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Amino acid-specific isotopes reveal
changing five-dimensional niche
segregation in Pacific seabirds
over 50 years
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Hutchison’s niche theory suggests that coexisting competing species occupy non-overlapping
hypervolumes, which are theoretical spaces encompassing more than three dimensions, within an
n-dimensional space. The analysis of multiple stable isotopes can be used to test these ideas where
each isotope can be considered a dimension of niche space. These hypervolumes may change over
time in response to variation in behaviour or habitat, within or among species, consequently changing
the niche space itself. Here, we use isotopic values of carbon and nitrogen of ten amino acids, as well
as sulphur isotopic values, to produce multi-isotope models to examine niche segregation among an
assemblage of five coexisting seabird species (ancient murrelet Synthliboramphus antiquus, double-
crested cormorant Phalacrocorax auritus, Leach’s storm-petrel Oceanodrama leucorhoa, rhinoceros
auklet Cerorhinca monocerata, pelagic cormorant Phalacrocorax pelagicus) that inhabit coastal British
Columbia. When only one or two isotope dimensions were considered, the five species overlapped
considerably, but segregation increased in more dimensions, but often in complex ways. Thus, each
of the five species occupied their own isotopic hypervolume (niche), but that became apparent only
when factoring the increased information from sulphur and amino acid specific isotope values, rather
than just relying on proxies of §°N and §'3C alone. For cormorants, there was reduction of niche size
for both species consistent with a decline in their dominant prey, Pacific herring Clupea pallasii, from
1970 to 2006. Consistent with niche theory, cormorant species showed segregation across time,

with the double-crested demonstrating a marked change in diet in response to prey shifts in a higher
dimensional space. In brief, incorporating multiple isotopes (sulfur, PC1 of §°N [baselines], PC2 of
&N [trophic position], PC1 and PC2 of §'3C) metrics allowed us to infer changes and differences in
food web topology that were not apparent from classic carbon-nitrogen biplots.

Ecological niches are n-dimensional spaces or hypervolumes that describe the position of species by a complex
suite of variables, both physical and biological'. The dimensions in an n-dimensional hypervolume usually
include environmental factors that affect organismal performance, physiological limits, or morphological traits,
as well as food resources or specific habitat needs, and can partly reflect important ecological patterns. N-dimen-
sional niches have now been widely used to describe biological systems** and explain functional diversity?,
species morphological differences and taxonomy®, among other ecological variables. Often the aim of construct-
ing communities’ niches is to detect patterns such as ecological segregation among species or groups within
species (e.g. age classes or sexes)®’, which is critical to modelling niche shifts caused by anthropogenic factors
including habitat loss, pollution and particularly climate change®’. Such segregation is expected to be the ‘ghost’
of past competition such that species currently exploit resources or have minimized competition under most
circumstances!'%!%. For example, some sympatric seabird species segregate their foraging space or prey at several
geographic and temporal scales'*-°.

The principle of competitive exclusion states that complete competitors (with completely overlapping niches)
cannot coexist'’"". Niche segregation, derived from differentiation, leading to coexistence among species and
within species has been observed in a range of taxa, from plankton to songbirds?®-*. If we consider a species’
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hypervolume within Hutchinson’s n-dimensional niche space, then niche segregation implies that there is limited
overlap of that hypervolume with coexisting species’. Seabirds are intriguing in this regard because they often
include large populations of several species with apparently overlapping habitats, diets and foraging areas**?°.
However, recent tools have shed light on how seabirds partition their foraging habitat, diet, and other components
of their niche hypervolume!>%.

