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ABSTRACT

Body size of fledging Atlantic Puffins (Fratercula arctica) at Machias Seal Island have
been decreasing over the past 25 years (1995-2019) likely due to climate change. Using fledging
size data archived in the Microsoft Access data base “seabird finder” I asked three questions: 1)
have puffin fledgers gotten smaller in size (wing chord and mass) over the last 25 years, 2) can
small fledgers continue to grow (in wing chord) after leaving the island, and 3) are adult Atlantic
Puffins decreasing in size (wing chord). Using linear regressions, I found support for the
hypothesis that fledgers are getting smaller with time and that small fledgers grow more after
leaving the island than large fledgers. Finally, I found a marginally insignificant result
suggesting that adult size is changing in response to fledging size (i.e., adults are becoming

smaller with time).

i



DEDICATION

To Mom and George, who pushed me to be my best, always.

il



ACKNOWLEDGEMENTS

I would like to acknowledge Dr. Heather Major, my supervisor, who was a tremendous
help throughout this whole process and also taught me a lot this year while writing my thesis. I
would also like to acknowledge Dr. Tony Diamond, the MSI research crew, and the ALAR lab
members who have gone out to the island, collected all of the data, and have done a lot of other
very valuable research on the island. Finally, I would like to thank Environment and Climate
Change Canada for their support. Research on Machias Seal Island is funded through a
contribution agreement from Environment and Climate Change Canada to Drs. Diamond and

Major. Annual Animal Use Protocols were obtained from the UNB Animal Care Committee.

Y



STATEMENT OF RESEARCH CONTRIBUTION

In September 2019, in conversation with Dr. Major, I decided to tackle the question of
whether body size of Atlantic Puffin fledgers has changed over the past 25 years at Machias Seal
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Introduction

Climate change like increases in both air and sea surface temperatures (SST), and more
frequent heat waves is affecting ecosystems worldwide (IPCC, 2018). With respect to rising
SST, marine ecosystems have become vulnerable and continue to face serious threats (Diamond
and Devlin, 2003; Pershing et al., 2015). Some notable changes as a result of a warming
environment include a change in prey source and an increase in competition for resources
(Amey, 1992; Scopel et al., 2019). The Gulf of Maine is an area that is experiencing warming at
a rate faster than most of the global oceans, at a rate of up to 99% faster (Pershing et al., 2015).
This could have major negative impacts on the surrounding ecosystems and the organisms that
live within them. This increased rate of warming is due to the position of the Pacific Decadal
Oscillation (PDO, a 20-30 year, recurring, ocean-atmosphere climate pattern that is centred over
pacific basin), Atlantic Multidecadal Oscillation (AMO, a 60-80 year natural pattern of climate
based on the anomalies in sea surface temperatures), and the Gulf Stream (Mantua and Hare,
2001; Pershing et al., 2015; Wu et al., 2011).

This change in climate is affecting many species and there seems to be a trend in many
species towards a smaller body size. Reductions in body size are now considered to be the third
universal response to climate change, with the other two being change in phenology and change
in distribution (Durant et al., 2007; Gardner et al., 2011; Visser and Both, 2005). Body size is
directly related to resilience of a species and has direct effects on water requirements and energy
for thermoregulation. The Bergmann rule is the tendency for mean body size to decrease with
decreasing latitude, because smaller body sizes are beneficial in warmer climates as it is easier to

remove heat due to the proportionally larger surface area and thinner boundary layers (Gardner et

1



al. 2011). Thus, this tendency could be occurring at higher latitudes as a mechanism to deal with
increasing temperatures (Gardner et al., 2011). The actual change in body size could be genetic
(i.e., adaptation) or phenotypic plasticity, with phenotypic plasticity being less of a long-term
solution and genetic adaptations being better for long term success (Gardner et al., 2011;
Gienapp et al., 2008). However, a probable reason for the shift in body size is change in quality
and nutrition of food the organism receives. Temperature could be a factor by altering growing
seasons or affecting temperature-dependent energy budget that can restrict feeding (Gardner et
al., 2011; Ozgul et al., 2010). Also non-temperature related events could cause a change in food
source, like habitat loss or fragmentation, changes in land or agricultural practices (Gardner et
al., 2011; Schmidt and Jensen, 2005). The relationship of nutrition to body size has not been
studied very extensively as it is difficult to get a direct assessment of many organisms. However,
birds are very good organisms to study nutrient availability stress or environmental changes as
they are easy to monitor in the marine environment thus making data easy to obtain and their
feathers which can indicate conditions of environment based on what kind of state the bird was
in during molt (i.e. while the feathers a growing), they do not provide much information once
fully grown as this do not change metabolically (Gardner et al., 2011).

