
Recent changes in the diet and survival of
Atlantic puffin chicks in the face of climate
change and commercial fishing in
midcoast Maine, USA

Stephen W. Kressa*, Paula Shannonb, and Christopher O’Nealc

aNational Audubon Society Seabird Restoration Program, 159 Sapsucker Woods Road, Ithaca, NY 14850,
USA, bNational Audubon Society Seabird Restoration Program, 12 Audubon Road, Bremen, Maine
04551, cSynovus, 1490 Distribution Drive, Suwanee, GA 30024, USA

*skress@audubon.org

Abstract
We examined the diet of Atlantic puffin (Fratercula arctica) chicks at three midcoast Maine, USA,
colonies during the years 2005–2014 and found that the puffins at each island have a distinct diet that
has changed in recent years. White hake (Urophycis tenuis) is by far the most frequently delivered
prey at each island. Atlantic herring (Clupea harengus) is the second most frequently delivered food,
but has declined in recent years on two islands. In contrast, butterfish (Poronotus triacanthus),
haddock (Melanogrammus aeglefinus), and redfish (Sebastes spp.) have increased in the puffin diet
on all islands. Chick condition declined significantly from 1993 to 2009. We demonstrate that puffin
chicks with greater body weight experience a higher chance of postfledging survival as compared to
chicks with lower body weight. The years 2012–2013 were a period of extreme sea surface warming,
in which puffin hatching success and productivity sharply declined. This study provides new insight
into changes in marine communities, examining changes in chick diet. We discuss our findings in
relation to warming sea surface temperatures, recent climate-related decline in puffin productivity
in the Gulf of Maine, and the impact of commercial fisheries on forage fish.
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Introduction
Puffins are especially good indicators of forage fish populations because of their strong breeding site
fidelity and extended chick-rearing period. Although young puffins usually prospect at multiple nest-
ing islands in the years prior to their first nesting (Kress and Nettleship 1988), once they select a nest-
ing island, they will continue to nest at their selected home, with some living beyond 40 years (Harris
and Wanless 2012). As the normal fledging age for puffins is 38–44 days and puffins forage for their
chicks within about 20 km of their nesting colony (Harris and Wanless 2012), an individual pair feeds
their chick from the waters near the colony for about 6 weeks. Since puffins nesting at the same island
are not completely synchronized, the colony as a whole continues feeding from nearby waters for
more than 2 months from the beginning of the hatch until the last chick fledges. A puffin colony is
therefore similar to a community-based fishery, fishing near home, sampling nearby waters, and
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vulnerable to local conditions that influence the abundance of forage fish, including localized
depletion due to human competitors.

Puffins nesting in midcoast Maine are especially vulnerable to changes in ocean warming as they
are nesting at the southern limit of the species range and are thus most vulnerable to variation
in water temperature and other climate change mechanisms. Many studies point to the importance
of including predatory fish, marine mammals, and seabirds in models predicting forage fish popula-
tions (Cury et al. 2011; Tyrell et al. 2011; Smith et al. 2015). These models provide theoretical justifi-
cation for including the effects of predators when designing ecosystem-based fishery management
plans (Fogarty 2014; Travis et al. 2014; Overholtz et al. 2008), but empirical studies that examine
the relationship between ample food, condition of seabird chicks, and chick survival in the wild
are rare.

Previous studies have shown that the growth and survival of puffin chicks is influenced by the abun-
dance of food in their ecosystems (Barrett and Rikardsen 1992; Barrett 2002; Eilertsen et al. 2008).
This study further supports this connection by demonstrating a link between chick condition and
postfledging survival of puffin chicks.

Atlantic puffins feed on small forage fish that are usually less than 10 cm long. In the Gulf of Maine,
puffins may forage at different depths. However, according to Spencer (2012), the average dive depth
of puffins was less than 15 m at one colony, whereas at another colony dive depth ranged from 15 to
70 m, averaging 19.61 ± 14 m (S. Symons, personal communication, 2016). Burger and Simpson
(1986) found that in Newfoundland, puffins may dive as deep as 68 m to obtain food for young chicks.
There is scarcity of reliable data about the distance that parent puffins travel to obtain food for chicks.
Moreover, Spencer (2012) found that puffins from Petit Manan Island in the Gulf of Maine travel an
average of 31 km from their nesting island to obtain food for their young, and a Scottish study found
that most puffins forage within 20 km of their nesting colonies (Harris and Wanless 2012). Puffins at
Machias Seal Island on the US/Canadian border travel an average of 44 km from their nesting island
to feed (S. Symons, personal communication, 2016).

