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Abstract: The great shearwater (Ardenna gravis) is a common pelagic bird with a distribution that
spans almost the entire Atlantic basin, which in conjunction with its relatively high abundance,
makes great shearwaters an effective bio indicator. We compared δ13C and δ15N values from the
feathers, red blood cells (RBCs), and plasma of great shearwaters collected in 2014 and 2015 from
the waters off Massachusetts and Cape Cod. The δ13C and δ15N values of RBCs were quite constant
between sampling periods and years, suggesting a generally stable food web over that time period.
However, the δ13C of plasma indicates a small seasonal change in diet between July and September
for both years, with plasma δ15N values suggesting a slight increase in trophic level late in summer.
Comparison of the δ15N of RBCs and plasma indicates that great shearwaters experienced a diet
shift during the first few weeks of summer 2014, but not in 2015. Comparisons with other studies
suggest that these shearwaters feed at a lower trophic level than great shearwaters sampled in the Bay
of Fundy and that there is a decrease in δ13C with increasing latitude, which could indicate a more
pelagic diet in northern waters. Stable isotope analysis of the sixth primary feathers provided evidence
that these feathers are molted in the Northern Hemisphere and that the diet of great shearwaters
shortly after arrival was different in 2014 and 2015. This study demonstrates that within species
comparisons of tissue isotopic signatures over time and comparisons of isotopic signatures of tissues
with different turnover rates, can detect changes in diet and be used as a tool to monitor for changes in
marine food webs over time and space. The relevant signals remain informative even in the absence
of species-specific data on tissue-diet discrimination factors, tissue turnover rates, or knowledge of
dietary components and their stable isotopic signatures, suggesting dietary changes indicative of
a corresponding change in the food web.
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1. Introduction

The Gulf of Maine is a semi-enclosed sea located on the eastern coast of North America that is
bordered by the states of Massachusetts, New Hampshire, Maine, and the Canadian provinces of Nova
Scotia and New Brunswick. It is an area of very high productivity with around 3300 documented
species of macrobiota, as well as a strong fishing community and tourism sector [1]. Environmental
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disturbances brought about by global climate change can greatly influence ecosystems and can cause
species to change behavior, distribution, or abundance, affecting whole food webs [2]. Given the extent
of economic activity that takes place in the Gulf of Maine [1,3] and its potential vulnerability to climate
change [4,5], understanding how environmental and anthropogenic factors can affect and change food
webs in this region is of great importance.

Food webs have multiple and complex connections [6]. A change in the population size of
an important species can profoundly influence many other species in that ecosystem [7–12]. In order
for researchers to understand how a system might react to population changes of important species
within a food web, they must understand the major food web interactions and the trophic position of
the important players within it. However, this can be a daunting task when relying solely on more
traditional methods such as direct observation and gut analysis, suggesting that other approaches
must also be taken [13].

Stable isotope analysis (SIA) offers a means of summarizing food web interactions. SIA is a more
objective, integrative, and quantitative method of studying diets and trophic positions of organisms
than many other techniques [14–17]. Typically, the 15N/14N ratio of tissues increases with and are used
as a measure of trophic level [18,19]. The ratio of 13C/12C often changes little and does not become
enriched much from one trophic level to the next [20,21]. As such, carbon stable isotope ratios can be
used to determine changes or differences in sources of diet in a system, if the probable components or
sources of diet differ isotopically. For example, in marine systems δ13C values tend to be less negative
in benthic or nearshore systems and relatively more negative in pelagic or offshore food webs [22,23].

Rather than attempting to sample an entire food web and understand the interactions of all the
components within that food web, an alternative approach is to study select species that, as part of
their feeding behavior, sample large portions of the food web [24]. For example, marine birds, as top
predators, are good indicators of changes in food webs, the overall health of their ecosystem [22,24–26]
and the effects of climate change, pollution, or fishing on the birds [27,28]. Several studies involving
marine birds as indicator species have been conducted to assess the effects of global climate change
and other factors on ecosystems [24,29–31]. The analysis of the diets of marine birds offers potential
insights into food web interactions, changes in food webs, and thus the overall health and condition of
the marine environment [31].

We are interested in gaining a better understanding of and monitoring the state of food webs
in Massachusetts Bay and the waters off of Cape Cod, Massachusetts and in the Gulf of Maine in
general, especially as they affect the larger and more mobile predators that can follow the movement
of their prey. This is a large expanse of water and therefore we chose the great shearwater (Ardenna
gravis) as our indicator species for several reasons: Great shearwaters captured off Cape Cod and
in Massachusetts Bay travel widely, averaging 515 km per week, but appear to spend most of their
time in the Gulf of Maine before beginning their migration south in August and September [32,33].
They feed on a wide range of prey species and as top marine predators, great shearwaters are
sensitive to changes in their prey populations, such as sand lance, herring, and mackerel [34–36],
as well as abiotic factors such as currents, surface temperature, and salinity [28,36,37]. Great shearwater
populations have experienced mass mortality events of emaciated birds, the causes of which are
currently unknown, suggesting their sensitivity as bioindicators of important ecological events that
bear further investigation [37,38]. However, there are inevitably tradeoffs when selecting an indicator
species. Thus, while great shearwaters sample food webs over wide areas, they only feed in the top few
meters of the water column [39] and are therefore limited to sampling the portion of the food web that
enters that portion of the water column. In addition, they forage predominantly in the Rim and other
shallow water (<100 m deep) habitats of the Gulf of Maine, generally avoiding the deeper basins [32].

We studied the diets and feeding behaviors of great shearwaters captured in 2014 and 2015 by
analyzing the SI ratios of their plasma, RBCs (red blood cells), and feathers. Different tissues have
different turnover rates, where the SI ratios of tissues with faster turnover rates, such as plasma, reflect
an integration of diet consumed over the several days prior; those of tissues with slower turnover rates
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such as RBCs can reflect an integration of diet over several weeks prior to sampling. Feather tissue,
once grown, does not change until it is replaced in the next molt and therefore reflects the diet during
the period of the particular feather’s growth. Since fluctuations in prey populations are reflected in
the δ13C and δ15N of tissues of the great shearwaters [35], shifts in the carbon and nitrogen isotope
ratios within and between tissues from birds caught over a period of time indicate changes in diet
that may reflect important changes to the food web and ecosystem in which the shearwaters forage.
Since prey species and food webs can change over time and space, we investigated potential effects of
season/location and year on the diets and trophic position of the great shearwaters.

