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ABSTRACT: Ecosystem-based fisheries management, which considers the interactions between
fisheries, target species, and the physical and biological components of ecosystems, is necessary
to ensure that directed fisheries avoid adverse impacts to ecosystems over the long term. The suc-
cessful implementation of ecosystem-based fisheries management requires an understanding of
predator—prey relationships and ways to operationalize such relationships to inform fisheries
management. Here, we investigated if the diet of a generalist predator, Atlantic puffin Fratercula
arctica, can be used as an indicator of the abundance of 2 commercially exploited prey species
(haddock Melanogrammus aeglefinus and Acadian redfish Sebastes fasciatus) in the Gulf of
Maine. Because haddock and redfish eaten by puffins are juveniles (age 0), there is potential to
use their proportions and lengths in puffin diet to better understand the processes influencing
haddock and redfish recruitment. By using principal component analysis to develop measures of
diet across multiple puffin colonies, we show both spatial variation and large-scale patterns in the
proportions and lengths of haddock and redfish in puffin diet. Spawning stock biomass was a
strong predictor of haddock proportion in puffin diet and a moderate predictor of redfish propor-
tion; however, proportions in puffin diet did not predict age-1 recruitment, suggesting that varia-
tion in recruitment is caused by processes that occur after the puffin breeding season and which
affect the survival of older juveniles. Haddock length on one colony was a moderate predictor of
age-1 recruitment. We conclude that puffin diet can be used as an indicator of haddock and red-
fish abundance.

KEY WORDS: Seabirds - Indicators - Forage fish - Ecosystem-based fisheries management - Diet -
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1. INTRODUCTION

There is increasing consensus that the maintenance
of sustainable fisheries requires a shift from traditional
single-species management approaches to ecosystem-
based approaches that consider the interactions be-
tween diverse ecosystem components (Christensen et
al. 1996, Francis et al. 2007). Predator—prey relation-
ships play a key role in structuring ecosystems. Pre-
dators respond to changes in prey abundance by
changing their rates of consumption (the functional
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response; Holling 1966) and reproduction (the numer-
ical response; Solomon 1949). Understanding the re-
lationships between a harvested species and its pred-
ators is not only necessary to avoid depleting the stock
to a level that can no longer sustain predators (Cury
et al. 2011), but also provides the opportunity to use
predators as indicators of prey abundance (Cairns
1988, Davoren & Montevecchi 2003, Field et al. 2007,
Hazen et al. 2019).

There is a growing body of research on the use
of seabirds as indicators in fisheries management
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(Velarde et al. 2015, Brisson-Curadeau et al. 2017,
Scopel et al. 2018). Seabirds often feed on ecologically
and commercially important forage fish. In addition,
many species breed in large colonies where they can
be observed relatively easily year after year. Because
seabirds often feed on young fish that have not yet re-
cruited to the fishery, they can provide an early
source of information about cohort sizes (Cairns
1988). While seabirds show both functional and nu-
merical responses to changes in prey density, direct
measures of diet are generally better indicators than
reproductive parameters (Piatt et al. 2007, Einoder
2009, Brisson-Curadeau et al. 2017, Hazen et al.
2019). In particular, a number of studies have pro-
posed the use of puffins as indicators of forage fish
availability (Hatch & Sanger 1992, Diamond & Devlin
2003, Cunningham et al. 2018), including in regions
where there are no independent estimates of stock
size or parameters (Sydeman et al. 2017, Piatt et al.
2018). Several studies have shown relationships be-
tween seabird diet composition and independent
measures of forage fish abundance (Barrett 2002,
Deguchi et al. 2004, Mills et al. 2007, Velarde et al.
2015, Scopel et al. 2018). In the case of Atlantic puffins
Fratercula arctica, the proportions of capelin Mallotus
villosus, age-1 herring Clupea harengus, and age-0
cod Gadus morhua in puffin diet were proportional to
their relative estimated biomasses in Norway (Barrett
2002), and the proportion of age-1 herring in puffin
diet was proportional to age-1 recruitment of herring
in the Gulf of Maine (GOM) (Scopel et al. 2018). Here,
we investigated relationships between Atlantic puffin
chick diet composition on 4 colonies in the GOM and
fishery- and survey-derived measures of haddock
Melanogrammus aeglefinus and Acadian redfish Se-
bastes fasciatus abundance. Puffin diet (age-1 Atlan-
tic herring) at one of the colonies has already been
shown to reflect herring recruitment, although re-
gionally, common terns Sterna hirundo showed the
greatest potential for predicting herring recruitment
(Scopel et al. 2018).