A program to restore Maine puffin populations has resulted in an increase of more than 1000 pairs of
puffins since the 1980s, but warmer water, changes in primary productivity, and increased pressure
from fisheries on forage fish are new threats to puffins at the southern edge of their North
American range.

Although puffin productivity in the Gulf of Maine is entwined with both changes in climate and the
impact of fisheries, it is important to attempt to disentangle the impacts of climate from those of com-
mercial fisheries upon forage fish. Intense fishing pressure reduces the abundance of forage fish pop-
ulations and truncates their age structure, leading to range contractions or shifts (Bell et al. 2014;
Overholtz 2002). For wildlife such as puffins to survive, fisheries managers need to set management
goals that include ample meals for them (Cury et al. 2011; Skern-Mauritzen et al. 2015).

Ecosystem-based fisheries management must also give consideration to local prey abundance and
density, as these factors relate to foraging efficiency by puffins and other birds around nesting colo-
nies. Protecting key foraging areas is as important as protecting nesting islands. Such specific inputs
can help set system-wide reference points, along with appropriate fishing constraints, to protect indi-
vidual species and habitats (Fogarty 2014). This is particularly important considering that the princi-
pal fish in the puffins’ diet will likely shift further north toward cooler water (Nye et al. 2009), and
puffins and other marine animals that depend on small forage fish will adapt to new species that move
into the Gulf of Maine from further south, or to species better managed by fisheries to provide ample
biomass for wildlife.
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Methods

Study sites
We present data regarding puffin productivity, chick diet, chick condition, and postfledging survival
at three Maine colonies (Fig. 1). One of these, Matinicus Rock, is a relic population, surviving since
the feather-hunting days of the late 19th century when most Maine puffin colonies were extirpated
due to hunting (Drury 1973). The other two sites, Eastern Egg Rock and Seal Island National
Wildlife Refuge, are restored colonies (Jones and Kress 2012). All three colonies are managed by the
National Audubon Society, and puffins at all three colonies nest under large granite boulders.

Eastern Egg Rock (43°52′N, 69°22′W) is a 2.9 ha treeless island located in the mouth of Muscongus
Bay off midcoast Maine, USA, approximately 9 km from the nearest mainland. The island consists
of a central meadow surrounded by a perimeter of granite boulders. Its highest ground is only 7 m
above the sea level. An estimated 150 pairs of Atlantic puffins nested here in 2015.

Matinicus Rock (43°47′N, 68°51′W) is a 7 ha treeless island with a 3 ha central meadow overlying a
shallow peat soil with outcropping granitic ridges. It is located approximately 32 km from the main-
land in the outer Penobscot Bay. By 2015, over 400 puffin pairs were estimated to be nesting on the
island.

Seal Island National Wildlife Refuge (43°53′N, 68°44′W) is a 40 ha treeless island located about 14 km
northeast of Matinicus Rock, 32 km from the mainland in the outer Penobscot Bay. The colony had
about 500 puffin pairs in 2015.

Diet changes
We examined the prey items delivered to puffin chicks at three midcoast Maine puffin colonies
(Eastern Egg Rock, Matinicus Rock, and Seal Island National Wildlife Refuge) over the years

Fig. 1. Study sites. Map courtesy of Robert Houston, USFWS.
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2005–2014 to determine if the diets were similar at the three islands. Observers trained in fish identi-
fication recorded observations with binoculars and/or cameras from 1 × 1 m observation blinds.
The blinds were located at a distance from where 10 or more active puffin burrows were visible within
5–20 m of the blind. Observers conducted 3-h observation stints at different times of the day
that spanned the entire chick-rearing season from mid-June through early August, for a total of
about 120 h/island/year. For each observed prey delivery, the species and estimated size of each prey
item were recorded. In our analysis, we included only identified prey items; an average of 13% (range
0–30%) of prey items delivered each year were unidentified due to insufficient views of the feeding.