Great shearwaters breed in the Southern Atlantic Ocean [40,41] rather than the Northern Atlantic.
Adults begin their migration north mid-April [42], arriving in the Gulf of Maine in May and June [43,44].
Great shearwaters begin migrating south in August and September [32], but many still remain in the
North Atlantic into November [45]. While it has been suggested that great shearwaters molt in the
North Atlantic [44], evidence also suggests that some great shearwaters begin their molt in the South
Atlantic and then complete it in the North Atlantic [46].

Given the characteristics of great shearwater migration, the differences in turnover rates and time
of formation of blood plasma, RBCs, and feathers, and given that we sampled shearwaters in July and
again in September for two different years, we formulated the following hypotheses:

1. Great shearwaters that winter in the waters of Massachusetts Bay and Cape Cod may molt the
sixth primary (p6) flight feather in either the Southern or Northern Hemisphere.

2. The diet of great shearwaters and the portion of the food web they sample varies between years.
3. The diet of great shearwaters and the portion of the food web they sample varies seasonally or

by location.

Based on the above hypotheses and the fact that we sampled blood plasma, blood RBCs, and
the tip of the p6 feather of great shearwaters in both mid-July and mid-September, we made the
following predictions:

1. If the molt of the p6 feather is variable and is molted by some birds in the South Atlantic and
other birds in the North Atlantic, we should see evidence of a bimodal distribution in the δ13C
of the feathers, reflecting the difference in signal between great shearwater feathers grown in
northern and Southern Hemispheres. Sixth primary feathers of birds whose molt was completed
when captured in July should have molted the p6 feather in the Southern Hemisphere and
therefore have relatively enriched δ13C-values, whereas the p6 feathers of birds whose molt was
not completed by the July capture should have molted in the Northern Hemisphere and therefore
be relatively depleted in 13C [37,47].

2. If the food web and diet of great shearwaters in Massachusetts Bay and the waters off Cape Cod
differs from year to year, then we predict there will be a significant difference in both δ13C and
δ15N of the RBCs, plasma, and/or feathers of birds caught in different years.

3. If there are changes in the diet and food web on a seasonal basis or between individual sampling
locations, we would expect to see changes in the δ13C and δ15N of blood plasma (shorter turnover
rate) but not in the δ13C and δ15N of RBCs (longer turnover rate). Consequently, when comparing
tissues, we predict that the ∆13Cplasma-RBC and ∆15Nplasma-RBC would also differ significantly
between capture events. Likewise, we predict that the ∆13Cfeather-RBC and ∆15Nfeather-RBC would
differ significantly between capture events.

Previous studies have found a negative relationship between latitude and δ13C values in the blood
of Cory’s shearwaters (Calonectris borealis) in the North Atlantic [48,49]. Therefore, we also compared
the δ13C and δ15N values of great shearwater RBCs and feathers from our study with those from
previous studies [34,35,37,46].
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2. Materials and Methods

2.1. Capture

Great shearwaters were collected in the Stellwagen Bank National Marine Sanctuary (SBNMS)
and adjoining waters in 20–21 July and 14 September 2014, 8–12 July and 15–16 September 2015. Rafts
of great shearwaters resting on the surface of the water were spotted and identified from onboard
a NOAA research vessel using binoculars. Individual shearwaters were then captured using a bait and
net technique, wherein birds were enticed to come close enough to a small dinghy that they could be
caught using a long-handled fish net. Once a bird was captured, the bird was placed in a pillowcase to
calm it and prevent unnecessary movement that might cause the bird to harm itself.

2.2. Field Data Collection

The time and location of capture were recorded, after which the birds were weighed to the nearest
whole gram using a spring scale. The birds were then banded; blood and feather samples were then
taken for SIA. Less than 1 mL of blood was taken into 3–4 capillary tubes from the metatarsal vein or,
less frequently, the basilic vein of the bird [50], and then stored on ice for no longer than 16 h before
they were centrifuged to separate the plasma and cellular (referred to in this paper as red blood cells or
RBCs) fractions. These were then frozen until SIA. Two to three cm from the tip of the sixth primary
(p6) feather were clipped except from birds where the p6 was still growing in, missing, or damaged,
in which case we used the p7 primary feather. It should be noted that in these cases, the p7 was grown
the previous year. The feathers were then stored until analysis. Hereafter all the feathers are referred
to as p6 feathers for the sake of simplicity.

The molt score for each bird was recorded following Ginn and Melville [51], where a score of zero
indicates a worn feather grown the previous year and 5 a new, fully grown feather. Scores in between
indicate different degrees of feather growth. Thus, a score of zero for a bird indicates all ten primary
feathers are old and were grown the previous year, while a score of 50 indicates all primary flight
feathers are new and fully grown in the current year.

2.3. Stable Isotope Analysis

Blood RBC, plasma, and feather samples were kept in a freezer until ready for SIA at the
Boston University Stable Isotope Laboratory. Feathers were soaked in an methanol:chloroform
solution overnight to remove lipids; the solution was decanted and the remaining solution was
allowed to evaporate in the hood. The feathers were placed in a 60 ◦C oven overnight to completely
dry. The feathers were then placed in liquid nitrogen and ground to a powder, following which
approximately 1 mg was placed in a tin capsule for analysis. We did not extract lipid from either the
plasma or RBC portions of the blood, but that is unlikely to have much effect on the resulting δ13C [52,53].
These tissues were pipetted into tin capsules and placed in a 60 ◦C drying oven overnight before folding
and then underwent continuous flow measurements through the GVI IsoPrime (Elementar Americas,
Inc., Ronconcoma, NY) isotope ratio mass spectrometer (IRMS) and a Eurovector elemental analyzer
(Eurovector, Milan, Italy). The sample isotope ratio is compared to a secondary gas standard, whose
isotope ratio has been calibrated against NBS 20 (Solenhofen Limestone), NBS 21 (Spectrographic
Graphite), and NBS 22 (Hydrocarbon Oil) for CO2 and against atmospheric N2 and IAEA standards
N-1, N-2, and N-3 (ammonium sulfate standards) for N2. Ratios of 13C/12C and 15N/14N are expressed
as the relative per mil (%�) difference between the samples and international standards (Vienna PDB
carbonate and N2 in air, respectively) where:

δX = (Rsample/Rstandard − 1) × 1000 (%�)

where X = 13C or 15N and R = 13C/12C or 15N/14N.



Diversity 2019, 11, 163 5 of 21

Reproducibility of the standards were within 0.2 per mil of expected values for both nitrogen
and carbon.