Haddock and redfish are harvested as part of multi-
species groundfish fisheries in both US and Canadian
waters. Both haddock and redfish experienced severe
declines due to overfishing during the latter half of
the twentieth century, but are now recovering due to
successful management (NEFSC 2017). As part of the
stock assessment process, annual, 1 January, esti-
mates of spawning stock biomass (SSB) and age-1 re-
cruits are determined for each stock from a combina-
tion of fishery-dependent and fishery-independent
data. (In fisheries terminology, fish are considered
‘age 0" during the calendar year in which they were

born and become ‘age 1' on 1 January of the fol-
lowing year. ‘Age-1 recruits’ refers to the number of
fish surviving to join the ‘age-1' age class on 1 Janu-
ary of a given year.) While relative year class size re-
mains approximately constant after the first year of
life, age-1 recruitment is highly variable and difficult
to predict (Brodziak et al. 2001, Lapolla & Buckley
2005). Haddock stocks in particular are characterized
by episodic, extremely large recruitment events. For
example, the 2013 year class of haddock in the GOM
was 15 times as large as the average year class in the
preceding 10 yr (NOAA Fisheries 2019). The most re-
cent stock assessment of haddock in the GOM states
that a better understanding of recruitment processes
is necessary to improve future forecasting of the stock
(NEFSC 2017). Because haddock and redfish are
eaten by puffins on these colonies at age 0, data from
puffin diet could help us better understand the pro-
cesses influencing age-1 recruitment by providing in-
formation about juvenile fish before they are sampled
by fishery-independent surveys. For example, while
age-0 haddock lengths measured during the fall are
not a good predictor of recruitment (Friedland et al.
2008), lengths measured earlier in the year may pre-
dict recruitment because haddock that hatch earlier
and are larger when they hatch are more likely to
survive to the fall (Lapolla & Buckley 2005).

Although useful, there are challenges in using sea-
bird diet to make inferences about fish populations.
First, proportions of fish biomass in diet may not re-
flect relative abundances. Even 'generalist’ seabirds
may alter their foraging strategy to target specific
prey items (Elliott et al. 2008b). For example, rhinoc-
eros auklets Cerorhinca monocerata forage at partic-
ular locations and depths for particular prey items,
although there appears to be little individual dietary
specialization (Cunningham et al. 2018). Predators
should take into account both relative abundance
and energy content and select the most energetically
profitable prey (Emlen 1966). As such, we are more
likely to observe relationships between puffin diet
and the abundances of more preferable prey species.
Based on relationships between diet and reproduc-
tive parameters, the most valuable prey item to puf-
fin chicks in the GOM is redfish (Scopel et al. 2019),
which have a high energy density (Budge et al.
2002); however, white hake and haddock appear to
be as valuable as herring and sand lance (Scopel et
al. 2019), despite the higher energy densities of the
latter (Budge et al. 2002). Puffins are less dependent
on high-energy prey than other alcids such as razor-
bills Alca torda and common murres Uria aalge due
to their lower flight cost, larger prey load size, and
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longer chick-rearing season (Burke & Montevecchi
2008, Scopel et al. 2019). Second, the abundances of
prey species within the foraging range of puffins may
not be representative of abundances over the entire
GOM. To account for the larger geographic scale of a
fish stock compared to a seabird colony, principal
component analysis (PCA) can be used to integrate
observations from multiple colonies into single vari-
ables for each fish species, which represent large-
scale patterns common to all colonies (e.g. juvenile
rockfish in the California Current, Mills et al. 2007;
forage fish in the North Pacific, Sydeman et al. 2017).

The focus of this study was to investigate relation-
ships between puffin diet composition and the abun-
dance of haddock and redfish in the GOM, including
spatial differences in the amount of age-0 haddock
and redfish eaten by puffins in each colony. We
tested if SSB is a predictor of the amount of haddock
and redfish eaten by puffins and if the amount of
haddock and redfish eaten by puffins is a predictor of
the number of age-1 recruits of haddock and redfish
the following year. We also investigated spatial dif-
ferences in the lengths of haddock observed in puffin
diet in each colony and tested if haddock length is a
predictor of the number of age-1 recruits of haddock
the following year.

aging depth have not been determined for puffins at
the 3 SRP colonies, but on Machias Seal Island and
the nearby Petit Manan Island, puffins forage at aver-
age distances of 38 and 31 km, respectively, and at
average depths of 17 and 10 m, though depths of up to
41 m have been recorded (Spencer 2012, Symons
2018).

Major prey items on all 4 colonies include Atlantic
herring Clupea harengus, white hake Urophycis ten-
uis and fourbeard rockling Enchelyopus cimbrius
(not distinguishable from white hake in the field),
sand lance (Ammodytes sp.), haddock Melanogram-
mus aeglefinus, and American butterfish Peprilus tri-
acanthus. Acadian redfish Sebastes fasciatus appear
sporadically in puffin diet on the 3 mid-coast colonies
only. Recent changes in puffin diet have been ob-
served at all 4 colonies, including a decline in Atlan-
tic herring and increases in formerly rare species
(Kress et al. 2016, Scopel et al. 2018). Haddock and
redfish were not observed in puffin diet until 2010
and 2011, respectively.