Atlantic Puffins (Fratercula arctica) are medium sized (~30 cm in length) pelagic
seabirds that range throughout the North Atlantic Ocean (Harris and Wanless, 2011; BirdLife
International, 2019). They have a native non-breeding distribution that reaches north of
Spitsbergen (Norwegian archipelago) and extends south to around South Carolina, USA (Harris
and Wanless, 2011; BirdLife International, 2019). In correlation with this distribution they do
show a decline in body size in relation to latitude (i.e. as latitude decrease body size does as well)

as predicted bgy the Bergman’s rule (Lowther et al., 2002). However, their breeding range does
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not extend as far south, with the Gulf of Maine being their southernmost extent (Harris and
Wanless, 2011; BirdLife International, 2019). This limitation in breeding range is likely due to
temperature, which directly relates to food supply (Diamond and Devlin, 2003). As is the case
for most seabirds, during the breeding season adults are constrained to forage near the colony
(Gaston, 2004). An ideal prey source for the Atlantic Puffin would be a very nutrient-rich, high-
lipid food source, like Atlantic herring (Culpea harengus). In contrast, a poor food source would
be a low nutrient, low lipid food source, like Euphausiids or larval fish (Scopel et al., 2019).
Lipid is the main component of food used to measure energy because it contains more energy per
gram than proteins or carbohydrates (Ricklefs, 1974; Scopel et al., 2019). This is beneficial
because it means that the energy required to break down lipids is lower than carbohydrate or
proteins (Blaxter, 1989; Scopel et al., 2019). The food being brought back to the colony to feed
the chicks varies from year to year but over the past 25 years a visible change has been observed
and herring has been almost completely lost from the diet of chicks (Diamond and Devlin,
2003; Scopel et al., 2019).

Body condition and growth can be affected by several factors: the prey being brought
back to the colony to feed the chicks; and the prey available at sea when fledgers leave the
colony. The observed shift to lower quality prey in recent years at colonies in the Gulf of Maine
could result in a change in body condition as insufficient nutrients are gained, and this can
ultimately lead to death (Elliot et al., 2016; Ydenberg et al., 1994). Wing chord and mass are
often used as indicators of body condition in birds (Elliot et al., 2016; Morrison et al., 2008;
Whidden, 2016). Wing chord is a structural measurement used to approximate the size of the
bird, and is measured from the carpal joint at the bend of the wing to the tip of the longest

primary feather. Condition is then measured as the ratio of mass to wing chord, where a bird with
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a higher than average mass for the length of its wing chord is considered in good condition (i.e.,
it was able to consume enough nutrients to more than meet its metabolic requirements).

Atlantic Puffins display a semi-precocial pattern of chick development, where chicks
require both parents to feed them until they gain independence (i.e., fledge; Ydenberg et al.,
1994). Here, at the time of fledging, body condition (i.e., the ratio of mass to wing chord) is
important, as there is a positive correlation between mass at time of fledging and juvenile
survival (Whidden, 2016), which is likely due to the bird having a reserve of energy to draw
upon when they are out at sea and may not have developed successful foraging skills yet.

In the Gulf of Maine, where the ocean is rapidly warming and changes in marine species
have been noted (Pershing et al., 2018; Scopel et al., 2019), researchers at Machias Seal Island
have examined the trend that the body size of fledging Atlantic Puffins appears to have declined
(in both wing chord and mass) over the past 25 years and wondered if this decrease is
significantly significant (Whidden, 2016, H Major personal communication). In a previous study
by Whidden (2016) it was found that there was a significant decline in wing chord but not in
mass at the time of fledge, this result is what my study will be building off of. The driving
factors behind this change have not been investigated, but it is thought that changing prey
availability and quality related to ocean warming is a likely factor. This is because if prey change
(i.e. from nutrient dense herring, to species less nutrient dense like larval fishes) is having an
effect on size of the puffins then it would be assumed to be more advantageous to be smaller thus
requiring less energy to maintain a healthy body conditions. Making having a larger body less
ideal as it would be more difficult to maintain a proper body condition. Thus, my primary
objective is to quantify changes in body size (mass and wing chord) of fledgling and adult