2.4. Statistical Analysis

To test the Hypothesis (1) that the p6 feathers of some great shearwaters are molted in the Southern
Hemisphere, while the p6 feathers of other great shearwaters are molted in the Northern Hemisphere,
we split the results of SIA of the feathers into three groups. We assumed that the p6 feathers from birds
whose molt score was 50 had completed molt and grown in the Southern Hemisphere. The reasoning
behind this was that if the birds had completed their entire molt by mid-July, they would probably have
been young of the year and have molted in the Southern Hemisphere [54]. Alternatively, the second
pre-basic molt (PB2) may begin in the Southern Hemisphere, suspend, and then be completed in the
Northern Hemisphere in after second year (ASY) birds and possibly nonbreeders [54]. Therefore,
these birds probably started molting earlier than those whose molt was still incomplete and thus it
was possible that the p6 was molted and replaced in the Southern Hemisphere. We assumed that
the p6 feathers from birds with an incomplete molt (molt score < 50) were grown in the Northern
Hemisphere, probably in June of the year that the feather was collected. Finally, there were some p6
and p7 feathers that we sampled that were worn, obviously not yet molted, and from the previous
year’s feather growth. Since we had no basis by which to assign these feathers to one hemisphere or
the other, we put them in their own group. Since all great shearwaters captured in September of either
year had completed their molt, we had no basis to assign the p6 to either the Southern or Northern
Hemisphere. Consequently, we only used data from feathers collected in July of 2014 and 2015 and did
not include feathers collected in September of these years in the analysis. The three groups—Northern
Hemisphere, Southern Hemisphere, and old feathers—were compared using a single factor ANOVA
(type III sums of squares, p < 0.05).

To test the Hypothesis (2) that there are year-to-year differences in the diet/food web of great
shearwaters that winter in the waters of Massachusetts Bay and Cape Cod, we used a t-test to compare
the δ13C and δ15N each of plasma, RBCs, and feathers of 2014 and 2015.

Since captures of birds essentially took place at a different place, each trip, location and season
were confounded (Figure 1). However, it is unlikely that the tissues of great shearwaters caught at
one location are actually indicative of their diet or the food web at that particular location in any case,
since they travel widely and frequently [32]. We combined the data from all the birds caught on a trip
into a single capture event, for a total of four capture events or periods: July 2014, September 2014,
July 2015, and September 2015. To test the Hypothesis (3) that there are seasonal/locational differences
in the diet/food web of great shearwaters off of Massachusetts, we did separate one-way ANOVAs
(type III sums of squares) for each tissue, with capture event as the factor, and either δ13C or δ15N
as the dependent variable. Comparisons were within tissues, not between tissues, and differences
were deemed significant if p < 0.05. Where the results of the ANOVA were found to be significant,
we did a Fischer’s Protected Least Significant Difference (PLSD) to determine which individual trips
were significantly different from the others. We compared differences between feather and RBCs and
plasma and RBCs (∆13C and ∆15N) in a like manner. We did not compare the ∆13Cfeather-plasma or the
∆15Nfeather-plasma as those values represented very different time periods and one probably has little
bearing on the other.

We also tested for a latitudinal gradient by comparing our data with the data from previous
studies. Since we did not have access to the raw data of previous studies, we compared the mean δ13C
and δ15N of RBCs of the listed capture events (Ronconi 2010, Gulka 2017, and this study) as well as for
feathers (Haman 2013 and this study). We used linear regression of the RBC δ13C to see if there was
a latitudinal trend. However, linear regression did not seem appropriate for the δ15N data so we used
ANOVA (type III sums of squares) to compare the δ15N values at the different locations. It should be
noted that the delta values of shearwaters caught off the northeast coast of Newfoundland include
feathers from both great shearwaters and sooty shearwaters (Ardenna grisea, Gulka et al. 2017). Since
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there was only one value given for the mean δ13C and δ15N of the feathers of shearwaters caught in
Florida and since these were dead, stranded, and emaciated birds known to be isotopically different
from live birds caught in the Bay of Fundy, we excluded these from our analyses and used t-tests to
compare the δ13C and δ15N values of the feathers of great shearwaters caught in this study with those
caught in the Bay of Fundy [37].

Figure 1. Capture locations of all the great shearwaters from 2014–2015. The points are color coded
according to the capture month and year. Mean stable isotope values for the great shearwaters captured
at each location are displayed.

3. Results

3.1. Hypothesis 1: Sixth Primary Feather is Molted in Either the Southern or Northern Hemisphere

We found no evidence of a bimodal distribution in either the δ13C or the δ15N of the p6 feathers that
we collected from great shearwaters captured in July. We found no statistical evidence of a difference
between feathers assumed to have grown in the Southern Hemisphere, feathers assumed to have grown
in the Northern Hemisphere, or older feathers grown the previous year for either δ13C (F2,23 = 1.309,
p = 0.29) or for δ15N (F2,23 = 0.157, p = 0.856; Figure 2).
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Figure 2. The δ13C (Panel A) and δ15N (Panel B) of the p6 feathers from great shearwaters collected in
July 2014 and July 2015. P6 feathers from birds with incomplete molts were presumed to have grown in
the Northern Hemisphere. P6 feathers collected from birds with complete molts were presumed to
have grown in the Southern Hemisphere. Tips from several well-worn feathers were collected. These
feathers were grown the previous year, though it was impossible to suggest where. ANOVA found no
evidence of any significant difference between the three groups for either δ13C or δ15N (p > 0.05).

3.2. Hypothesis 2: Diet/Food Web Changes between Years

Contrary to our prediction, we found no significant difference between 2014 and 2015 in the mean
δ13C of RBCs (2014 mean δ13C = −18.96, 2015 mean δ13C = −19.04, t49 = 0.663, p = 0.51) or in the mean
δ13C of plasma (2014 mean δ13C = −20.59, 2015 mean δ13C = −20.82, t47 = 1.507, p = 0.14). Nor did we
find significant difference between 2014 and 2015 in the mean δ15N of plasma (2014 mean δ15N = 13.55,
2015 mean δ15N = 13.80, t47 = 1.40, p = 0.17), the mean δ15N of RBCs (2014 mean δ15N = 12.89, 2015
mean δ15N = 12.84, t47 = 0.251, p = 0.80), or the δ15N of feathers collected in 2014 and 2015 (2014
mean δ15N = 15.78, 2015 mean δ15N = 16.32, t44 = 4.14, p = 0.28). However, we did find a significant
difference in the δ13C of feathers collected in 2014 and 2015 (2014 mean δ13C = −18.01, 2015 mean
δ13C = −16.93, t44 = 4.14, p = 0.0002, Figure 3).
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Figure 3. Comparison of δ13C values (panel A) and δ15N values (panel B) within tissues for blood
plasma (black circles), red blood cells (RBCs) (open circles), and feathers (black squares). When
comparing within tissues, periods that do not share letters differ significantly (Fischer’s PLSD, p ≤ 0.05)
in the δ13C or δ15N. Standard error bars are indicated. Sample sizes are given within the symbols.

