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Rationale: By combining precision satellite-tracking with blood sampling, seabirds

can be used to validate marine carbon and nitrogen isoscapes, but it is unclear

whether a comparable approach using low-precision light-level geolocators (GLS) and

feather sampling can be similarly effective.

Methods: Here we used GLS to identify wintering areas of northern gannets (Morus

bassanus) and sampled winter grown feathers (confirmed from image analysis of non-

breeding birds) to test for spatial gradients in δ13C and δ15N in the NE Atlantic.

Results: By matching winter-grown feathers with the non-breeding location of

tracked birds we found latitudinal gradients in δ13C and δ15N in neritic waters.

Moreover, isotopic patterns were best explained by sea surface temperature. Similar

isotope gradients were found in fish muscle sampled at local ports.

Conclusions: Our study reveals the potential of using seabird GLS and feathers to

reconstruct large-scale isotopic patterns.

1 | INTRODUCTION

Tracking has revolutionised our understanding of animal migration,

foraging, and habitat use, but our inference may be limited by sample

sizes.1–4 Stable isotopes can complement tracking studies but work

most effectively when variation in isotopic baselines is independently

verified.5–7

In the marine environment, large-scale isotopic gradients

(isoscapes), particularly in carbon and nitrogen, highlight the potential

for using these markers to infer animal movement or enrich tracking

data.8–10 Isoscapes have been constructed utilising particulate organic

matter across ocean basins,11 or from other organisms close to the

base of the food web, with the potential to trace marine animal

movements.12 An alternative approach is to measure isotopes in the

tissues of tracked marine vertebrates. For example, precision satellite-

tracking and blood sampling of breeding albatrosses, petrels, and

penguins has been used to elucidate regional and latitudinal isoscapes

in the Southern Ocean.9,13 However, it is unclear whether this

approach works during non-breeding when tracking primarily relies

upon low-precision (±200 km) light-level geolocators (GLS14), and
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tissues such as feathers – which tend to be used to represent this

period – require information on moult chronology to be applied

effectively.15

Here we measure nitrogen and carbon isotopes in the feathers of

non-breeding northern gannets (Morus bassanus; hereafter “gannets”)
– a partially migratory marine predator with a generally coastal

distribution16–19 – tracked with GLS to characterise latitudinal

isoscapes in the NE Atlantic. We combine feather isotopes with

analysis of primary feather moult timing estimated from digital

images, and measure isotopes in potential fish prey from the main

wintering areas. Our objectives are to (a) determine how isotopes of

winter-grown feathers vary spatially in neritic waters in the NE

Atlantic, (b) test how δ13C and δ15N values covary with latitude and

sea surface temperature (SST) in feathers and fish, and (c) establish

the efficacy of using feather isotopes of GLS -tracked seabirds to

construct marine isoscapes.

2 | MATERIAL AND METHODS

2.1 | Study sites and device deployment

Gannets were tracked from three large colonies in the UK and Ireland:

Grassholm, Wales (51� 43’ N, 05� 28’ W); Bass Rock, Scotland (56�

06’ N, 02� 36'W); and Great Saltee, Ireland (52� 07’ N, 06� 36’ W).

During July and August 2009–12 or 2018, breeders were captured on

their nest using a metal crook or noose attached to a carbon fibre

pole (under licence from Natural Resources Wales and Nature Scot)

and a GLS logger (either Migrate Technology C330 Mode 6B; British

Antarctic Survey MK5, MK15, and MK19) attached using cable ties

and superglue either to an acrylic or to a metal leg ring (under licence

from the British Trust for Ornithology and their Special Methods

Panel). Geolocators did not exceed 0.4% of gannet body mass.

Gannets are highly philopatric to nest sites,20 and individuals were

recaptured in subsequent years to retrieve geolocators. Birds were

sexed genetically from blood samples using 2550F, 2718R or 2757R

primers21,22 following Stauss et al.23 We also took a small sample (c.

2–3 cm of the vein) from the distal portion of each tracked birds'

primary feather sample (under licence from the UK Home Office) for

stable isotopes (see below).