Both haddock and redfish are presumably exclu-
sively eaten by puffins at our study sites at age 0.
While the otoliths of fish in puffin diet were not
examined for aging, the lengths of haddock and red-
fish observed in puffin diet are comparable to ex-
pected lengths of age-0 haddock and redfish from
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Fig. 1. Locations of the 4 Atlantic puffin colonies in this study (EER:

Eastern Egg Rock; MR: Matinicus Rock; SINWR: Seal Island National

Wildlife Refuge; and MSI: Machias Seal Island) and the boundaries of

the US-managed Gulf of Maine (GOM) and Canada-managed 4X5Y

haddock stocks. Adapted from Roworth & Signell (1998), NAFO (2015),
and Flanders Marine Institute (2018)
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the literature (Kelly & Barker 1961, Penney & Evans
1985, Bolz & Lough 1988, Lapolla & Buckley 2005,
NEFSC 2014). Haddock is fast-growing and ovipa-
rous with a high reproductive rate, while redfish is
slow-growing and ovoviviparous with a lower repro-
ductive rate (Miller et al. 2008, NEFSC 2014). Peak
spawning for haddock in the GOM occurs in March
(Lapolla & Buckley 2005). Larval release of redfish in
the GOM peaks in late May to early June (Morse et
al. 1987, Mayo et al. 1990). Pelagic larvae and juve-
niles of both species are transported by currents in a
counterclockwise direction around the GOM (Sher-
man et al. 1984). Haddock settle to the bottom at
lengths of 6-10 cm during late summer (Miller et al.
1963, Auditore et al. 1994, Lapolla & Buckley 2005),
primarily onto pebble gravel deposits (Lough et al.
1989), and redfish settle to the bottom at lengths of
4-5 cm during early autumn (Kelly & Barker 1961),
primarily onto boulder reefs (Auster et al. 2003).
Haddock and redfish targeted by puffins are likely at
the transition between pelagic and demersal juvenile
life stages (Kelly & Barker 1961, Anderson 1994,
Auditore et al. 1994).

Haddock and redfish are harvested as part of mul-
tispecies groundfish fisheries in both US and Cana-
dian waters. Haddock and redfish around the 3 mid-
coast colonies belong to the US-managed GOM
haddock stock and the Gulf of Maine-Georges Bank
Acadian redfish stock, respectively. Haddock around
Machias Seal Island could belong to the US-man-
aged GOM haddock stock or the Canada-managed
4X5Y haddock stock, which includes the Bay of
Fundy and western Scotian Shelf (Begg 1998) (Fig. 1).
Stocks are assessed based on a combination of fish-
ery-dependent and fishery-independent data, in-
cluding commercial and recreational catch-at-age
and stratified-random bottom trawl surveys con-
ducted during the spring and fall in the GOM (Poli-
tis et al. 2014, NEFSC 2017) and during the summer
in the Bay of Fundy and Scotian Shelf region (Finley
et al. 2018).

2.2. Data collection

Atlantic puffin chick diet, including the species
and length (estimated relative to adult bill length) of
each prey item, was observed from 2005 to 2017 on
Eastern Egg Rock, Matinicus Rock, and Seal Island
NWR and from 1995 to 2017 on Machias Seal Island.
Observation methods varied by program and over
time; detailed methods were reported by Kress et al.
(2016) and Scopel et al. (2018). In summary, prey

deliveries were observed using binoculars or cam-
eras from multiple observation blinds on each colony.
Blinds were located such that at least 10 burrows
were viewable within ~15 m. Observations were
conducted in 2-3 h stints at different times of the
day from peak hatch (~mid-June) to early August, for
an average of (mean = SE) ~112 + 11 h colony~! yr'.
From 2005 to 2017, we observed an average of
(mean + SE) ~390 + 42 prey deliveries colony™" yr .
Voucher specimens were collected opportunistically
to verify fish identification. While redfish (Sebastes
spp.) cannot be identified to the species level during
field observations, Acadian redfish is the only redfish
species found in the GOM (Sévigny et al. 2007), and
the 2 collected specimens of redfish were Acadian red-
fish. Due to insufficient view, ~13 % of prey deliveries
were not identified and were therefore excluded
from the analysis.