In predators that show high inter- and intra-specific competition dietary partitioning is an important compo-
nent of niche diversification?. The study of trophodynamics, within marine communities allow us to understand
changes in time and space of such niche diversification and trophic relationships®. Direct diet sampling can be
invasive (i.e. killing animals to sample stomachs) or be biased due to differential digestion of prey items, while
behavioural observations can also be biased and difficult for marine species that forage over large areas offshore®.
Stable isotope values of carbon (6'*C) and nitrogen (8'°N), representing the relative proportion of *C/**C and
I5N/™N in tissues, have proven to be reliable indicators of diet, and consequently can be used to delineate trophic
assemblages in marine ecosystems?**°-32. In particular, §"*C can be used to infer feeding habitat (such as pelagic
or benthic/coastal), whereas "N is commonly used to provide an index of trophic position*’. However, both bulk
isotopic values are unable to reflect the influence of baseline values of the ecosystem, therefore careful interpreta-
tion if often needed®*. Layman metrics can be used to describe trophic levels (range of §"°N), niche diversifica-
tion (8°C range), overall density of species packing (mean of the Euclidean distances to each species’ nearest
neighbor in bi-plot space), among other indices that help describe trophic niches and relationships®. The use of
these metrics in characterizing trophic dynamics can help detect different interactions within the community
such as competition (by increased trophic redundancy) or high predation levels (increase in trophic diversity).

However, most studies of niche partitioning using stable isotopes have only employed §"*C-§"N biplots®>*7-.
In some cases, “0-spaces” can be converted into “p-spaces” using mixing models to quantitively assign diet
proportions*. However, two variables are unlikely to be able to resolve complex food webs*. The use of additional
isotopes provides additional degrees of freedom especially when trying to identify prey sources with the use
of the above-mentioned mixing models. The addition of a third dimension in community ecology analysis can
provide important information overlooked with only two isotopic dimensions*’. Three -dimensional approaches
to look at isotopic niche segregation, such as incorporating sulphur (6**S), have proven to be efficient in detect-
ing segregation in marine species*'. This has been reported also in seabirds when marine epipelagic species are
more enriched in §**S compared to benthic or coastal species, proving to good indicator independent of trophic
level (unlike bulk carbon isotopes)*. The use of compound specific isotopic analysis, such as using carbon and
nitrogen isotopes of amino acids, overcomes some biases present in bulk analysis of §"°C and §"°N**%. Moreover,
current tools to look at n-dimensional niches are increasing in the literature, including re-sampling and Bayes-
ian methods to produce metrics for isotopic niches*’. Incorporating amino acid specific isotopic values into
ecological studies provides new levels of information that allows to differentiate trophic and baseline signals in
the trophic webs that would otherwise be masked in bulk isotopic values***®. The use of trophic indicators such
as nitrogen isotopic values of glutamic acid (Glx) may allow to discriminate baseline shifts and also improve
predictions trophic position. Such tools allow for testing of hypotheses about how niches vary across dimensions
(e.g. changes in overlap and segregation patterns, more distant centroids, smaller volumes).

Niches change over time due to natural and anthropogenic changes. In particular, niche segregation may
only be apparent when resources are limited; during resource pulses, all species may be able to take advantage of
the same abundant food sources**%. In marine habitats, overfishing*’, marine pollution®, and other stressors™"
could cause variation in isotopic niches that could reflect important changes in species populations. Stable
isotopes allow tracking of diet over long time scales due to archived specimens and may provide insights on
important trophic changes®. These changes may occur over very long periods, hundreds of years or decades**,
or shorter periods, such as seasons or consecutive years****>. Thus, isotope measurements in historical samples
link population trends with diet shifts across time. Nonetheless, most studies examine only one (6"*N) or two
(6"°C and 6™N) isotopes, which may mask niche variation occurring in other dimensions. Therefore, producing
clear niche metrics and understanding fine patterns of niche shifts in seabird assemblages through time may
allow for better management and conservation of species due to these current threats (e.g. increasing pollutant
loads in oceans, climate change, etc).