The efficacy of training observers to accurately identify the foods in puffin bill loads was independ-
ently demonstrated by Bowser et al. (2013). Additionally, to verify the composition of prey loads,
we collected specimens dropped near nests and used photographs to confirm identification of prey.
Photographs were taken with a Canon 7D SLR with a 300 mm telephoto lens equipped with a 1.4
extender.

Voucher specimens collected from chicks and near nests were identified by staff at the Sandy Hook
Marine Lab, Highlands, NJ, the Maine Department of Marine Resources in Boothbay Harbor, ME,
or the National Marine Fisheries Service, Northeast Fisheries Center. On laboratory examination of
specimens obtained, pelagic-juvenile Urophysis proved to be white hake (Urophycis tenuis). Redfish
were not identified to species in the bill loads delivered by parent puffins to their chicks; so we refer
to this group as Sebastes spp. However, all collected specimens were identified as Acadian redfish
(Sebastes fasciatus).

To determine the “prey signature” for each island, we added the number of specimens of each prey
species delivered by all puffins and divided this by the total number of identified prey items (of all
prey species) to arrive at a percent by number for each of the 10 years. We then computed the median
percentage for each species observed. We used the median rather than the mean to reduce sensitivity
to unusually high or low percentage values. We defined the “signature” of a puffin colony by ranking
the three prey species with the highest median percentages. To see if the signature changed over the
10 year period, we compared the three most frequently delivered prey during two 5-year observation
periods, 2005–2009 (early) and 2010–2014 (late).

Hatching and productivity changes
We measured hatching success as the percent of eggs that hatched and productivity as the percent of
nests that produced a fledgling. We examined whether hatching success or productivity had changed
significantly over the years 2004–2014 for Matinicus Rock, and 2006–2014 for Seal Island. Nesting
burrows are largely inaccessible at Eastern Egg Rock. Hence, this island was excluded from hatching
and productivity studies. We began measuring productivity parameters at Matinicus Rock in 2004,
conducting a direct observation of approximately 50–75 puffin nests each year, and followed the same
protocol at Seal Island beginning in 2006 when the colony had grown large enough to sample a similar
number of nests.

Burrows were checked for eggs, starting in mid- to late-May. Once an egg was found, burrows were
not checked again until hatching was expected, and then they were checked every 4 days until hatch
was detected. After hatching, burrows were checked periodically (every 1–2 weeks) until it was deter-
mined that the chick fledged or the nest failed. Due to annual variation in burrow occupancy and
breeding activity, the number of active monitored burrows each year ranged from 37 to 78 per island.
The final fate of a small number of nests that hatched late in the season each year could not be deter-
mined, and these were excluded from productivity calculations.

Kress et al.
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We analyzed data of all years at both islands and then compared an early period (2004–2009 for
Matinicus Rock and 2006–2009 for Seal Island) with a later period, 2010–2014 at both islands. We
chose 2010 as a break point using a statistical measurement called the total sum of squared errors
(SSEs). We computed this based on two separate linear regression models, one for 2004/2006 through
the “splitting year” (SY) and then the next year through 2014. We selected the splitting year that pro-
duced the lowest total SSE value as the best model fit. In this manner, the dataset was split into two
sets, the first from 2004 through SY, and then from SY + 1 through 2014 for all years 2005 through
2014. Finally, with two islands, each of which featured an analysis of hatching and productivity suc-
cess, there were four different splitting years to consider, and it was desirable to choose the same split-
ting year per analysis. The year 2010 was the best for productivity for both islands. For hatching
success, 2010 was the second best for Matinicus Rock behind 2009, whereas 2010 was third best for
Seal Island behind 2008 and 2009. Clearly the optimal overall splitting year is between 2008 and
2010; therefore, 2010 was selected because it produced the lowest total SSE twice, whereas the other
two years only produced the lowest total SSE once each.

To test for changes in hatching success and productivity, we fit least squares linear regression models
to both the early and later periods. We also used least squares linear regressions for the full study
period. However, in the case of Seal Island productivity, we used median regression (quantile regres-
sion) due to outliers in the data. The explanatory variable (i.e., independent) was always the year, and
the response variable was either the hatching success or productivity. We express the proportion
between 0 and 1 because of the puffin’s one egg clutch.