Annual estimates of SSB and age-1 recruits for
each fish stock, calculated using a statistical catch-
at-age model (Acadian redfish and GOM haddock;
Legault & Restrepo 1998, Miller et al. 2008, NEFSC
2014) or virtual population analysis (4X5Y haddock;
Finley et al. 2018), were taken from the NOAA Spe-
cies Information System Public Portal (Acadian red-
fish and GOM haddock; NOAA Fisheries 2019) and
from the 2016 4X5Y haddock stock assessment (Fin-
ley et al. 2018). At the time of the analysis, SSB and
age-1 recruits had been updated to 2016 for the 3
groundfish stocks. Projections of SSB from the most
recent stock assessments were used for 2017 (NEFSC
2017, Finley et al. 2018).

2.3. Data preparation

Data preparation and statistical analyses were per-
formed using R v.3.5.3 (R Core Team 2019). For each
colony and year, we calculated 2 measures of had-
dock in puffin diet, i.e. proportion of diet by mass and
mean length, and 1 measure of redfish in puffin diet,
i.e. proportion of diet by mass. We did not compare
redfish lengths across colonies or years because red-
fish were not observed during the same years on all
colonies. Proportions of diet by mass were calculated
following the procedure outlined by Scopel et al.
(2018) (Fig. 2). In summary, for each colony, prey
items that made up less than 1% of diet by number
were excluded from the analysis, and the remainder
of prey deliveries were converted into wet mass.
Length—-mass conversion formulae were developed
from prey samples collected at Machias Seal Island
when possible and otherwise taken from the litera-
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Fig. 2. Atlantic puffin chick diet composition on Eastern Egg Rock, Matinicus Rock, Seal Island National Wildlife Refuge, and

Machias Seal Island from 2005 to 2017. Proportions in diet were calculated by mass. ‘Other’ includes unidentified larval fish,

Atlantic saury, Atlantic mackerel, bluefish, euphausiids, pollock, squid, and rough scad. Diet on Eastern Egg Rock in 2007 is
not shown due to small sample size

ture. The conversion formulae used for each prey
item are reported by Scopel et al. (2018).

In addition to developing measures of haddock and
redfish use by puffins at individual colonies, we used
PCA to represent the proportions of haddock and
redfish in puffin diet across all colonies as a single
variable for each fish species. PCA reduces the num-
ber of variables necessary to describe multivariate
data by transforming a set of possibly correlated vari-
ables —in this case, proportions of a fish species in
puffin diet on multiple colonies —into a set of uncor-
related variables called principal components (PCs).
Each PC has the highest variance possible under the
constraint that it is uncorrelated with preceding PCs,
allowing multivariate data to be summarized by just
a few PCs. The contributions of each variable to each
PC are described by loadings. The sign of a loading
indicates whether the correlation is positive or nega-
tive. PCA was performed using the factoextra R pack-

age (Kassambara & Mundt 2017). The Hellinger
transformation (square root of proportions) was ap-
plied prior to performing PCA to reduce the horse-
shoe effect, which is a common distortion that occurs
when PCA is used on community composition data
(Legendre & Gallagher 2001). For haddock, we per-
formed PCA both including and excluding Machias
Seal Island, because while haddock proportions on
the SRP colonies are likely only influenced by the
GOM haddock stock, haddock proportions on
Machias Seal Island could be influenced by the GOM
haddock stock or the 4X5Y haddock stock (Begg
1998).

In all cases, PC1 represented temporal variation in
use of the prey item common to all colonies (i.e. the
loadings of each colony on each PC1 were similar),
while PC2 represented spatial variation among colo-
nies (i.e. the loadings of each colony on each PC2 cor-
responded to the geographic locations of the colonies;
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Machias Seal Island loaded opposite of the SRP
colonies, and when Machias Seal Island was ex-
cluded, Eastern Egg Rock loaded opposite of Matini-
cus Rock and Seal Island NWR; Fig. 3). PC1 explained
61% of the variation in haddock use across all 4
colonies, 85 % of the variation in haddock use across
the 3 SRP colonies, and 71 % of the variation in redfish
use across the 3 SRP colonies (Table 1). We retained
the scores of each year on each PC1 for further analy-
sis against fisheries variables. PC2s were not retained
for comparison to stock-wide fisheries variables be-
cause they did not represent trends in puffin diet com-
mon to all colonies.

2.4. Statistical analyses

ANOVA and Tukey's HSD test were used to deter-
mine the effects of colony and year on haddock
lengths in puffin diet. The assumptions of normality
and homogeneity of variances were verified using
normal Q-Q plots and residuals vs. fitted plots. Type
IIT sums of squares (using estimated marginal means)
were used to account for the unbalanced design.
Type III ANOVA and pairwise comparisons of esti-
mated marginal means were performed using the R
packages ‘car’ (Fox & Weisberg 2011) and ‘emmeans’
(Lenth et al. 2019).