3.3. Hypothesis 3: Diet/Food Web Changes by Season/Location

We found evidence supporting our hypothesis of short-term/locational changes in the diet/food
web. While we found the δ13C and δ15N of RBCs to remain quite constant over time and space, i.e.,
we found no evidence of an effect of capture event on the δ13C (F3,47 = 0.812, p = 0.5, Figure 3A)
or on the δ15N of the RBCs (F3,46 = 0.46, p > 0.7, Figure 3B), a comparison of plasma δ13C suggests
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short-term or locational changes in diets and thus the food web great shearwaters were participating in
between July and September of both years (F3,45 = 10.8, p < 0.0001, Figure 3A). However, there was no
significant difference between July of 2014 and July of 2015 (p = 0.29), nor between September of 2014
and September of 2015 (p = 0.085). Likewise, the δ15N of the plasma of great shearwaters was slightly,
though significantly greater in September 2015 than in July 2015 (F3,44 = 3.54, p = 0.02, Figure 3B),
possibly indicating a slight increase in trophic level, either due to the change in season or due to the
change in location. Consequently, as predicted, there were also significant differences between capture
events in the ∆13CRBC-plasma (F3,45 = 12.72, p < 0.0001), with the ∆13Cplasma-RBC for both September 2014
and 2015 being significantly less than for either July 2014 or July 2015 (Figure 3A). While an ANOVA
did show strong evidence of a difference in δ13C of feathers (F3,42 = 7.55, p = 0.0004) among sampling
events, a Fischer’s PLSD test provided at best weak evidence of a seasonal difference in diet in 2014
(July 2014 mean = −17.68, September 2014 mean = −18.37, p = 0.052), and none in 2015 (July 2015
mean = −16.82, September 2015 mean = −17.10, p = 0.48). The only clear difference revealed by the
post hoc test was between September 2014 and July 2015 (p < 0.0001; Figure 3A).

Again, the comparison of the δ13C of feathers and RBCs provides evidence supporting our
hypothesis of short-term/locational changes in diet/food web. The ∆13CRBC-feather varied from as
little as 0.6%� in September of 2014 to as much as 2.1%� in July of 2015 (F3,42 = 5.000, p < 0.0047,
Figure 3A), with the Fisher’s PLSD indicating that the ∆13CRBC-feather was significantly smaller in July
and September of 2014 than for the same months of 2015. The ∆15NRBC-feather did not differ significantly
between capture events (F3,41 = 0.407, p = 0.75) and was an average of 3.0%� (±0.3 SE) over the two
years (Figure 3B). As one would expect, the ∆13CRBC-plasma differed significantly over sampling events
(F3,45 = 12.721, p < 0.0001), with the Fisher’s PLSD showing the difference to be smaller in September
of both years than in July of both years (Figure 3A). An ANOVA of the ∆15Nplasma-RBC (F3,44 = 4.163,
p = 0.011) followed by a Fisher’s PLSD post hoc test showed the ∆15Nplasma-RBC for July 2014 to be
significantly smaller than that of the other sampling periods (p < 0.02), while the ∆15Nplasma-RBC for
the other sampling periods were essentially the same (Figure 3B).

3.4. Latitudinal Gradient

Three studies that have collected and analyzed data on the δ13C and δ15N values of RBCs (i.e.,
the cellular portion of blood) in the North Atlantic ([34,35] and this study), providing enough data
to look for a latitudinal gradient in δ13C (Table 1). We found that δ13C decreases significantly with
latitude (F1,10 = 24.07, p = 0.006) and that the relationship explains a high proportion of the variance
(R2 = 0.71; Figure 4A). We found the δ15N of great shearwater RBCs in the Massachusetts Bay/Cape
Cod area to be significantly less that of those caught in the Bay of Fundy or off the northeast coast of
Newfoundland (F1,9 = 13.08, p = 0.0022, Fisher’s PLSD < 0.05, Figure 4B).

Table 1. A comparison of the δ13C and δ15N of the RBCs (cellular portion of blood) and feathers of
great shearwaters caught in the North Atlantic. Standard errors (SE) are given for RBCs, while standard
deviations (SD) are given for feathers in order to be consistent with values previously published.

RBC δ13C RBC δ15N

Study Location n Mean SE Mean SE

This study Massachusetts Bay, Cape Cod (July 2014) 13 −18.9 0.06 13.1 0.1
This study Massachusetts Bay, Cape Cod (September 2014) 12 −19 0.07 12.7 0.19
This study Massachusetts Bay, Cape Cod (July 2015) 12 −18.9 0.15 12.6 0.19
This study Massachusetts Bay, Cape Cod (September 2015) 12 −19.1 0.13 13.1 0.25

Ronconi et al. 2010 Bay of Fundy (2005) * 34 −19.1 0.05 13.4 0.13
Ronconi et al. 2010 Bay of Fundy (2006) * 71 −19 0.04 13.4 0.07
Ronconi et al. 2010 Bay of Fundy (2007) * 52 −19 0.04 13.6 0.07
Ronconi et al. 2010 Bay of Fundy (2008) * 53 −19.4 0.06 14 0.06
Ronconi et al. 2010 Bay of Fundy (2009) * 21 −19 0.08 13.8 0.07
Gulka et al. 2017 Newfoundland (early summer, 2016) † 28 −19.6 0.05 13.5 0.13
Gulka et al. 2017 Newfoundland midsummer, 2016) † 14 −19.4 0.08 13.9 0.14
Gulka et al. 2017 Newfoundland (late summer, 2016) † 6 −19.4 0.06 14.1 0.22
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Table 1. Cont.

Feather δ13C Feather δ15N

Mean SD Mean SD

This study Massachusetts Bay, Cape Cod (July 2014) 13 −17.7 0.8 15.6 1.9
This study Massachusetts Bay, Cape Cod (September 2014) 12 −18.4 0.9 15.9 1.9
This study Massachusetts Bay, Cape Cod (July 2015) 13 −16.8 0.8 16.5 1.1
This study Massachusetts Bay, Cape Cod (September 2015) 8 −17.1 1 16.1 1.6

Haman et al. 2013 Bay of Fundy (2006) 11 −16.8 1 16.1 1.7
Haman et al. 2013 Bay of Fundy (2007) 20 −16.6 0.7 16.3 1.7
Haman et al. 2013 Florida stranded (2008) ‡ 9 −18.1 1.1 16.3 1.1
Haman et al. 2013 Bay of Fundy (2008) 12 −17.2 0.7 15.6 1

* Values and SE taken from Figure 3 of Ronconi et al. [35]. Sample sizes assumed to be those found in Table 3 of
Ronconi et al. [35]. † Values are for great shearwaters and sooty shearwaters combined. ‡ These were stranded,
emaciated great shearwaters, not in good health.