Atlantic Puffins at Machias Seal Island between 1995 — 2019. I will address this objective using
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a three-pronged approach where I will 1) quantify changes in fledger body size with time; 2)
assess whether individuals that fledge small are able to compensate for their smaller size by
growing more after departing the island than individuals that fledge large; and 3) assess whether
adult body size has changed over the same time period in response to fledger body size. I
hypothesized that adult body size is a function of body size at the time of fledging, and predict
that small fledgers are not able to compensate for their small size by growing more than large
fledgers and therefore adult body size will decrease with a decrease in fledgling body size, thus

resulting in a significant relationship between adult body size and year.



Material and Methods

Fieldwork

Machias Seal Island (MSI), designated as a federal Migratory Bird Sanctuary, is a small
island (~9.5 hectares) located at the mouth of the Bay of Fundy and the edge of the Gulf of
Maine (Figure 1). Members from the Atlantic Laboratory for Avian Research (ALAR) at the
University of New Brunswick have been studying populations of seabirds, including Atlantic
Puffins, at MSI since 1995. Data collection for Atlantic Puffins includes: capturing adults on the
island using box traps (wooden boxes with a swivel lid, when a bird sits on the top of the box,
the swivel spins depositing the bird inside the box, where it is retrieved); burrow ‘grubbing’
(pulling birds out of nesting burrows by hand); and capturing fledging chicks during their
departure from the island. All captured individuals are banded with a uniquely coded Bird
Banding Laboratory (BBL) stainless steel leg band and an alpha-numeric leg band (used to
identify individuals in the field), and have morphometric measurements taken include mass to
the nearest gram and wing chord to the nearest millimeter (see Diamond, 2014). Captured
individuals are released back into their nesting burrow (those who were grubbed), on the rocks

near where they were captured (box trapped), or directly into the ocean (fledgers).

Data Analysis

All banding data from MSI is entered into an Access database called “Seabird Finder”. 1
queried the database for all capture and recapture measurements from Atlantic Puffins on

Machias Seal island for the years 1995 — 2019. The data was exported as a Microsoft Excel
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Figure 1. Map showing location of Machias Seal Island in the Bay of Fundy/Gulf of Maine.

spreadsheet and includes both adult and chick measurements. I then manually separated adult

and chick data within each worksheet for each of the 25 years. Finally, I discarded all

unnecessary information, keeping measurements for wing chord, mass, and other identifying

information (i.e., ID numbers, date of capture/ recapture, etc.).



Statistical Analysis

All statistical analyses were completed in the R studio environment (R version 3.5.2). A
separate analysis was run for each of my three questions. First, using a Multivariate Linear
Regression (Wilks’ A), I tested whether the body size (i.e., measurements of mass and wing
chord) of fledgers has changed between 1995 —2019. Second, I tested whether fledglings that
left the island smaller than average grew more before returning as adults than those that left the
island larger. Here, I first queried the database for all individuals that were banded as a fledger
and were subsequently recaptured as an adult. I calculated the difference between adult wing
chord and fledger wing chord using a Linear Regression, I evaluated the relationship between
fledger wing chord and the change in wing chord at the adult stage. Finally, using only data from
individuals that returned to the island as adults, I used a Linear Regression to assess the
relationship between adult wing chord and the year the individual fledged the island. All

summary data are presented as means with 95% confidence intervals.



Results

During 1995 — 2019 a total of 4,736 fledgling Atlantic Puffins were captured as they were
departing MSI. The total number of fledgers measured in each year varied and averaged 189 +
0.03 (range 26 — 495). In general, there was variability in the size of puffin fledgers among years
and puffins with larger wing chords were also heavier (Figure 2). Puffin fledgers were smallest

in 2016 and largest in 2004.
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Figure 2. Summary of the relationship between Atlantic Puffin fledgling mass (in grams) and wing chord (in mm) at
Machias Seal Island between 1995 - 2019. Each point is the mean for one year of data shown with 95% Cls.