Simple linear regression was used to test for rela-
tionships between measures of haddock and redfish
in puffin diet (proportions of each prey item on each
colony, PC1s of proportions of each prey item across
all colonies, and mean lengths of haddock on each
colony) and fishery- and survey-derived estimates of
SSB (the same year) and age-1 recruits (the following
year) for each stock (Table 2). By testing only linear
relationships, we looked for puffin diet-derived
indices of juvenile fish abundance that show magni-
tudes of change comparable to those of the fish
stocks. We assumed that there is no density-depen-
dent prey switching; however, true relationships may
be more complicated. To restrict comparisons to com-
patible time series, data from Machias Seal Island
prior to 2005 were excluded. All variables were stan-
dardized (mean = 0; SD = 1) prior to regression analy-
sis. The mean length of haddock on Eastern Egg
Rock was not used in regression analysis due to small
sample size. Non-significant (p = 0.05) models were
rejected, while significant models (p < 0.05) were re-
tained for further investigation.

To increase model reliability, Allen's predicted re-
sidual error sum-of-squares (PRESS) statistic (Allen
1971) was used to assess the predictive power of sig-
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Fig. 3. PCA biplots generated from haddock and Acadian
redfish proportions in Atlantic puffin chick diet on EER, MR,
SINWR, and MSI (see Fig. 1) between 2005 and 2017. PCA
was performed separately for each fish species. For had-
dock, PCA was performed both including and excluding
MSI (denoted PClggp 4 mst and PClggp). Redfish were not ob-
served on MSI. In all cases, PC1 represents temporal varia-
tion in use of the prey item common to all colonies (i.e. the
loadings of each colony on each PC1 are similar), while PC2
represents spatial variation among colonies (i.e. the loadings
of each colony on each PC2 correspond to the geographic lo-
cations of the colonies). The scores of each year on each PC1
were retained for further analysis against fisheries variables

nificant models. Allen's PRESS statistic is a form of
leave-one-out cross-validation defined as the sum of
squared differences between each observation and
the predicted values of those observations when
those observations are removed from the data set.
From the PRESS statistic, we calculated the predic-
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Table 1. PCA results for haddock and Acadian redfish propor-

tions in Atlantic puffin diet across 4 colonies (see Fig. 1) be-

tween 2005 and 2017, showing the proportion of variation in

use of each species explained by PC1 and PC2 and the loadings

of each colony on each principal component. For haddock, PCA

was performed both including and excluding MSI. Redfish
were not observed on MSI

Prey item PC Prop. —— Loadings
variance EER MR  SINWR MSI

Haddock 1 0613 1.67 2.33 1.86 1.88
(all colonies) 2 0.306  0.726 0.457 1.16 -2.35
Haddock 1 0.852 1.82 2.34 2.15
(SRP colonies) 2  0.274 1.12 -0.413 -0.496
Redfish 1 0.705 1.73 1.68 1.06
2 0.106 1.24 -0.906 -0.589

tive squared correlation coefficient (Q?) to allow for
comparison between models of differing sample size.
Q? is an analog to the coefficient of determination
(R?) and is defined as one minus the ratio of the
PRESS statistic to the sum of squared differences
between each observation and the mean of all other
observations (Quan 1988). Q? approaches R? when
the model is highly predictive and takes negative
values when the model is less predictive than the
mean.

3. RESULTS
3.1. Differences in diet among colonies

The PC2s of both haddock and redfish PCAs sepa-
rated Machias Seal Island from the SRP colonies and
Eastern Egg Rock from Matinicus Rock and Seal Is-
land NWR (Fig. 3), suggesting that proportions in
diet were influenced by annual differences in the ge-
ographic distributions of juvenile haddock and red-
fish. Both haddock and redfish appeared on Matini-
cus Rock and Seal Island NWR several years before
appearing on Eastern Egg Rock. In 2011 and 2013,
haddock predominated diet on Machias Seal Island
but only appeared in small numbers on the SRP
colonies, while in 2016, haddock made up about a
third of diet on the SRP colonies but <1 % of diet on
Machias Seal Island. Redfish were also abundant on
different colonies during different years (Fig. 2).

3.2. Effects of colony and year on haddock length

Haddock lengths varied significantly among
colonies (F3 3336 = 326.82, p < 0.001) and among years
(F7 3386 = 114.53, p < 0.001), with haddock on Machias
Seal Island significantly larger than haddock on the 3

Table 2. Summary of relationships tested between Atlantic puffin diet variables and fisheries variables for haddock and Aca-
dian redfish. Puffin diet variables included proportions of each prey item on individual colonies (abbreviations as in Fig. 1),
PCA-derived measures (PC1) of proportions of each prey item across all colonies, and mean lengths of haddock on individual
colonies. Fisheries variables included estimates of spawning stock biomass (SSB; the same year) and age-1 recruits (the fol-
lowing year) for each stock (US-managed Gulf of Maine (GOM) haddock, Canada-managed 4X5Y haddock, and US-managed
Gulf of Maine-Georges Bank (GOM-GB) Acadian redfish). Diet—fishery variable pairs colored green had significant (p < 0.05)
positive relationships and passed cross-validation (Table 3). Pairs colored yellow had significant positive relationships but
failed cross validation (predictive squared correlation coefficient Q? < ~0), pairs colored red did not have significant relationships,
and uncolored pairs were not tested