2.2 | Feather moult phenology

Because stable isotopes represent diet during the period of tissue

growth, information on feather moult timing is essential for their

effective ecological application. Therefore, we analysed moult using

375 dated digital flight images of adult gannets across the NE Atlantic

following online searches and social media requests. Photos covered

all months of the year and were taken from 2005–2019. Moult scores

derived from digital images of seabirds have been shown to be

reliable versus scoring moult directly from birds in the field.24

Following filtering for image quality (e.g., where primary feathers were

not clearly visible) and age (split into adult, immature and juvenile

based on plumage characteristics20) this provided 313 images

enabling two observers to independently quantify adult primary moult

on a four-point scale following Meier et al25 where 0 = an old feather,

1 = a missing feather, 2 = a re-growing feather, 3 = a new fully

grown feather. Primary feathers were numbered ascendingly from the

innermost (P1 to P1026). Where possible, both wings were scored, but

only one was selected at random for inclusion.

Total primary moult scores were rescaled between 0 and 1 and

modelled using Underhill & Zucchini27 type one models specified

using the R package “moult”28 to estimate mean start date, standard

deviation of start date, and mean duration of moult. Scores of each

primary feather were also binned by month to visualise the proportion

of feathers in each score category. Based on the percentage of

feathers in regrowth within the core December wintering period, P8

was chosen for use in stable isotope analysis. Whereas several

candidate feathers exhibited regrowth during this period, P8 is also

consistent with past studies using SIA in gannet primary feathers,29

allowing us to expand our data set.

2.3 | Geolocation analysis and migratory behaviour

GLS light data were processed, and winter locations calculated for

74 gannets using one of two methods. Birds from Grassholm, Bass

Rock, and Great Saltee received British Antarctic Survey MK5, MK15

or MK 19 geolocators during 2009–12, and data were processed as

described in Grecian et al.29 Gannets from Grassholm in 2018

received Migrate Technology C330 Mode 6B devices, with timing of

sunrise and sunset estimated using a light intensity threshold of 2.5 in

TwGeos30 and then position estimated using “FLightR”.31 Both

methods yielded twice daily location estimates with an accuracy of

approximately 200 km.14 We considered individuals' core wintering

areas as the mean of all December locations.17,29

2.4 | Feather sampling

Upon recapture of tracked birds, we cut a 2 � 2 cm notch

approximately one third from the distal point of the 8th

primary, which were stored in plastic bags prior to analysis. Just prior

to stable isotope analysis, feathers were washed thrice with distilled

water and placed in a drying oven at 40�C (2010–2012) and 60�C

(2019) for 12 h. The feather barbules were then homogenised by

cutting into very fine pieces, and a subsample of 0.7 ± 0.1 mg of each

weighed into tin cups for stable isotope analysis.

2.5 | Prey fish sampling

Potential gannet prey was collected from five small artisan fish

markets during February 2019 along the coast of their wintering

areas: Figueira da Foz, Portugal (40� 9’ N, 8� 51’ W); Tangier (35�
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45’ N, 5� 50’ W); Casablanca (33� 34’ N, 7� 35’ W); Essaouira (31�

30’ N, 9�45'W), Morocco; and Dakhla, Western Sahara (23� 42’ N,

15� 56'W). These markets are dominated by small boats with limited

ranges and therefore most likely represent localised catch. Where

possible this was verified by talking to the local fishers or fish-sellers

on site.

We have no information on gannet diet during non-breeding, so

instead we considered a range of functional groups that relate broadly

to breeding season prey.32 Each fish was measured and identified to

species, then classified by functional group and size class (large

pelagic >17.5 cm, small pelagic <17.5 cm, large demersal >17.5 cm,

small demersal <17.5 cm). A 1–2 cm3 sample of dorsal muscle tissue

was removed and placed in a food dehydrator before being dried at

60�C for 10–12 h, then vacuum sealed in plastic pouches for storage

and transport. Dried samples were stored in a � 20�C freezer before

being lipid-extracted and freeze-dried for 24 h then homogenised to a

fine powder using a mortar and pestle.

2.6 | Stable isotope analysis

Stable isotope ratios are reported in δ notation, expressed as parts per

thousand (‰) deviation according to the equation δX = [(Rsample/

Rstandard)-1]*, where X is 13C or 15N, R is the corresponding ratio
13C/12 C or 15N/14N, and Rstandard is the ratio of the international

references VPDB for carbon and AIR for nitrogen. Fish muscle and

feather subsamples for birds tracked in 2018 were analysed using a

Sercon Integra 2 continuous flow stable isotope analyser

(Environment & Sustainability Institute, University of Exeter, Exeter,

UK). Samples were run alongside in-house reference material (bovine

liver; δ13C � 28.61‰ ±, δ15N 6.32‰ and alanine; δ13C � 19.62‰,

δ15N � 1.85‰) to correct for instrument drift. In all cases the

standard deviation of the calibration standards was ±0.2‰ or lower

for δ15N, and ±0.08‰ or lower for δ13C.