Here, we incorporate an n-dimensional approach, comparing 1, 2, 3, and 5-dimension models, to build
isotopic niches with 6"*C and 6"°N of 10 amino acids and bulk §**S in an assemblage of five coexisting seabirds
(ancient murrelet, double-crested cormorant, Leach’s storm-petrel, rhinoceros auklet, pelagic cormorant) that
breed along the southern coast of British Columbia. We test the idea that seabirds overlapping in §°C and 6"°N
biplots will differ in segregation patterns when using multiple stable isotopes in higher dimensions (2, 3, and 5
dimensions). Especially, trophic relationships will be more apparent when using amino acid specific nitrogen
values as indicators, e.g. reflecting higher trophic level for cormorants, compared to storm-petrels or auklets.
Moreover, we expect that in higher dimensions, most Layman community metrics should differ as all five species
may change patterns of segregation from each other, but relative niche volume among species should remain
constant. As the prey base of cormorants changed over time, we predicted that niche centroids would vary, and
overlap would decrease, but overall niche size would remain constant in higher dimensions.

Methods

Dataset and study species

We studied five species (ancient murrelet, double-crested cormorant, Leach’s storm-petrel, rhinoceros auklet,
pelagic cormorant) using whole eggs collected since 1969 and archived at the National Specimen Bank (National
Wildlife Research Centre [NWRC], Ottawa, Ontario) as part of the long-term contaminants monitoring pro-
gram initiated in 1968 by the Canadian Wildlife Service (see Table S1 for final egg sample numbers per species).
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Seabird eggs are commonly used as a relatively non-invasive sampling source to represent the contaminant and
dietery composition in the female adult prior to and during the egg-laying period. Double-crested cormorants
Phalacrocorax auritus are generalist seabirds, inhabiting coastal nearshore to inland aquatic environments across
North America®. They feed on diverse benthic and mid-water schools of fish in the British Columbia coast.
Pelagic cormorants Phalacrocorax pelagicus forage mainly in deeper water on the continental shelf during the
breeding season®’~*. Rhinoceros auklets Cerorhinca monocerata (hereafter auklets) inhabit temperate waters of
the northern Pacific®®¢! and feed on epipelagic fish®2. Ancient murrelets Synthliboramphus antiquus (hereafter
murrelets) are offshore, sub-surface feeders and prey on zooplankton and small, schooling fish®. Leach’s storm-
petrels Oceanodrama leucorhoa (hereafter storm-petrels) are planktivorous surface feeders found in the northern
Atlantic and Pacific Oceans®. While breeding, they feed closer to the colony on the continental shelf, whereas
they feed hundreds of kilometres away when not breeding®. Eggs were sampled from islands and coastal sites on
the Pacific coast of British Columbia, Canada: Cleland Island (storm petrels and auklets), Langara Island (murre-
lets), Lucy Island (auklets), Mandarte Island (cormorant), Mitlenatch Island (pelagic cormorants), Thomas Island
(storm-petrels), and Thorton Island (storm-petrels) (Fig. S1). Maps were produced with the gpplot2% and sf**¢”
packages, and shapefiles from gadm.org. We followed the methods already presented in published contaminant
research*>%-7°, Sampling effort (frequency and sites sampled) varied since 1970 due to cost and logistics, and
in some cases, eggs were collected during spring and early summer (late April to early July). Some egg samples
were pooled into 1 g sub-samples from a total of 15, 5, or 3 samples after homogenization as described in work
by Miller et al.”®. Briefly, 1.5 g wet weight of aliquots were homogenized after removal from the eggshell and then
subsampled into aliquots for preservation.