Chick condition and return rate
We compared condition of chicks at Matinicus Rock and return rate (percent of cohort resighted) as a
function of year for the period 1993–2009. Chick condition is reflected in the weight/wing chord ratio
of puffin chicks measured during the linear growth stage (age 10–30 days, although most chicks were
measured between days 21 and 30). We selected the linear growth stage chicks because puffin chicks
typically lose weight during the final week before fledging, a fact that would affect the accurate com-
parison of weight/wing chord ratio between chicks. A total of 888 puffin chicks were included in this
sample.

Chicks were removed from their burrows for banding with a USGS issued band in combination with a
field readable band (USGS banding permit No. 20308). We measured unflattened wing chord with a
30 cm stopped wing ruler. Weight (mass) was measured by placing each chick in a cloth bag
suspended from a 300 or 500 g capacity Pesola scale. The data that we used for chick condition
is a weight/wing ratio, measured only during the linear growth phase. These data were obtained only
at the time of banding, and thus, there was just one data point for each bird, rather than a series of
data points over time. Hence, providing variance around this data point for each bird was not
possible.

Most puffin chicks typically spend their first 2 or 3 years at sea before returning to land (Kress and
Nettleship 1988), but some are not sighted on land until they are 5 years old. For Matinicus Rock puf-
fins, we determined that at least 95% of surviving puffin chicks will have been resighted on land by
5 years after fledging. Because resighting effort was very thorough at all five puffin breeding colonies
in the Gulf of Maine (the three study islands as well as the nearby puffin colonies at Machias Seal
Island, New Brunswick, and Petit Manan National Wildlife Refuge, Maine), we believe that we
resighted most of the returning puffins. We use the return rate of banded birds as a metric that
approximates survival, an approach that is common in avian studies (Hamel et al. 2004; Oro et al.
2011). To allow for maturation at sea by some individuals, we did not include chicks weighed and
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measured during 2010–2014 period in this analysis of returning birds. The number of chicks in each
banded cohort ranged from 37 to 105.

To determine if there was a difference in postfledging survival in relation to the chick condition, we
used a T-test comparing the weight/wing cord ratio of 612 chicks that were later resighted at any
breeding colony in the Gulf of Maine and 276 chicks that were not resighted.

Determining if there was a change point in chick condition
To determine if there may have been a change in the trajectory of condition and/or survival over this
19-year period, we examined the data for a change point using the regression statistic
R-squared (R2). This measurement indicates how well the model fits the data, and values closer to 1
indicate better fit. The R-squared value was computed based on two separate linear regression models,
one for 1993 through the “splitting year” (SY) and then the next year through 2009. We selected the
splitting year that produced the highest R-squared value as the best model fit. In this manner, the
dataset was split into two sets, the first from 1993 through SY, and then from SY + 1 through 2009,
for all years 1994 through 2009. Because there are many data points and considerable dispersion,
the R-squared value is naturally low (usually between 0.10 and 0.15).

Results

Diet: Prey signatures
Although the three puffin colonies investigated in this study are relatively close together, the constel-
lation of prey delivered (i.e., prey signature) varied between islands, though several key species domi-
nated the catch at all islands (Fig. 2).

We have analyzed changes (Fig. 3) and included statistics for those that made significant changes.
Eastern Egg Rock puffin chick diet has remained relatively constant over the 10-year period
(2005–2014), with white hake (Urophysis tenuis) comprising about 75% of the identified food items
delivered to chicks throughout the study. Likewise, Atlantic herring (Clupea harengus) was a consis-
tent second most important food throughout the 10-year study period. American butterfish
(Peprilus triacanthus) doubled in frequency within chick diet from the first half of the study to the sec-
ond (Z-statistic = −4.6610, p-value = 3.15 × 10−6) but still comprised only about 5% of food items in
the later period. Redfish (Sebastes spp.), previously unknown at Eastern Egg Rock since 2005, com-
prised nearly 10% of food items in 2013 and 2014.