GOM

Colony Haddock Redfish

4X5Y GOM-GB ——

SSB Age-1 recruits

SSB Age-1 recruits SSB Age-1 recruits

Haddock
Proportion EER
MR
SINWR
MSI
PClsgp 4 mst
PClsrp
Length MR
SINWR
MSI
Redfish
Proportion EER
MR
SINWR
PC1
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SRP colonies (p < 0.001). On average, haddock on
Machias Seal Island measured 8.5 + 0.058 cm (mean
+ SE), while haddock on Eastern Egg Rock, Matini-
cus Rock, and Seal Island NWR measured 5.6 + 0.15,
5.3 £ 0.065, and 5.3 + 0.070 cm, respectively. Had-
dock were observed slightly later in the season on
Machias Seal Island than on the SRP colonies, with
mean observation dates of 26 July = 10 d (SD), 20
July + 10 d, 17 July + 10 d, and 14 July + 11 d for
Machias Seal Island, Eastern Egg Rock, Matinicus
Rock, and Seal Island NWR, respectively; however,
there was no consistent relationship between obser-
vation date and length within groups. Haddock were
largest in 2013, measuring 9.5 + 0.12 cm on average,
and smallest in 2012, measuring on average 4.6 +
0.10 cm.

3.3. Relationships between diet variables and
fisheries variables

Of the 30 relationships tested, 11 were significant
at oo = 0.05 (Table 2), but 5 significant relationships
failed cross-validation (Q? < ~0; Table 3). GOM had-
dock SSB was a strong predictor of haddock propor-
tion on Eastern Egg Rock (p < 0.001, R? = 0.92, Q? =
0.82), haddock proportion on Matinicus Rock (p <
0.001, R? = 0.81, Q* = 0.78), and both PCA-derived
measures of haddock proportions (all colonies: p =
0.0016, R? = 0.61, Q? = 0.59; SRP colonies: p < 0.001,
R? =0.68, Q? = 0.58); redfish SSB was a moderate pre-
dictor of the PCA-derived measure of redfish propor-
tions (p = 0.0080, R? = 0.49, Q2 = 0.31); and haddock

length on Machias Seal Island was a moderate pre-
dictor of age-1 recruitment for the 4X5Y haddock
stock (p = 0.033, R? =0.82, Q% = 0.44; Fig. 4). Propor-
tions of haddock and redfish in puffin diet did not
predict age-1 recruitment.

4. DISCUSSION

We found multiple relationships between meas-
ures of haddock and redfish in puffin diet and fish-
ery- and survey-derived estimates of haddock and
redfish abundance. Differences in puffin diet compo-
sition among colonies were not consistent year to
year and appear to be influenced by annual differ-
ences in the geographic distributions of juvenile fish
targeted by puffins. While a fish stock covers a much
wider geographic area than a seabird colony, we
have shown that PCA can be used to integrate obser-
vations from multiple colonies to capture large-scale
patterns. In the case of redfish, the PCA-derived
measure of proportions across the 3 SRP colonies was
a better indicator of SSB than proportions on any
individual colony. This result corroborates similar
findings by Mills et al. (2007), who created multivari-
ate indices of juvenile rockfish abundance in the Cal-
ifornia Current by using PCA to combine data from
seabird diet, salmon stomach contents, and mid-
water trawl surveys, and by Sydeman et al. (2017),
who found relationships between environmental
variables and PCA-derived indicators of sand lance,
capelin, and gadids in the diets of 3 seabirds at
multiple sites in the North Pacific.

Table 3. Sample sizes (n), slopes (m), coefficients of determination (R?), p-values, and predictive squared correlation coefficients

(Q?) for significant (p < 0.05) relationships between Atlantic puffin diet variables and fisheries variables for haddock and Aca-

dian redfish. Puffin diet variables included proportions of each prey item on individual colonies (abbreviations as in Fig. 1),

PCA-derived measures (PC1) of proportions of each prey item across all colonies, and mean lengths of haddock on individual

colonies. Fisheries variables included estimates of spawning stock biomass (SSB; the same year) and age-1 recruits (the follow-

ing year) for each stock (abbreviations as in Table 2). All variables were standardized (mean = 0; SD = 1) prior to regression
analysis. Five relationships failed cross-validation (Q? < ~0)