Stable isotope analysis

Stable isotope analysis for bulk carbon, nitrogen, and sulphur was carried out using sub-samples of 1 mg freeze-
dried eggs, loaded into tin, using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa
20-20 isotope ratio mass spectrometer (IRMS; Sercon Ltd., Cheshire, UK) at the Stable Isotope Facility at the
University of California, Davis (http://stableisotopefacility.ucdavis.edu). Delta values were provided in parts per
thousand (%o) and §13C values have been lipid normalized”. Carbon and nitrogen stable isotopes of ten specific
amino acids, both essential and non-essential (alanine, valine, glycine, isoleucine, leucine, proline, aspartic acid,
phenylalanine, glutamic acid (Glx), lysine) were also analyzed at UC Davis Stable Isotope facility via GC-C-
IRMS as described in Refs.**%%70, Stable sulfur isotope we performed in a Europa Roboprep-20/20 EA-IRMS
(lipids were not extracted from homogenates as lipid extraction is known to alter §**S and lipids should not
contain sulfur) as described by Elliott et al.”!. Samples for specific amino acids were analyzed with an isotope
cube elemental analyzer (Elementar, Germany) interfaced with a Finnigan DeltaPlus XP isotope ratio mass
spectrometer (Thermo Germany) coupled with a ConFlo IV (Thermo Germany). Amino acids were liberated
via acid hydrolysis and derived by methyl chloroformate. Methoxycarbonyl amino acid methyl esters were
then injected in splitless (**N) mode and separated on an Agilent DB-23 column (30 mx 0.25 mm ID, 0.25 um
film thickness). Once separated, the esters were converted to N? in a combustion reactor at 1000 °C. Water
was subsequently removed through a nafion dryer. During the final step of the analysis, N2 entered the IRMS.
Pure reference N? was used to calculate provisional 8- values of each sample peak. Next, isotopic values were
adjusted to an internal standard (e.g. norleucine) of known isotopic composition. Final §-values were obtained
after adjusting the provisional values for changes in linearity and instrumental drift such that correct §-values
for laboratory standards were obtained. Laboratory standards were custom mixtures of commercially available
amino acids that had been calibrated against IAEA-N1, JAEA-N2, IAEA-N3, USGS-40, and USGS-41. A final
subset of 63 samples (Table S1) for five species of seabirds with a complete set of sulphur isotopes, and carbon
and nitrogen amino acid isotopes was used for all analyses.

Statistical methods

All data processing and analyses were performed using the R software’?. Because studies have found less support
for the Glx-Lys difference in high consumers’, we tried a different approach that was agnostic to the meaning
of 8N in amino acids by using all the variance of the isotopic values of each compound by means of principal
component analysis (PCA). PCA were performed on the 63-sample subset for both sets of carbon and nitrogen
amino acid-specific isotopic values, independently using the prcomp() function, with scaling, in base R. We
used the first principal component (PC) of the nitrogen amino acids (PC1-Nss) for one-dimensional analyses,
as "N is a classic basic indicator of trophic level segregation among sympatric predators®. We used the first
PCs of carbon and nitrogen amino acids (PC1-Css and PC1-Nss) for the two-dimensional analyses. We included
the standardized value of sulphur (referred to as stdDeltaS) to these previous two dimensions for the 3-dimen-
sional approach and incorporated the second PC of both carbon and nitrogen amino acid stable isotope values
for the 5-dimensional approach (see Table 1). PC1-Css and PC1-Nss showed a strong correlation with bulk
independently measured isotope values of carbon and nitrogen®, and therefore PC1 values of amino acids were
considered also as proxies of bulk carbon and nitrogen isotopes.

The dimensions produced from the PCA analyses proved to be a good proxy for isotopic values of carbon
and nitrogen. Scores of PC1 of carbon (PC1-Css) were equally loaded in all amino acids (ranging from 6.16 to
12.32%) and strongly correlated with bulk carbon values (r=— 0.88) (Table S2). PC2-Css had the highest loading
for proline (50.18%), a non-essential amino acid. PC1 of Nitrogen (PC1-Nss) was mainly loaded on alanine, iso-
leucine, leucine, and valine (14.96 to 16.32%), the first three being trophic amino acids, and highly correlated with
bulk nitrogen isotope values (r=0.57). PC2-Nss was loaded on aspartame, and phenylalanine (23.67 and 30.57
respectively), trophic and source amino acids, respectively. Additionally, to confirm our approach, we contrasted
the first two PCA components of the §'°N values in amino acids with several trophic indices (Glx-Lys, Glx-Phe,