Matinicus Rock puffins fed their chicks predominantly on a diet of white hake throughout the study,
especially in the first half of the study; herring and sand lance (Ammodytes dubius) are represented in
the puffin chick diet by occasional “boom” years (e.g., Atlantic herring comprised 72% of food items
in 2009 and sand lance comprised 42% of food in 2008). In the recent period, herring has declined
from the third to fourth most frequently delivered food (Z-statistic = 2.6976, p-value = 0.0070);
haddock (Melanogrammus aeglefinus), not even observed in the first half of the study, has increased
in abundance to the second most frequently delivered food; butterfish (though still far below other
foods) has increased to the third most frequently delivered food (Z-statistic = −2.3298, p-value =
0.0198). Also, redfish (Sebastes spp.) was not detected in the first half of the study, but it began show-
ing up in the puffin diet in 2011 when it comprised about 24% of food items delivered to puffin chicks.
Since 2011, it has remained a consistent addition to the diet.

Seal Island puffins delivered more Atlantic herring to their chicks in the first half of the study than
other foods, but herring was replaced as the most frequently delivered food by white hake in the sec-
ond half of the study (Z-statistic = −10.1377, p-value = 3.84 × 10−24). As at Matinicus Rock, sand
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lance was important in certain years, but as it is highly variable, comprising 44% of food items in 2007
and 20% in 2014, it falls to less than 1% in 4 of the 10 years. Butterfish, not in the top four foods for
2005–2009, has increased to the third most common prey in the 2010–2014 period (Z-statistic =
−13.8411, p-value = 1.50 × 10−43). Also, as at Matinicus Rock, haddock first appeared at Seal
Island in 2010 when it comprised up to 42% of food items and has remained a regular, though smaller
part of the diet since 2010 (Fig. 3).

Hatching and productivity changes

Matinicus Rock
Hatch success and productivity remained constant from 2004 through 2009 and began to decline in
2010; the deepest declines occurred in 2012 and 2013. During the years 2010–2013, hatching success

Fig. 2. White hake (upper left) dominates the food of puffin chicks at all Maine islands, but is among
species shifting their range northward in response to warming seas. Atlantic herring (upper right), a
commercially important source of lobster bait, is the second most important fish, but it has declined
in the puffin chick diet in recent years at two colonies. Butterfish (lower left) is a warmer water fish
that is increasing at all islands, but it is sometimes too broad in shape for chicks to swallow.
Haddock (the longer fish in lower right photo) and Acadian redfish (smaller fish in lower right photo)
are from recovering fish stocks. Both were unknown in the puffin chick diet in the first half of the
study, but are now regular additions to the chick diet at all Maine puffin colonies. Photo credit:
Derrick Z. Jackson. Used with permission.
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declined significantly by 10.5 percentage points (T-statistic = −5.9155, p-value = 0.0274) per year
and productivity declined significantly by 19.2 percentage points per year (T-statistic = −5.0288,
p-value = 0.0373) over the same 4 years. In 2014, hatching success and productivity returned to
the level of the 2004–2009 period (Fig. 4).

Seal Island
In the early period at Seal Island (2006–2009), hatching success decreased significantly by 4.00 per-
centage points per year (T-statistic = −6.3241, p-value = 0.0241) and by 11.40 percentage points
per year (T-statistic = −6.3545, p-value = 0.0239) during the more recent period (2010–2013).
Similarly, on average, productivity significantly decreased by 5.50 percentage points per year
(T-statistic = −6.3510, p-value = 0.0239) over 2006–2009 and by 24.50 percentage points per year

Fig. 4. At Matinicus Rock, puffin hatching success and productivity did not change during the
period 2004–2009, but declined during the period 2010–2013, rebounding in 2014.

Fig. 3. Median percentages of prey delivered to puffin chicks at Eastern Egg Rock (EER), Matinicus
Rock (MR), and Seal Island (SI). White hake dominates the prey at all three islands, especially at EER
and MR, increasing at SI in the recent half of the study. In the recent period, Atlantic herring has
declined at Seal Island and Matinicus Rock, whereas butterfish, haddock, and Sebastes spp. have
become more prevalent, though still less than 10% of chick diet.
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Fig. 5. At Seal Island, hatching declined by 4% during the years 2006–2009 and by 11.4% in the more
recent period of 2010–2013. Likewise, productivity declined by 5.5% in the early period and 24.5% in
the later period.