Puffin diet variable Fisheries variable

Haddock proportion: EER GOM haddock SSB
Haddock proportion: MR GOM haddock SSB
Haddock proportion: PClggp , ms1 GOM haddock SSB
Haddock proportion: PClggp GOM haddock SSB
Haddock length: MSI
Redfish proportion: PC1
Redfish proportion: EER
Haddock proportion: SINWR
Haddock proportion: MSI
Haddock proportion: MSI
Haddock length: MR

Redfish SSB
Redfish SSB
GOM haddock SSB

4X5Y haddock age-1 recruits following year 5 0.91 0.82 0.033 0.44

4X5Y haddock age-1 recruits following year 11 0.71 0.51 0.014 -0.40
GOM haddock age-1 recruits following year 11 0.63 0.40 0.038 -0.57
GOM haddock age-1 recruits following year 6 0.84 0.70 0.038 -1.0

n m R? p Q?

13 0.96 092 <0.001 0.82
13 0.90 0.81 <0.001 0.78
13 0.78 0.61 0.0016 0.59
13 0.83 0.68 <0.001 0.58

13 0.70 0.49 0.0080 0.31
13 0.59 0.35 0.034 0.012
13 0.65 0.42 0.017 0.0014
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Fig. 4. Relationships between Atlantic puffin diet variables and fisheries variables for haddock and Acadian redfish that passed

cross-validation, with 95% confidence intervals. Puffin diet variables included proportions of each prey item on individual

colonies (abbreviations as in Fig. 1), PCA-derived measures (PC1) of proportions of each prey item across all colonies, and mean

lengths of haddock on individual colonies. Fisheries variables included estimates of spawning stock biomass (SSB; the same year)

and age-1 recruits (the following year) for each stock (abbreviations as in Table 2). All variables were standardized (mean = 0;
SD = 1) prior to regression analysis

While PCA-derived measures of haddock and red-
fish in puffin diet were strong indicators of stock-wide
SSB, spatial differences ignored by the PCA approach
are also important. In the case of haddock, individual-
colony proportions on 2 of the 4 colonies were better
indicators of SSB than the 2 PCA-derived measures.
While fisheries are generally assessed and managed
at the stock level, many stocks have complex sub-
stock structures with multiple spawning components.
Failure to account for sub-stock structure in manage-

ment strategies can result in the collapse of spawning
components, leading to local depletions and loss of
genetic diversity (Stephenson 1999). Prior to the col-
lapse and recent recovery of the GOM haddock stock,
the stock was composed of multiple spawning compo-
nents with discrete spawning grounds along the
Maine coast (Ames 1997). Little is known about the
spawning locations of GOM haddock today (NEFSC
2014), but differences in juvenile haddock abundance
and length around the 4 colonies may indicate stock
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complexity that should be further investigated. Red-
fish in the GOM are thought to be a single population
based on genetic information, but highly variable
morphology within the region also warrants further
investigation (Valentin et al. 2014).

Observations of seabird diet may provide insight
into the stock structures and early life histories of
prey species. The GOM haddock stock spawns along
the inshore GOM from March to April, while the
4X5Y haddock stock spawns on Browns Bank from
April to May (Page & Frank 1989); however, haddock
in the Bay of Fundy may be a mixture of both stocks
(Begg 1998). A fraction of larvae from the 4X5Y stock
drift north to settle on nursery grounds in the inshore
region off Yarmouth, Nova Scotia, just south of the
Bay of Fundy (Brickman 2003). Haddock on Machias
Seal Island were 3.1 cm larger and were observed 8
d later on average than haddock on the SRP colonies.
The mean growth rate of age-0 GOM haddock (0.066
cm d7Y; Lapolla & Buckley 2005) does not account for
the observed size difference, suggesting that had-
dock on Machias Seal Island represent a different
stock or sub-stock. While the 4X5Y stock spawns
later than the GOM stock, juvenile haddock in this
region could belong to the 4X5Y stock if they repre-
sent an earlier-spawning component of the stock or if
growth rates in the region are high enough to over-
come the later spawning date. Stronger currents
from Browns Bank into the Bay of Fundy during the
earlier portion of the spawning season may result in
increased larval drift into the Bay of Fundy in years
that haddock spawn earlier (Brickman et al. 2001).
Juvenile 4X5Y haddock in the inshore region off Yar-
mouth, Nova Scotia grow faster than juveniles on
Browns Bank (Brickman 2003), but juvenile growth
rates in this region have not been compared to juve-
nile growth rates along the coast of Maine.

It is important to note that there is potential for
observer bias when comparing fish lengths, espe-
cially between Machias Seal Island and the SRP colo-
nies, which are monitored by different organizations.
A study on prey identification in terns on the SRP
colonies found that in paired trials between ex-
perienced and inexperienced observers, 68 % of esti-
mates were within 0.25 bill lengths (0.74 cm) (Hall
1999). Another study found that prey lengths could
be accurately estimated in thick-billed murres Uria
lomvia, although lengths were systematically under-
estimated by ~1 cm (Elliott et al. 2008a). Similarly,
visual observations of the length of prey brought
back by razorbills (as estimated by multiple of bill
length) averaged 20% less than verified measure-
ments from photographs or dropped fish (Lavoie et

al. 2012). Future research should investigate the
stock origin of haddock on Machias Seal Island using
physiological or genetic information.