Figure 4. Linear regression (Panel A) shows a strong and significant negative relationship between
latitude where the great shearwaters were captured and the δ13C of their RBCs (p = 0.0006), while
ANOVA (Panel B) found the δ15N of the shearwater RBCs in the Massachusetts Bay/Cape Cod (mean
d15N = 12.9) area to be less (p < 0.05) than that of those captured in the Bay of Fundy (mean δ15N = 13.8)
or off the northeast coast of Newfoundland (mean δ15N = 13.6). A Fishers PLSD showed that the
latter two did not differ significantly from each other (p > 0.05). The symbols represent the mean
δ-values of RBCs for each capture event (see Table 1). Black circles represent this study, open circles
represent capture events from Ronconi et al. [35], and open squares represent capture events from
Gulka et al. [34]. Where multiple symbols overlap, the values were actually identical. It should be
noted that while this study and Ronconi et al. [35] only captured great shearwaters, the Gulka et al. [34]
study combined data from great and sooty shearwaters.

4. Discussion and Conclusions

Ideally, when using SIA to examine diets and food webs, one would have baseline isotopic data
of the tissues of the species of interest, the isotopic turnover rates of those tissues, and the isotopic
signatures of a large suite of potential prey. This is often not possible, especially for wide-ranging
species, such as seabirds, that can only be sampled opportunistically and within small portions of their
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range. In many cases, it is difficult to keep these species in captivity sufficiently long to determine
tissue turnover rates (Zak Mertz, Cape Wildlife Center, Barnstable MA, pers. comm.) and such data
for these and similar species are sparse or nonexistent. An alternative approach would be to compare
bulk values with isotopic signatures drawn from essential amino acids or compound-specific stable
isotope analysis. Though this will hopefully become routine, this method is currently more expensive
and was not available to us for this study. Despite these limitations, a comparison of tissues with
different turnover rates, when sampled from individuals at a single point in time, can reveal changes
in diet over time without the need for recapturing and sampling individuals multiple times [55,56],
a nearly impossible task when seabirds are off their nesting grounds. Since seabirds are high-level
predators and often feed on a variety of species, changes in their diets can also reveal changes in the
corresponding food web [24,25,31].

4.1. Hypothesis 1: Sixth Primary Feather is Molted in Either the Southern or Northern Hemisphere

The δ13C and δ15N values of feathers represent the bird’s diet at the time the feather was grown,
thus interpreting the meaning of these values depends upon when and where the feathers were grown.
Among great shearwaters sampled off the southern coast of Brazil in February through early June 2006,
some but not all had molted their sixth primary feather [46]. Among great shearwaters observed in
Massachusetts Bay/Cape Cod, some are either hatch year birds, with a full set of feathers grown in the
Southern Hemisphere [33], or have completed their molt by early-July, while others are in the very
early stages of molting. By mid-July, nearly all have completed their molt through the fifth primary
feather, meaning that some still have to molt their sixth primary feather (Powers, pers. obs.) [32]. Since
we analyzed the tip of the p6 feather, which is the first part of the feather to have grown and therefore
represents the diet during the earliest time of feather formation, it was important to determine where
those tips grew, because the difference in the δ13C values between feathers we collected in July 2014
and July 2015 may have been due to a difference in ratio of p6 feathers grown in the Northern and
Southern Hemispheres.

The available data indicate that great shearwater feathers grown in the Southern Hemisphere
have a mean δ13C value of −15.4%� [47] and are therefore a mean of 1.4–3.0%� higher than the tips of
the p6 feathers that we collected. While we cannot exclude the possibility that some of the feather
tips were grown in the Southern Hemisphere, since a few of the feathers had δ13C values approaching
−15.4%�, we found no evidence of a difference in the δ13C of the feathers most likely to have grown
in the Southern Hemisphere when compared to those most likely to have grown in the Northern
Hemisphere. There does not appear to be a bimodal distribution of feather δ13C and feathers clearly
grown the previous year had δ13C values indicating they were grown in the Northern Hemisphere.
While we found no published data on the growth rates of any shearwater feathers, the growth rate of
the primary flight feather of ashy storm petrels (Oceanodroma homochroa) is 1.4–2.0 mm*d−1 [57]. Since
the sixth primary of our great shearwaters is approximately 130 mm long, assuming a similar feather
growth rate for great shearwaters suggests that the 20–30 mm we collected from the tip of newly
grown feathers would have grown between 50 days and 93 days before collection. This is probably
an overestimate, since great shearwater primaries are longer than those of ashy storm petrels, which
range from 55 mm to 107 mm [57], and because birds with longer primary feathers also tend to have
faster feather growth rates [58]. These rough estimates, along with the δ13C values of the p6 feathers
and the fact that of birds were still in the process of growing their p6 feathers or had not yet molted
them in July, strongly suggests that the tips of the p6 feathers we sampled were grown shortly after the
shearwaters arrived in the Northern Hemisphere, i.e., May to early June [43].

4.2. Hypothesis 2: Diet/Food Web Changes between Year

When the δ13C and δ15N values of samples collected in both July and September were combined
as a single year, we found no significant differences between years in either the δ13C or δ15N of blood
plasma or RBCs of great shearwaters. While this suggests that their diets overall were similar both
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summers and that there were no significant changes in their diet from one summer to the next, it hides
some seasonal variation. The lack of any significant difference between 2014 and 2015 in the δ15N of
feathers supports the conclusion that great shearwaters fed at similar trophic levels during both years.

