a) or standardized biomass
(b) on dummies of years relative to policy implementation and stock and year fixed effects using Eq.
4.4.2. 95% confidence intervals are shown.
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Figure 4.7: Difference-in-Difference using catch levels.
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Regression coefficients shown from regressing the level of catch on dummies of years relative to policy
implementation and stock and year fixed effects using Eq. 4.4.2. 95% confidence intervals are shown.
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Figure 4.8: Number of observations per year.
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Table 4.2: Difference-in-Difference: Effects of policy on std. catch and biomass

Dep. var. is std. catch Dep. var. is std. biomass
(1) (2) (3) (4) (5) (6)

treatment -0.464*** -0.464*** -0.216 -0.216
(0.1575) (0.1706) (0.1508) (0.1467)

treatment x time 0.037** 0.037**
(0.0179) (0.0175)

Year FE yes yes yes yes no no
Time trends no no no no yes yes
Stock FE yes yes yes yes yes yes
Errors clustered stock region x family stock region x family stock region x family

N 3922 3922 4205 4205 4205 4205
R2 0.267 0.267 0.341 0.341 0.295 0.295
AIC 9902.0 9902.0 9831.5 9831.5 10118.2 10118.2

Notes: Effect of the implementation of rebuilding provisions on catch and biomass. Regression coefficients
used standardized catch and biomass on Eq. 4.4.1. Column 1-4 include stock fixed effects and year fixed
effects. Column 5-6 include time trends. Errors were clustered by stock (odd columns) or region*family
(even columns). *** p<0.01, ** p<0.05, * p<0.1
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