Proportions in puffin diet did not predict age-1 re-
cruitment in haddock or redfish, but haddock length
on Machias Seal Island was a moderate predictor of
age-1 recruitment for the 4X5Y stock, despite a small
sample size of years (n = 5). Haddock recruitment in
the GOM and Bay of Fundy region is poorly under-
stood. In the neighboring Georges Bank stock, the
timing and magnitude of the autumn phytoplankton
bloom has a strong impact on recruitment the follow-
ing year through maternal provisioning; that is,
larger, earlier-autumn phytoplankton blooms result
in better maternal condition, which results in larger,
better-conditioned offspring (Friedland et al. 2008,
Leaf & Friedland 2014) that are more likely to survive
predation pressure at the juvenile stage during the
summer (Lapolla & Buckley 2005); however, the
autumn phytoplankton bloom does not predict re-
cruitment in the GOM (Friedland et al. 2015). Earlier
spring phytoplankton blooms result in better larval
feeding conditions and higher recruitment on the
eastern Scotian Shelf (4VTW stock) but not on the
western Scotian Shelf (Trzcinski et al. 2013). Redfish
recruitment in the GOM is influenced by the North
Atlantic Oscillation index 2 yr prior, water tempera-
ture, and windstress, which seem to affect early life
history stage survival (Brodziak & O'Brien 2005), but
high variability in age-0 mortality during the autumn
could obscure any relationship between the number
of juvenile fish available to puffins during the sum-
mer and the number of age-1 recruits during the win-
ter. Future research should investigate the potential
of redfish length as a predictor of recruitment.

While the proportions of haddock and redfish in
puffin diet in recent years seem to reflect trends in
SSB, it is unclear why haddock and redfish did not
appear in puffin diet prior to 2010. The 1998 and
2003 year classes of haddock and the 2007 year class
of redfish were comparable to or larger than more re-
cent year classes. A possible explanation is that had-
dock and redfish recovered elsewhere in the GOM
before appearing around the puffin colonies. Had-
dock first recovered in the western GOM and only
recently began to repopulate the eastern GOM
(NEFSC 2014). Alternatively, puffins may have
switched to haddock and redfish following de-
creased availability of white hake and Atlantic her-
ring, important prey species that are sensitive to
warming temperatures (Rose 2005, Kleisner et al.
2017). Concerningly, both haddock and redfish are
projected to experience losses of suitable thermal
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habitat in the GOM due to climate change (Kleisner
et al. 2017). Such changes in thermal habitat may
also allow predatory fish to reduce prey populations
or outcompete pursuit-diving birds (Cairns et al.
2008), altering puffin diet. Continued monitoring of
puffin diet will not only be important to ensure the
health of puffin colonies at the southern limit of their
range, but also may provide an early warning about
temperature-related changes in prey distributions,
phenologies, and growth rates (Frederiksen et al.
2011).

Puffin diet was a good hindcast indicator of had-
dock and redfish abundance (i.e. SSB-predicted puf-
fin diet), but a weak forecast indicator (i.e. puffin diet
was not a strong predictor of recruitment). The pro-
cesses influencing recruitment in fish stocks are
poorly understood, and there is often little relation-
ship between SSB and recruitment (Szuwalski et al.
2015). Sampling of juvenile fish by seabirds may pro-
vide information about cohort size during this poorly
understood period. Strong predictive relationships
between SSB and the proportions of juvenile haddock
and redfish in puffin diet—but not between propor-
tions in puffin diet and age-1 recruitment— suggest
that variation in age-1 recruitment is caused by pro-
cesses affecting juvenile survival after the puffin
breeding season rather than processes affecting
larval survival or the number of eggs produced.
Puffin diet provided more information about haddock
than about redfish due to the larger sample size and
range of occurrence of haddock, but future research
should further investigate the potential of length as a
predictor of recruitment in both species. Even if
puffin diet cannot predict stock-wide recruitment, it
could be used in a population model as an index of
age-0 abundance (Field et al. 2007). Furthermore, the
spatial differences observed in puffin diet may pro-
vide useful information about stock structure. The
differing dynamics and larger size of juvenile had-
dock observed on Machias Seal Island compared to
the SRP colonies suggest that juvenile haddock on
the boundary of the GOM and Bay of Fundy originate
from a different stock or sub-stock than juvenile had-
dock off mid-coast Maine. The stock structure of had-
dock in this region should be further investigated.
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