4.3. Hypothesis 3: Diet/Food Web Changes by Season/Location

A comparison of the δ13C of RBCs from great shearwaters captured early in the summer (July)
versus late summer (September) supports the conclusion that, when averaged or integrated over
a longer time period, the diet of great shearwaters appears to be relatively constant. While the turnover
rate of RBCs in great shearwaters is unknown, the half-life of δ13C of whole blood and RBCs is known
for other birds. The half-life for the δ13C fractional turnover of the whole blood of great skuas (Catharacta
skua) is 15.7 ± 2.1 days [52], while it is 15.1 days for the RBCs of red knots (Calidris canutus) [55], and
11.2 ± 0.8 days whole blood for dunlins (Calidris alpina pacifica) [59]. Since smaller birds tend to have
faster metabolic rates [60,61], this would suggest that the half-life for great shearwater RBCs may lie
somewhere closer to 15.7 days. Thus, if we assume the half-life of RBCs lies closer to the half-life of
whole blood in great skuas, i.e., approximately 16 days (this is also similar to a turnover rate calculated
using a mass-based algorithm [62]), the RBCs of great shearwaters should represent an integration
of their diet over the previous six to eight weeks. This may, however, be an underestimate, since
the half-life for δ13C for the RBCs of yellow-rumped warblers (Dendroica coronate), a small passerine
with a high metabolic rate [63,64], is 10–12 days [65], while that for the RBCs of American Crows
(Corvus brachyrhyncos) is 29.8 days [66], whereas for the RBCs of mallard ducks (Anas platyrhynchos)
and Bewick’s swans (Cygnus columbianus) it is 31.9 days [67]. The fact that δ13CRBC remains remarkably
constant over the course of our study suggests that while there may have been short term changes in
their diet (on the order of weeks), the carbon sources in their diet remained relatively constant when
integrated over a longer period (i.e., on the order of months). Since the half-life of δ15N is similar to that
of carbon [68], the lack of any significant difference in the δ15N of RBCs of the different capture events
(Figure 2B) indicates no longer-term shift in trophic level and supports this conclusion. In other words,
we found no evidence over the course of the study of shifts in diet that were of sufficient magnitude
or duration to affect the δ13C or δ15N of RBCs significantly. Given that great shearwaters travel an
average of 515 km per week [32], this reflects not just an average over time but over space.

Thus, at appropriate time scales, the δ13C and δ15N of great shearwater RBCs provides a good
measure of the general stability of the food web throughout the southern Gulf of Maine. Since it takes
six to seven weeks or more for great shearwater RBCs to turn over, even a relatively small number of
great shearwaters will have sampled a large area within the Gulf of Maine during that period [32].
The stability of the δ13C and δ15N of great shearwater RBCs across all four sampling events, suggests
no strong or widespread annual or seasonal differences in the food webs between 2014 and 2015.

By contrast, the analysis of the δ13C of plasma suggests that there were small but significant
short-term changes in the diet of great shearwaters. The turnover rates of δ13C and δ15N in blood
plasma are less well studied than that of whole blood and RBCs. For American crows the half-life of
plasma δ13C is 2.9 days [66], while in a study combining data from mallard ducks and Bewick’s swans,
the mean turnover rate for the δ13C of the blood plasma of these two species was 4.3 days [67]. This
suggests that the δ13C half-life of great shearwater blood plasma lies between 2.9 days and 4.3 days.
Thus, blood plasma of great shearwaters probably represents an integration of diet over a period of
one to three weeks. For both 2014 and 2015, the δ13C of shearwater plasma was significantly higher
in September than in July (by 0.72%� in 2014 and 0.59%� in 2015), while the δ13C of blood RBCs
remained relatively constant (Figure 2A). This suggests a short-term or seasonal shift in diet rather than
a locational change in diet, since the pattern is the same for both years (Figure 3A). but the sampling
locations were different for both years (Figure 1). This could be due to a shift in diet towards consuming
more benthic or near shore species or that they fed on the same prey but the prey themselves were
feeding closer to the sea bottom or to the coastline; it is most likely the former [22,69,70].
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However, other mechanisms could also explain this shift. Within an organism, the δ13C value
of lipids is generally more negative than that of protein or carbohydrates [71] and since plasma lipid
content can increase dramatically during yolk formation [52,72] it would be possible that reproductive
state could cause the observed changes in plasma δ13C, except that great shearwaters nest and reproduce
in the South Atlantic, not the North Atlantic [33,40,73]. Consequently, the females in our samples
were not forming yolk. In addition, most great shearwaters in the Gulf of Maine appear to be young,
non-reproductive birds [32]. A change in the δ13C of plasma could also be caused by a change in
the lipid content of prey species within the diet, without actually changing the kinds or proportions
of prey species that constitute the diet. A diet high in lipids can increase the lipid content of blood
plasma, decreasing its δ13C [52]. For example, the mean lipid content of sand lance captured in the
waters off Greenland, a frequent component of the diet of great shearwaters [35,36], is about 6% in
May and increases to 22–24% in August for adult sand lance or 20% in September for juvenile sand
lance [74]. This pattern of “fattening up” from spring to late summer is evident in other species of
forage fish [75,76] and while the timing may be somewhat different for forage fish in the Gulf of
Maine than for sand lance captured off Greenland, the trend should also be similar, as suggested
by the fact that herring from the Bay of Fundy, have much higher lipid contents in summer than in
winter [77]. Therefore, if sand lance and similar fish form a major part of diet of great shearwaters, they
could cause a decrease in the δ13C in the blood plasma of great shearwaters from July to September
without a change in the diet of the shearwaters over that period. However, in our study, the δ13C of
plasma increased from July to September for both years, making this an unlikely mechanism. Likewise,
we found the δ15N of shearwater plasma to be significantly higher in September 2015 than either July
of 2014 or July of 2015, while it was not significantly different from the δ15N of plasma collected in
September of 2014 (Figure 1B). This may indicate an increase in trophic level late in the summer and
also suggests a short-term shift in the diet.

Since, as discussed above, the evidence suggests that the tips of the p6 feathers that we analyzed
were grown shortly after the shearwaters arrived in the Northern Hemisphere, whether these feather
tips were collected in July or in September, their δ13C values are indicative of the diet they were eating
shortly after arrival. Thus, it is appropriate to discuss the results of the significant difference in feather
δ13C between years here. The fact that feathers collected in 2015 were a mean of about 1%� higher than
those collected in 2014 suggests that their diet shortly after arrival in the Northern Hemisphere differed
between years, possibly consisting of more benthic or near shore prey [22,69,70] in 2015 than in 2014.
Alternatively, the differences we see in feather δ13C values, especially between September 2014 and
both July and September 2015 (Figure 3A), may be due to the fact that that the feathers we collected and
analyzed in July of both years represents the diet of the corresponding birds in late spring, whereas the
δ13C values of feathers collected in September of both years may represent both the diet of birds that
molted their p6 feathers in the late spring and the diet of birds that molted their p6 feathers early to
midsummer, but in differing proportions. Either way, this still represents a change in the diet of these
birds and thus differing food webs. It is just that the first explanation suggests a between year dietary
difference due to differing food webs in the late spring in which the great shearwaters are participating,
whereas the second explanation suggests a between year dietary difference due to seasonal differences
in the food webs in which the great shearwaters participate.