Feather samples from 2009 to 2012 were analysed at the East

Kilbride Node of the Natural Environment Research Council Life

Sciences Mass Spectrometry Facility (now the National Environmental

Isotope Facility) via continuous flow isotope ratio mass spectrometry,

using a Thermo Fisher Scientific Delta V Plus interfaced with a

Costech ECS 4010 elemental analyser. In-house laboratory standards

of GEL (gelatine; δ13C –20.40‰, δ15N 5.91‰), ALA (13C-spiked

alanine; δ13C –10.69‰, δ15N 5.91‰), GLY (15N-spiked glycine; δ13C

–36.01‰, δ15N 19.71‰) were analysed between every 10 feather

samples in the isotope ratio mass spectrometry (IRMS). Standard

deviation of multiple analyses of GELs of different masses in each

experimental run was better than ± 0.1‰ for δ13C and ± 0.2‰

for δ15N.

In both laboratories, these in-house standards are routinely and

regularly checked against international standards such as IAEA-N-1,

IAEA-N-2, IAEA-CH-6, USGS 25, USGS 40, and USGS 41, and

consequently results from both laboratories are anchored to

the V-PDB and AIR scales for δ13C and δ15N, and thus readily

comparable.

2.7 | Environmental data

December monthly average or winter seasonal average SST,

particulate organic carbon, and chlorophyll a were obtained via the

NASA/GFSC Ocean Biology Processing Group (https://oceancolor.

gsfc.nasa.gov/). Values recorded at 4 km resolution by the MODIS

Aqua satellite, as well as depth (global bathymetric data from GEBCO

2020 grid; GEBCO Compilation Group [2021]) were extracted for

each gannet December centroid.

2.8 | Statistical analysis

δ13C and δ15N values of winter-grown feathers were modelled using

generalised additive models (GAM; with restricted maximum likelihood)

to test the effect of the following conditions at the December centroid:

latitude, chlorophyll a, depth, year, colony, and sex. Smoothed terms in

the GAMs were subject to double penalisation, which forces the

effect size (as effective degrees of freedom) of non-important variables

to reduce to near-zero values.33 GAMs were specified using the

“mgcv” package (v 1.8–3834) for R (v. 3.6.135).

We did not include longitude in our analysis because gannets'

neritic habitat use means that variation in carbon and nitrogen

isotopes would largely represent inshore/offshore gradients. Similarly,

because latitude and SST are highly correlated (Figure S1 [supporting

information]), SST was initially excluded, with latitude acting as a

proxy for SST. SST was then substituted for latitude in later models to

verify performance. A secondary check for variable importance was

performed using random forest models,36,37 which can cope well with

highly collinear data. Results of this secondary random forest analysis

(Figure S2 [supporting information]) were used solely as a check on

GAM selection and performance.

2.8.1 | GLMM for prey fish

The δ13C and δ15N values derived from fish muscle were modelled

using generalised linear mixed effects models (GLMMs), with latitude

as a fixed effect and port as a random effect (because all regional

samples were purchased at a single fish market in each port location).

Models with and without the fixed effect were compared using χ2

tests. Standard model check plots and metrics were evaluated to

verify model performance was within acceptable parameters. GLMMs

were executed using the “lme4” R package38 for R (v. 3.6.135).

2.8.2 | Modelling isoscapes

δ13C and δ15N isoscapes were derived by interpolating feather

isotopes from gannet centroids via empirical Bayesian kriging (EBK) in

ESRI ArcMap 10.5.1. Interpolation was constrained by large marine

ecosystem (LME) boundaries,39 which suitably encompassed the main

shelf-sea habitat utilised by gannets.
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3 | RESULTS

3.1 | Feather moult

Models estimated gannet primary moult commenced by

28 September (± 33.97 days) and lasted (mean ± SE) 137.2 ± 6.1 days

(Table S1 [supporting information]; Figure 1). Adult gannets exhibited

two centres of moult and are not necessarily uniform in the starting

position. Thus, at the population level, our data suggest that most

primary feathers are grown during November to January. P8 had the

highest proportion of newly regrown feathers between December

and January (the core over winter period) and was therefore selected

for isotope analysis (Figure 2).