Fig. 6. The weight/wing ratio of all puffin chicks at Matinicus Rock over the full study period,
1993–2009 (solid line). The dashed line illustrates the lesser decline from 1993 to 2002; the dotted line
illustrates the greater decline from 2003 to 2009.

Kress et al.

FACETS | 2016 | 1: 27–43 | DOI: 10.1139/facets-2015-0009 35
facetsjournal.com

FA
C

E
T

S 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.f
ac

et
sj

ou
rn

al
.c

om
 b

y 
18

.1
16

.5
1.

11
7 

on
 0

4/
27

/2
4

http://dx.doi.org/10.1139/facets-2015-0009
http://www.facetsjournal.com


(T-statistic = −5.1819, p-value = 0.0353) over 2010–2013. Similarly to Matinicus Rock, both hatch-
ing success and productivity returned to the range of the early period in 2014 (Fig. 5).

Change in chick condition
From 1993 to 2009, the weight/wing chord ratio of puffin chicks significantly declined by an average
of 0.0305 units per year (T-statistic = −15.4411, p-value = 1.38 × 10−50). The weight/wing chord
ratio significantly declined by an average of 0.0663 units/year from 1993 to 2002 (T-statistic =
−9.1908, p-value = 7.58 × 10−19) and by 0.0936 units/year from 2003 to 2009 (T-statistic =
−10.2291, p-value = 1.24 × 10−22) (Fig. 6).

Postfledging survival
The percent return of Matinicus Rock puffin cohorts (with individuals resighted at age 2 years or
older) varies between years from about 40% to 90% with the lowest percent returns in the most recent
years. The percentage of each cohort resighted has significantly decreased by 2.525 percentage points
per year for 1993–2009 cohorts (T-statistic = −5.3013, p-value = 0.0001) (Fig. 7).

The mean weight/wing chord ratio is significantly different between chicks that survived and chicks
that were not resighted (p < 0.001). On average, survivors had a 6.4% higher weight/wing chord ratio
than nonsurvivors (T-statistic = 5.6182, p-value = 2.82 × 10−8) (Fig. 8).

Discussion
Seabirds are well-known for their responsiveness to changes in marine conditions that affect their for-
age fish and other prey (Diamond and Devlin 2003; Frederiksen et al. 2004; Grosbois and Thompson
2005). The Gulf of Maine is especially susceptible to such changes and by some estimates is among
the fastest warming waters on Earth (Mills et al. 2013; Pershing et al. 2015). The trend toward

Fig. 7. Percent of each Matinicus Rock puffin cohort resighted demonstrates the trend of reduced
juvenile survival of Matinicus Rock puffins since 1993. The percentage resighted is, on average,
decreasing by 2.525 percentage points per year.
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warming water temperature has been linked to shifts in the distribution of many northern fish
stocks, some of which are key forage fish for puffins (Rose 2005). Nye et al. (2009) found that 24 of
36 stocks displayed significant changes consistent with warming, as indicated by poleward shifts in
the center of biomass and increased mean depth of occurrence and/or an increase in mean ocean
temperature. One among these is white hake, consistently the most important forage fish for Maine
puffins.

During the most recent 5 years of this study, we documented several notable changes in the foods
delivered to puffin chicks. These changes (Table 1) include a decline in Atlantic herring and increases
in butterfish, haddock, and redfish. The decline in Atlantic herring observed in the puffin chick diet in
this study is consistent with the herring’s sensitivity to warming waters (Rose 2005) and intense fish-
ing pressure in the vicinity of the puffin nesting colonies (NEFMC 2010). The herring fishery takes
most of its annual allowable limit, which is currently set based upon single-species Maximum
Sustainable Yield (MSY) (see Atlantic herring specifications for 2016–2018), and without considera-
tion of the specific needs of predators such as marine mammals, tuna, and seabirds (Read and
Brownstein 2003).