A comparison of the differences in δ13C and δ15N between multiple tissues, as has been done in
other studies [47,78–82], largely confirms the conclusions reached thus far. The smaller ∆13CRBC-plasma

in September of both years is what we would expect if there was a change in diet within a week or
so preceding the September sampling events. If a mean difference of 1.4%� is the ∆13Cfeather-blood of
great shearwaters in equilibrium with their diet, as Quillfeldt et al. [47] suggest, then the fact that the
∆13Cfeather-RBC of the shearwaters we caught ranged from 0.6%� to 2.1%� would suggest that the p6
feathers we sampled were not in isotopic equilibrium with the average diet the birds were eating in
the North Atlantic, with the possible exception of July of 2014, where the ∆13Cfeather-RBC was 1.2%�.
However, as we would also expect if there were a shift from a more negative, i.e., pelagic diet in late
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spring 2014, to a less negative, e.g., benthic or neritic diet in late spring of 2015, the ∆13Cfeather-RBC was
significantly smaller in July and September of 2014 than for the same months of 2015.

However, the comparisons of the ∆15Nplasma-RBC provide new insights. Of particular interest
when comparing the plasma and RBC δ15N-values is July of 2014. We found the ∆15Nplasma-RBC for
July 2014 to be significantly less than that of the other sampling periods, while the ∆15Nplasma-RBC for
the other sampling periods remained relatively constant and statistically indistinguishable (Figure 3B).
This suggests that we captured a very recent or ongoing change in the diet of great shearwaters early
in the summer of 2014. There are two possible explanations. First, it may be that there is little or no
difference in the δ15N tissue-diet discrimination factors of great shearwater plasma and RBCs and that
the plasma and RBCs were in equilibrium with their diet in July of 2014. In this case the ∆15Nplasma-RBC

indicates that we captured repeated and similar short-term increases in the trophic level (plasma
δ15N) that the great shearwaters were feeding at just preceding the other three capture periods relative
to the longer-term dietary average preceding that period (RBC δ15N). However, the plasma δ15N of
dunlins, mallard ducks, and Bewick’s swans was found to be 0.8%� higher than the δ15N of their
RBCs when in equilibrium with their diet [67,68]. The plasma δ15N of yellow-rumped warblers in
dietary equilibrium was found to be 1.4–1.6%� higher than the δ15N of their RBCs, while that of several
wild-caught songbirds was found to be 0.8–3.1%� higher than their RBCs [65]. This suggests that when
in dietary equilibrium, the δ15N of plasma and RBCs is not similar in birds, and that generally in birds
the δ15N of plasma is higher than that of RBCs. That, and the relatively constant ∆15Nplasma-RBC for
September 2014, July 2015, and September 2015 (1.10%�, 0.90%�, and 0.95%�, respectively) suggests that
the ∆15Nplasma-RBC was in equilibrium when these samples were taken, and that the fractionation factor
between these two tissues, when at equilibrium, is about 1%�. The fact that the ∆15Nplasma-RBC was
only 0.26%� for July of 2014 suggests that a second explanation is more likely—i.e., that we captured
a very recent or ongoing change in the diet of great shearwaters immediately preceding capture in
July of 2014 and that the tissues had not yet reached equilibrium with the new diet. It also suggests
that this change in diet involved a shift in the average trophic level at which the shearwaters were
feeding. Since the turnover rate of plasma is faster than that of RBCs—that the change in δ15N of RBCs
should lag the change in the δ15N of plasma—and given the observed values for the other sampling
periods, the most probable explanation would be that shearwaters had decreased or were in the process
of decreasing the average trophic level at which they were feeding during the one to three weeks
preceding the July 2014 sampling period.

Comparing the delta-values between tissues can be problematic. Blood δ13C values can be
influenced by the lipid content of the plasma, since lipids are generally depleted in 13C relative to
proteins [71,83]. However, since bird plasma is generally low in lipids the effect of lipid on whole blood
and plasma δ13C values is minimal and should not affect the results of the plasma-RBC comparisons in
this study [52,84,85]. Likewise, uric acid, though isotopically depleted [84], should for similar reasons
have little isotopic effect [86]. Nor should it affect the comparison of RBC and feather δ13C values,
since we separated the RBCs from the plasma and the influence of lipids removed when only the
cellular fraction is used [52,87]. Feathers too can be problematic, since the diet-feather discrimination
factor is small when the feather proteins are of dietary origin, but large when feather proteins are of
endogenous origin. Therefore, differences in feather δ15N may be indicative of switching between
endogenous and exogenous sources for constructing feather proteins [86]. However, our study did not
find significant differences in feather δ15N between sampling events, suggesting that this was not an
issue. Thus, the fluctuation in the ∆15Nfeather−RBC is most likely due to variations in the diet at the time
of feather formation rather than nutritional status. For other studies that similarly compare tissue delta
values, see [88–91].

4.4. Latitudinal Gradient

Few studies have collected and analyzed data on the δ13C and δ15N values of RBCs (i.e., the cellular
portion of blood) or feathers of great shearwaters. Yet by using the mean δ13CRBC values provided in the
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literature [34,35] and in this study, we were able to demonstrate a strong, negative relationship between
δ13CRBC and latitude. The strength of this relationship (R2 = 0.71) may in part be due to the fact that
we were limited to using the means of reported sampling events, thereby removing the variance that
would normally be found had the values of all the individual birds been used. The fact that the data
from Gulka et al. [34] included both great shearwaters and sooty shearwaters should not account for the
observed negative relationship, since the δ13C values of sooty shearwater RBCs tend to be higher than
those of sympatric great shearwaters [35]. Consequently, our results support other studies that have also
found a negative relationship between latitude and δ13C values in the blood of Cory’s shearwaters in the
North Atlantic [48,49].

However, the difference in mean δ15NRBC between this study and the other two studies is unlikely
due to latitude since we found no significant difference between the δ15NRBC of great shearwaters in
the Bay of Fundy [35] or those further north off the north coast of Newfoundland [34]. Rather, it is
probably indicative of a difference in the primary prey items and a difference in the trophic level at
which shearwaters feed in the Massachusetts Bay/Cape Cod area compared to those feeding further
north. Stable isotope analysis suggests that squid, herring, and krill are the primary prey items of great
shearwaters in the Bay of Fundy [35], and that capelin are the primary prey of shearwaters off the north
coast of Newfoundland [34]. If we assume a trophic discrimination factor of 2.75%� for piscivorous
birds [35], the fact that mean δ15NRBC of great shearwaters feeding in the Massachusetts Bay/Cape Cod
area is nearly 1%� less than that of great shearwaters feeding at the other two locations suggests that
they are feeding on average approximately one third of a trophic level lower than great shearwaters at
the other two locations. While we do not present data on the δ15N of potential prey items, this might
suggest a greater reliance on sand lance [35] for the great shearwaters observed in this study.