3.2 | Stable isotopes in gannet feathers

δ13C values ranged from �16.82‰ to �13.17‰ (mean: �15.12‰).

There was a significant negative non-linear effect of latitude on δ13C

(GAM, F = 3.87, P < 0.001, Figure 3A), but no effect of year, sex,

chlorophyll a or depth (GAM, P > 0.05, Figure S3 [supporting

information]). Substituting SST for latitude at winter centroids

revealed that SST had a significant effect on δ13C values (GAM,

F = 3.20, P < 0.001, Figure 3C).

δ15N values ranged from 11.96‰ to 18.60‰ (mean: 14.32‰).

There was a significant positive non-linear effect of latitude on δ15N

(GAM, F = 3.35, P < 0.001, Figure 3B) but no effect of year, sex,

chlorophyll a or depth (GAM, P > 0.05, Figure S3 [supporting

information]). Substituting SST for latitude at winter centroids

revealed that SST had a significant effect on δ15N (GAM, F = 3.94,

P < 0.001, Figure 3D).

3.3 | Stable isotopes in fish

δ13C values from fish muscle ranged from �20.28‰ to �14.84‰

(mean: �18.33‰, n = 100 individuals) and δ15N from 7.96‰ to

F IGURE 1 Gannet primary moult. Points are values from n = 313
adults, the solid line is the mean moult trajectory and the shaded area
represents the 95% confidence interval estimated using type
1 models from Underhill and Zucchini (1987) and the R package
“moult” (Erni et al 2013)

F IGURE 2 Gannet primary moult progression by feather and month (n = 313 individuals). Birds are generally in moult during December,
which is also the peak timing of non-breeding residency. 0 = old feather, 1 = missing feather, 2 = regrowing feather, 3 = new fully regrown
feather

4 of 9 ATKINS ET AL.
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12.83‰ (mean: 10.98‰). δ13C values were negatively correlated

with latitude (GLM; χ21 = 5.98, P < 0.05, Figure 4), but this was not

the case for δ15N values (χ21 = 1.30, P = 0.25, Figure 4).

3.4 | Gannet non-breeding distribution and
isoscapes

Of 74 tracked birds, 49 (66.2%) wintered in the Canary Current LME,

6 (8.1%) in the Iberian Coastal LME, 12 (16.2%) in the Celtic Biscay

Shelf LME, 6 (8.1%) in the North Sea LME, and 1 (1.4%) in the

Mediterranean (Figure 5).

Isoscapes interpolated from gannet winter centroids and δ13C

values of their feathers showed a strong latitudinal gradient, but

this was best explained by SST, likely because of cooler upwelling

in the Canary Current LME (CCLME; between approximately

20�N and 25�N, off Western Sahara and Mauritania; Figure 5A).

Similarly, δ15N values of winter grown gannet feathers showed a

positive south to north gradient with their winter location from GLS

(Figure 5B).

4 | DISCUSSION

Here we measured carbon and nitrogen isotopes of winter-grown

gannet feathers by matching individual feathers with GLS-derived

non-breeding locations and found spatial isotopic differences

(Figure 5). In particular, isotopes varied latitudinally in NE Atlantic

neritic waters, most likely due to differences in SST (Figure 3). We

discuss this finding and the potential application of tracking marine

predators with GLS to inform spatial isotopic patterns.

As in previous studies,13 we show that δ13C is negatively

correlated with latitude and positively with SST, most likely because

of less rapid turn-over of heavier carbon isotopes in photosynthetic

reactions at colder temperatures.5 This is exemplified by the non-

linear patterns between 20�N and 25�N, which is associated with the

Canary Current cold-water upwelling plume (Figure 3). We also found

a positive latitudinal gradient in δ15N, which may be a result of higher

anthropogenic nutrient input in northern European waters.10

We used EBK to interpolate isotope variation between gannet

locations and up to the edges of respective LMEs to produce isoscape

models (Figure 5). This approach generates uncertainty in areas with

F IGURE 3 Generalised additive model (GAM) results showing significant non-linear relationships between (A), δ13C and latitude; (B), δ15N
and latitude; (C), δ13C and sea surface temperature (SST) �C; (D), δ15N and SST. The solid line is the model estimated mean, and the pink polygon
represents the model standard error. For each section vertical blue dashed lines indicate the average latitudinal boundaries of the coastal
upwelling plume in the Canary Current large marine ecosystem (LME). Latitudinal LME boundaries for the complete study area are indicated by
vertical black dashed lines on plots A and B. CC = Canary Current LME, IC = Iberian coastal LME, CB = Celtic-Biscay shelf LME [Color figure can
be viewed at wileyonlinelibrary.com]
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few or no gannet locations, and therefore our findings should be