An amendment to the management plan is underway, which is expected to bring catch setting into
alignment with current views on ecosystem-based fisheries management (NOAA Fisheries Service
2015). For example, in 2014, the herring fishery was closed by NMFS when it exceeded 92% of allow-
able catch in Management Area 1A, a fishing ground that stretches from Cape Cod to the US
Canadian border. Here, about 100 000 MT of Atlantic herring are caught annually by highly efficient
midwater trawls with about 80% of the catch used for lobster bait (Lehuta et al. 2014). Until the late

Fig. 8. Puffin chicks with greater weight/wing ratios were 6.4% more likely to have survived to at least 2 years of age.
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1950s, annual herring catch in New England averaged about 60 000 MT. Landings averaged about
60,000 mt (about 132 million pounds) throughout the 1890s and early 1900s. Due to foreign fishing
impacts, the catch increased to 477,000 mt in 1968. This excessive harvest led to the collapse of the
offshore herring stock (ASMFC 2016) and new regulations in 1976 under the Magnuson–Stevens
Act (Dell’Apa et al. 2012).

If haddock and redfish have sufficient caloric values and abundance near nesting colonies to provide
ample nutrition for chicks, then the most recent 5-year period of this study is a promising develop-
ment for puffins—one which parallels the successful management of both haddock and redfish under
the Magnuson–Stevens Act. Strict management measures such as time and area closures, fishing gear
restrictions, and minimum fish size limits have contributed to the recovered populations (NFSC
2014). As a result of these actions, haddock and Acadian redfish in the Gulf of Maine have rebuilt
their populations following decades of overfishing (NOAA fishwatch 2014a, 2014b, 2014c).

The quality of haddock, Acadian redfish, and other emerging species in the puffin’s diet needs to be
carefully assessed; otherwise, simply switching to a different diet will not necessarily serve as a viable
replacement for Atlantic herring and white hake (Diamond and Devlin 2003; Wanless et al. 2005).
Although butterfish only comprised a small portion of the puffin diet throughout this study, it could
prove problematic for puffins if its range shifts further north from its current distribution centered in
the Mid-Atlantic Bight (Frank et al. 1990). In 2012, the year of exceptionally warm waters (Mills et al.
2013), puffins fed their chicks large butterfish and insufficient amounts of the usual prey. In this year,
only about a third of puffin pairs at Seal Island and Matinicus Rock fledged chicks.

The declining body weights of puffin chicks in the Gulf of Maine (Fig. 6) are consistent with the trend
for increasing sea surface temperature (SST) and a decline in the primary productivity in the Gulf of
Maine (Balch et al. 2012; Pershing et al. 2005). Temperatures in the Gulf of Maine have increased by
an average of 0.026 °C/year since 1982, but the pace of warming accelerated to 0.26 °C/year after 2005
(Mills et al. 2013).

Table 1. Prey fed to puffin chicks at midcoast Maine colonies ranked as median percentage by number of items delivered to chicks. (#) repre-
sents rank from 1 to 3.

Eastern Egg Rock Matinicus Rock Seal Island

Species 2005–2014 2005–2009 2010–2014 2005–2014 2005–2009 2010–2014 2005–2014 2005–2009 2010–2014

White hake (1) 76.64% (1) 75.47% (1) 76.64% (1) 57.36% (1) 80.38% (1) 56.54% (1) 38.58% (2) 18.27% (1) 47.88%

Atlantic herring (2) 11.27% (2) 9.55% (2) 11.27% (3) 4.01% (3) 4.96% 2.40% (2) 17.66% (1) 23.44% (2) 11.87%

Sand lance 0.29% 2.04% 0.29% (2) 8.53% (2) 9.47% 0.77% (3) 4.63% (3) 5.84% 3.41%

Butterfish (3) 5.37% (3) 4.20% (3) 5.37% 2.71% 1.99% (3) 4.44% 1.83% 0.98% (3) 9.05%

Haddock 0.00% 0.00% 0.00% 1.03% 0.00% (2) 6.08% 0.33% 0.00% 2.80%

Sebastes spp. 0.00% 0.00% 0.00% 0.00% 0.00% 1.74% 0.00% 0.00% 0.00%

Euphausiids 0.00% 0.30% 0.00% 0.74% 0.97% 0.71% 1.58% 1.88% 1.28%

Bluefish 0.29% 0.84% 0.29% 0.00% 0.00% 0.31% 0.00% 0.00% 0.00%

Atlantic mackerel 0.23% 0.19% 0.24% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Atlantic saury 0.15% 0.07% 0.26% 0.15% 0.59% 0.00% 0.00% 0.00% 0.62%