Included is a linear trendline to show the general relationship between mass and wing chord.

Change in Fledgling Size
During 1995 - 2019, fledgers departing MSI averaged 282.6 g + 0.98 g (range 123-495)

in mass and 141 mm + 0.18 mm (range 98-240) in wing chord. A multivariate linear regression



revealed that the body size of fledgers changes significantly with year (Wilks’ A =0.91, F =
244.66, df = 4,730, p-value < 0.001). Graphical examination of the data shows that both mass

and wing chord of fledgers leaving Machias Seal Island are declining with time (Figure 3).

330

Mass (g)
-

454 e o

Nk .Q§§.§ % * )

135 - % o L
130 - ; %

125 T T T T T T T T T T T T

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
Year

Wing Chord (mm)

Figure 3. Summary of the mean (+ 95% CI) of Atlantic Puffin fledger A) wing chord and B) mass measured at
Machias Seal Island at the time of their departure from the island in 1995 —2019. A Linear trendline is included to

show general decrease with time.
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Post-Fledgling Wing Chord Growth

During 1995 — 2019 a total of 229 individual adult Atlantic Puffins were recaptured on MSI that
had also been measured as a fledger. For these individuals I have a record of their size (wing
chord) at fledge and when they were recaptured as adults, including their age in years at the time
of recapture. Recapture ages ranged from 2 to 22 years old and include 28 individuals recaptured
and measured in two or more years. Overall, the mean change in wing chord from fledgling to
adult was 16.3 mm + 0.85 mm. In general, at the time of departure from MSI fledgers are smaller
than adults, but once individuals are ~2 years old increases in wing chord length are not observed
(Figure 4). However, linear regression assessing the relationship between change in wing chord
from fledger to adult (Figure 5) shows that the post-fledging increase in wing chord was
inversely related to fledging wing-length (i.e., longer-winged fledgers grew less than those

fledging with shorter wings)( F=111.56, df = 1, p-value<0.001).
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Figure 4. Comparison of size (wing chord in mm) of fledgers (age 0) and recaptured adult Atlantic Puffins on MSI

from 1995-2019
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Change in Adult Size

Focusing on the 229 individual Atlantic Puffins that were recaptured at MSI after being
measured as a chick, I found that adult wing chord length varied among years and averaged 159
mm = (.72 mm (range 133-189). Using a linear regression, I found a weak (i.e., non-significant,
but very close to significant) negative relationship (F = 3.83, df = 281, p-value = 0.051) between

adult wing chord and the year of fledge.
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Discussion

Over the last 25 years, researchers working on seabirds at Machias Seal Island have noted
that the size (mass and wing chord) of Atlantic Puffin fledgers has been decreasing. The
objective of my study was to quantify these changes and test how a change in body size at
fledging might affect the size of individuals in adulthood. I found a significant negative
relationship between fledger size and year, suggesting that fledgers are getting smaller with time
(i.e. New fledgers are smaller than fledgers from the year before and this trend has continued
over time); and that individuals that fledge the island small, grow more before they return as
adults than those that leave the island large. Finally, I found no significant relationship between
adult body size and the year of fledge, suggesting that adult body size has not decreased with
time, however, I note that this relationship was only marginally non-significant, and suggests a
weak underlying trend. My hypothesis that adult body size is a function of body size at the time
of fledging, was therefore not supported; but the sample size for this test was quite small (n=229)
and given the dependence of p-values on sample size, a longer time series might well show a
slight but significant trend.

Researchers on Machias Seal Island have noted a change in diet fed to chicks, with
virtually no herring being brought into the colony in recent years (Scopel et al., 2019). Similar to
studies on other species of alcids (e.g., Golet et al, 2000), Scopel et al. (2019) found that in years
when high lipid prey (such as herring) are not available to puffin chicks, reproductive success
may suffer through reduced chick growth and survival. This reduced growth in years with poor
chick diet was also observed by Barrett and Rikardsen (1992) on a Norwegian colony, where
they found that food shortages led to decreased growth of puffin chicks. Thus, changes in the

quantity and quality of prey brought by adults for chicks at Machias Seal Island are likely the
14



cause of the observed decrease in body size in recent years, although this relationship should be
tested. The impact of this relationship, in an area that is rapidly warming due to climate change,
is concerning. With the rapid warming in mind, effects like the Bergmann rule may be an
interesting area to explore and how effects of temperature are changing body size.