viewed primarily as proof of concept for using geolocator-tracked

seabirds to generate marine isoscapes. A comparison with other

approaches reveals that δ15N and δ13C variation shown here

(Figure 5) was lower than when based on more extensive sampling of

jellyfish and zooplankton, which also incorporated sources of spatial

and temporal variation.10,40 The use of GLS-tracked marine predator

tissues to generate isoscapes could be improved by using these more

complex models, such as Bayesian hierarchical integrated nested

Laplace approximations (INLAs10,40).

Studies of seabird isotopes geo-referenced by bird-borne GPS

loggers reveal complexities which our study is less able to

characterise. For instance, δ13C values of GPS-tracked Cory's

shearwater (Calonectris borealis) plasma showed inshore-offshore and

chlorophyll-driven variation in δ13C values, whereas δ15N values

tended to vary temporally.37 Moreover, long-term (17-year) feather

isotope sampling of Cory's shearwaters revealed that both δ13C and

δ15N values covaried with upwelling intensity in the CCLME.41 It

might therefore be desirable to combine GPS and GLS-derived

isotope values from multiple taxa to generate a more detailed picture

of isotopic variability in space and time.

Our results using feathers from tracked gannets are like those

based on fish muscle sampled at local ports across the southern

portion of their wintering range (40� to 23� N; Figure 4). Although this

F IGURE 4 (A), Lipid-corrected δ13C and (B),
δ15N values of pelagic fish covary with latitude
across northern gannet wintering range. Samples
from artisan fish markets in Figueira da Foz,
Portugal; Tangier, Morocco; Casablanca, Morocco;
Essaouira, Morocco; and Dakhla, Western Sahara.
Solid lines are estimates from generalised linear
mixed effects models with port fitted as a random
effect. The pink-shaded polygon shows the

bootstrapped 95% confidence interval [Color
figure can be viewed at wileyonlinelibrary.com]
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potential gannet prey was not sampled across the full wintering range

of tracked birds, the direction and magnitude of isotopic gradients

lend support to the efficacy of our combined GLS and feather isotope

approach.25

Large numbers of seabird species and individuals have now been

tracked using geolocation around the world's oceans, providing

detailed information about where and when birds are

distributed.42–44 It might therefore be possible to create ocean

basin-scale isoscapes using these data, retrospectively or

strategically depending on whether there are extant feather samples

or isotope measurements. Such an approach would also require a

detailed reappraisal of seabird feather moult and over-winter site

fidelity.

5 | CONCLUSIONS

To conclude, we demonstrate the efficacy of using geolocator

tracking of seabird migration and primary feather keratin to construct

large-scale (thousands of kilometres) marine isoscapes. This was

possible during non-breeding for a partially migratory species (and

thus migratory destinations that vary latitudinally) at a time of the

year when it is difficult to obtain higher-precision GPS tracking and

contemporaneous blood sampling. Our confidence in the results is

further improved through the incorporation of species-specific data

on feather moult and isotopic measurements of potential prey across

part of the gannet's wintering range. However, such an approach is

likely to be less reliable at smaller spatial scales or where isotopic

F IGURE 5 Interpolated
isoscapes using empirical Bayesian
kriging for (A,B) δ13C and (C,D) δ15N
based on primary feathers of
non-breeding gannets tracked with
geolocators. Points are mean winter
centroids, and black-surrounding
lines represent 100 km radii
illustrating approximate geolocation

resolution. Blue boundary lines
define large marine ecosystems
[Color figure can be viewed at
wileyonlinelibrary.com]
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gradients are less pronounced. We therefore urge continued study

and refinement of these methods using more complex modelling in a

range of different species and locations to continue to inform our

knowledge of isotopic variation in marine ecosystems throughout

annual cycles.
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