4.5. Food Webs

Given the challenges that climate change and other disturbances present to food webs and
ecosystems, it is important to have a means to monitor the health of these systems and look for
significant changes to these systems. However, the scale of, complexity of, and the limited ability to
directly sample marine ecosystems makes this difficult. Consequently, having proxies to monitor for
important changes to food webs and thus ecosystems is increasingly important. SIA of the feathers of
multiple species of seabirds has proved effective in demonstrating a change in the food web of the
North Central Pacific indicating a shift from an ecosystem dominated by fish to one where squid has
become the major food source [24], and in detecting differences in food webs likely due to differences
in fishing pressure, mean trophic level of fish caught, and sea-surface warming [31].

However, it may not be feasible to collect isotopic data from multiple indicator species or the suite
of potential prey of these species, especially from a particularly desired location or over the desired time
period. In addition, SIA of a single tissue over long periods from multiple species, while highly suited
to discovering long-term changes in food webs and ecosystems [24,31], is likely to miss important
short-term changes in food webs, such as over the course of weeks to months. Such short-term changes
in food webs may drive important, but currently poorly understood phenomena, such as the mass
mortalities of great shearwaters [37,38]. In such cases, SIA of multiple tissues from even a single
indicator species has the potential to fill this gap [55,56].

In this study, we demonstrated the potential of great shearwaters as a bioindicator species. We have
demonstrated the potential for SIA of multiple tissues taken over a few sampling periods from a single
species to detect dietary changes and thus changes in the food web between years, within the few
weeks preceding sampling, and even several weeks to months before sampling. This was accomplished
even though tissue-diet discrimination factors for great shearwaters has not been measured, the tissue
isotopic turnover rates are unknown for great shearwaters, and in the absence of data on the diet of
great shearwaters or the isotopic signatures of potential great shearwater prey items from the waters of
Massachusetts Bay and Cape Cod. Comparison of plasma δ13C values indicates a shift to possibly
more benthic or near shore prey in the one to three weeks preceding sampling in September of both
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2014 and 2015. A comparison of the δ15N values of plasma suggested that this was accompanied by
an increase in trophic level in September of 2015 and possibly in September of 2014. Comparison of
feather δ13C values over the four sampling events indicates that the diet of great shearwaters in the
few weeks after arrival in the Northern Hemisphere differed between 2014 and 2015, again possibly
indicating a shift to towards a food web with a greater proportion of benthic or near shore prey in 2015.

Knowing tissue turnover rates is critical to correctly interpreting isotopic data collected from
multiple tissues [81,92]. However, we have shown that even when those data are not available for the
species in question, there are often data available in the literature that, since metabolic rate scales with
size [60,61,64], allows one to make reasonable estimates as to the limits within which the turnover rate
for a particular tissue should fall. For this study, the available data suggested that the isotopic half-life
of RBCs was likely a minimum of 16 days, but could be as much as 30 days, in either case sufficiently
slow for RBCs to integrate isotopic signals over months, suggesting that RBCs would work as a good
baseline with which to compare other tissues, as was demonstrated by the very consistent isotopic
signal of RBCs over the four sampling periods in our study.

Again, it is desirable, where possible, to employ species specific discrimination factors. However,
in studies that specifically tests hypotheses regarding diet change over time and where the same tissue
can be compared over multiple and appropriate time periods, the data thus generated can effectively
test these hypotheses without having to establish specific diet-tissue discrimination factors. Likewise,
in studies, such as this one, that specifically test hypotheses regarding seasonal or relatively short-term
changes in diet, establishing a fractionation difference between tissues is sufficient [81]. In this study,
we took the former approach to infer dietary changes over seasons and years. However, we found
that the latter approach detected a change in diet not detected by the former method, i.e., that the
shearwaters had a change in diet within the few weeks preceding their July 2014 capture. We also
demonstrated that even when a fractionation difference between tissues cannot be firmly established,
knowing the approximate degree and likely direction of that difference can be sufficient to undermine
one hypothesis and support another, in the case of this study, supporting the hypothesis that plasma
and RBCs were not in isotopic equilibrium in July 2014, but likely were in September 2014, July 2015,
and September 2015, rather than the reverse case.

Thus, this study demonstrates that even in the absence of species specific isotopic data on possible
dietary components, tissue turnover rates, diet-tissue discrimination factors, and even tissue-tissue
fractionation differences, SIA analysis of multiple tissues with different isotopic turnover rates can
detect changes in diet and or food web over time. However, two caveats must be addressed. First,
while we have assumed that the relative and temporal changes we have observed in the δ13C and
δ15N values of the tissues analyzed are indicative of changes in diet caused by changing to prey,
or a different mix of prey, that results in an isotopically different diet, the isotopic shifts we observed
may alternatively be due to changes in the physiology of the indicator species, isotopic variation in the
diet of the prey without the prey having actually changed the composition of its diet [81], or by a change
in the composition of the prey’s diet to an isotopically different dietary source or mix. Nevertheless,
if the indicator species has not changed its diet, and the change one observes in the isotopic signatures
of its tissues is due to either of the latter two causes, the changes in tissue isotopic signature of the
indicator species is still indicative of a change in the food web, just at a lower trophic level. Even if the
change in tissue isotopic signature is due to a change in the physiology of the indicator species, it may
still indicate a change in the diet/food web, such as if the change in the isotopic signature of a tissue or
tissues is due to nutritional stress, fasting or starvation [93]. This would indicate that the food web
has changed in such a way that it no longer provides sufficient prey or prey of sufficient nutritional
quality for the individuals of the indicator species to maintain themselves. Sampling the same suite
of tissues multiple times can establish baselines that would indicate the natural variations in tissue
isotopic signatures due to such things as normal changes in the physiology of the indicator species or
in the isotopic signatures of primary producers at the bottom of the food web. The second caveat is
that changes in diet/food web cannot be detected via SIA of the tissues of indicator species if the diet or
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food web changes in ways that are isotopically opaque, e.g., if the indicator species switches from one
prey item to another that is isotopically very similar to the first.

Therefore, this study suggests that SIA of multiple tissues from one or more indicator species is
a useful economically and logistically feasible means of monitoring for large changes in the food web
that would warrant further investigation, such as when changes in tissue isotopic signatures coincide
with known disturbances, e.g., increased fishing pressure [31] or the movement of a warm core ring
into the Gulf of Maine [94,95]. SIA of multiple tissues of indicator species might also shed light on
the unknown causes of known events, such as mass mortalities of seabirds [37,38], or it might detect
shifts in the food web indicating an unknown disturbance, which then should be investigated and
determined. Comparisons of multiple tissues within an indicator or other species will be particularly
useful in situations where the isotopic signatures of potential prey are poorly known or even where
the potential prey themselves are not known, and where tissue-diet discrimination factors are poorly
known. In addition, we suggest that where these are well known, comparing the isotopic signatures
of tissues with different turnover rates can be combined with mixing models and other tools to shed
additional light on behavior, diet, and changes in the food web.
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