Morrison et al. (2009) found that Tufted Puffins (Fratercula cirrhata) at Triangle Island,
BC with larger wing chord at fledging were more likely to return to their natal nesting site than
individuals that fledged with smaller wing chords. They concluded that this suggested that
individuals that fledged with a smaller wing chord had lower survival during the juvenile stage.
Hipfner and Gaston (1999) found that mean mass of Atlantic Puffin fledgers varied more by year
and colony than wing chord. Together with the Morrison et al. (2009) data this suggests puffins
preferentially allocate energy and nutrients to wing chord growth over mass, which is an
adaptive growth strategy (Morrison et al., 2009; O’Connor, 1977; @yan and Anker-Nilssen,
1996). My results suggest this is not the case at Machias Seal Island, where both mass and wing
chord were reduced. The impact this reduction in body size has on recruitment and juvenile
survival has been tested and preliminary analyses found that lighter fledgers survived less well
but the relationship requires further research (Whidden, 2016).

In general, it is believed that chicks should place resources into growing their skeletal
structures before laying down fat stores (Ricklefs, 1983). Typically, chick growth follows a
sigmoidal curve, with a period of rapid linear growth prior to reaching an asymptote prior to
fledging (Gaston, 2004). At fledge individuals tend to have a heavier mass and shorter wing
chord than adults (Gaston, 2004). The observation that puffin chicks fledge at or above adult
body mass is believed to function as a fail-safe strategy, where chicks accumulate extra resources

while being fed by their parents so that once they are at sea they can live off those resources until
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they learn to forage for themselves (Roby, 1991; Weimerskirch et al., 2000). It is interesting that
at Machias Seal Island, we don’t see individuals leaving the island with similar wing chords (a
measure of their structural size) across years but light in mass (a measure of their fat stores)
when conditions are poor, which would indicate a poor body condition. Rather we see that
individuals are leaving smaller in both wing chord and mass. Perhaps individuals are
compensating for poor growth during the nesting phase by maintaining a consistent body
condition (i.e., wing chord to body mass ratio) at fledge and are therefore better able to survive
the post-fledging period. My current analyses do not answer this survival question, but I
recommend it for future work.

The size advantage hypothesis states that larger body size gives individuals a physical
advantage during competition for resources (Garnett 1981). Further, if the body size of a species
is the direct result of evolutionary forces and adaptation, we can assume that there would be a
selective advantage to attaining that size and individuals should allocate energy into structural
growth. Thus, if individuals are fledging Machias Seal Island small, they might attempt to
mitigate the effects of a reduced size by continuing to grow at sea, post fledge, which is what my
data suggest. Further, this suggests that even though body size of fledglings has decreased over
the last 25 years, the body size of adults should remain unchanged but only if they can perfectly
compensate by post-fledging growth.

My final analysis evaluated the size of recaptured adults as a function of the year they
fledged the island. If, as suggested above, individuals that leave the island small can compensate
for their small size and continue to grow to an “ideal” adult size there should be no relationship
between adult size and fledge year; this is what my data show, giving further support to the idea

of compensatory growth post-fledge. However, I note that to be included in this analysis
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individuals needed to recruit back to Machias Seal Island and be recaptured and measured. Out
of all fledgers that have been captured and measured on Machias Seal Island since 1995, those
that have been recaptured as adults account for only 5%. Further, puffins do not recruit to a
nesting island until they are about five years old. Thus, my sample of adults only includes
individuals up to and including 2015, but fewer than 15 individuals from fledge years after 2006
were recaptured as adults and average just one individual per year. Given the regime shifts in the
Gulf of Maine in the early and mid-2000s (Morse et al. 2017), and in 2010 (Kress et al. 2016,
Scopel et al. 2019), and the marine heat waves in 2012 and 2016 (Mills et al. 2013; Pershing et
al. 2018), it is possible that the weak negative trend will continue as more data is added to this
dataset. I think it is important to continue to study this relationship and I further suggest research
into the relationship between fledging size, juvenile survival, recruitment, and nesting success as

outlined in the work of Maness and Anderson (2013).
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