Atlantic pollock 0.32% 0.19% 0.36% 0.34% 0.34% 0.33% 0.17% 0.26% 0.10%
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This warming is associated with accelerated ice melt in the Arctic and concomitant freshening of the
region from the Labrador Sea to the Gulf of Maine. Since the 1970s, there has been an associated shift
in nutrients entering the deep regions of the Gulf of Maine as waters have become fresher, cooler, and
depleted in nitrates (Townsend et al. 2010). At the same time, increased precipitation and associated
runoff from rivers entering the Gulf of Maine are bringing more organic colloids (ultramicroscopic
particles are so small that they do not settle and cannot be separated by ordinary filtration) that
reduce carbon fixation by phytoplankton (Balch et al. 2012). These factors contribute to diminished
concentrations of oil-rich zooplankton such as Calanus finmarchicus (Pershing et al. 2005;
Friedland et al. 2013), one of the principal foods of puffin forage fish. The onset of the increase in
SST described by Mills et al. (2013) is consistent with the decline in primary productivity described
by Balch et al. (2012) along a study transect from Portland, Maine to Yarmouth, Nova Scotia, after
2005, a region that is within the Gulf of Maine where puffins spend much of the year.

Similar to the decline in chlorophyll biomass detected after 2005 by Balch et al. (2012) in their transect
study, we detected a steeper decline in the puffin chick body condition (as indicated by the body
weight/wing chord ratio) beginning after 2003 (Fig. 6). This is similar to the beginning of a decline
in puffin productivity at Machias Seal Island associated with an end to herring as the principal food
for puffins in 2000 (Diamond and Devlin 2003).

Puffin fledglings are especially vulnerable to reduced body mass and associated fat reserves because
parent puffins do not feed their chicks postfledging. It is not surprising, therefore, that we found a
trend demonstrating that chicks with lower weight/wing chord ratios are less likely to survive
(Fig. 7) and that surviving puffins had on average a 6.4% greater weight/wing chord as chicks
(Fig. 8). As puffin fledglings receive no parental care after they head to sea, those with greater body
mass at fledging have an advantage over those with lower mass since the additional mass provides
energy and insulation for the fledgling as it adapts to life at sea.

The great decline in both puffin hatching success and productivity during the 2010–2013 period
results mostly from the nesting failures in 2012 and 2013. These occurred during the largest and most
intense warming event in the Northwest Atlantic in the last 30 years. The “ocean heat wave” of 2012
affected the region from Cape Hatteras to Iceland and northward into the Labrador Sea where sea sur-
face temperature was 1–3 °C warmer than the 1982–2011 average (Mills et al. 2013). Extreme events
such as this are a predicted effect of global climate change (Hansen et al. 2012) and could serve as a
predictor of events to come.

Because the low hatching rate results from egg abandonment, we speculate that parent puffins aban-
don their eggs when they cannot find ample food for themselves (Catry et al. 2013). Likewise, if
parents hatched the egg, but found insufficient food near the nesting island, chick development suf-
fered, often leading to starvation. In 2013, food was so scarce that only about 10% of puffin pairs at
Matinicus Rock and Seal Island succeeded in fledging chicks, compared to about 75% of pairs fledging
a chick in the years prior to 2010.

It is possible that 2014 marked the beginning of another successful period, as about 75% of puffin
pairs fledged chicks. This improved productivity resulted from sufficient supplies of white hake, her-
ring, and sand lance, supplemented by haddock and redfish. The puffin’s innate behavioral responses
such as forfeiting breeding in years of less food and its adaptive use of recovering and new fish stocks
point to the puffins’ ability to adapt to changing environments. This study demonstrates that puffins
are sensitive indicators to climate effects. The magnitude, frequency, and duration of extreme climate
events such as the heat wave of 2012 as well as the extent of changes in productivity of the Gulf of
Maine will ultimately determine the puffin’s ability to adapt to impending changes in the Gulf of
Maine.
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