Scientific Reports |

(2024) 14:7899 | https://doi.org/10.1038/s41598-024-57339-w nature portfolio


http://stableisotopefacility.ucdavis.edu

www.nature.com/scientificreports/

Model approach Dimensional components

1-dimensional PC1 of §'°N in amino acids (PC1-Nss)

2-dimensional PC1 of §*C and PC1 of 8N in amino acids (PC1-Css, PC1-Nss)

3-dimensional PC1 of §*C and PC1 of 8"N in amino acids, and standardized 6 S (PC1-Css, PC1-Nss, stdDeltaS)

5-dimensional PC1 and PC2 of §**C in amino acids, PC1 and PC2 of "°N in amino acids, and standardized §*® S (PC1-Css, PC1-Nss,
stdDeltaS, PC2-Css, PC2-Nss)

Table 1. Components incorporated in each dimensional approach. Principal components of amino acids are
labelled with the corresponding isotope for carbon and nitrogen (e.g. PC1-Css for carbon isotope values in
amino acids, or PC1-Nss for nitrogen isotope values in amino acids).

and two trophic position indexes for single and mean amino acid values’*7®), and found strong correlations
with either PC2 (r>|0.6] in all cases, see Fig. S2). We could assume that PC1-Nss was an indicator of baseline
nitrogen values, and PC2-Nss closely reflected trophic level. Similarly, we checked for the the correlation of the
PC1 raw carbon (uncorrected) values and the PC1 of corrected 8 values of amino acids for Suess effect for the
Gulf of Alaska region, using the SuessR package’’, and found a very strong correlation (r=0.998, also Fig. S2).

The package nicheROVER* was used to model the distribution of the different niche isotopic components
using a Bayesian inference framework, incorporating uncertainty into the analysis, and a method insensitive to
sample size (therefore the increase of sample size will not cause random increases in niche region). The default
‘non-informative’ priors were used in nicheROVER. We sampled 100,000 posterior distributions to calculate
centroid locations and probability percentiles for all species and overall community metrics (described below)
to be used in comparing dimensional approaches. The nicheROVER package also produces estimations for niche
size (described as the probability in n-dimensional space) and niche overlap (the 95% probability of one species
falling into the niche of another). Overlap estimates incorporated 95% of the data.

To compare differences between independent dimension centroids and niche sizes between species, we calcu-
lated the Bhattacharyya Coefficient®. This coeflicient estimates the probability of overlap between two posterior
distributions. To identify if niches of each species had different positions in isotopic space the posterior estimates
p were divided into a null (n) and test (¢) equally sized distributions*". We used those estimates to produce a
conservative probability estimate that the centroid locations differ between species, by calculating the probability
that the distance between two centroid values in the test distributions (u,, and p,,) was greater than the distance
between the test and null distributions for y, and y,, respectively:

2(D[p1, u2] — Dpas, por] — D[pa2t, u2n] > 0)
total number of posterior estimates in null or test distributions’

P[Dul,u2] > 0= (1)

We used the 100 000 draws from the posterior distribution extracted from the nicheROVER models, and cal-
culated isotopic range for each tracer, representing the different mean of diversification in trophic level or niche,
centroid distance (CD), representing species spread in space, nearest neighbour distance (NND), the density of
species packing or niche redundancy, and standard deviation of the nearest neighbor distance (SDNND) follow-
ing the methods of Layman et al.*, to assess at how increasing dimensionality may influence the representation
of community structure.

A spider chart was used to plot independent centroid locations for each dimension and all species. Three-
dimensional plots were produced with the mean values of sigma and mu (covariance and means posterior values)
following Rossman et al.*!. Boxplots of the probability distribution of CD, NND, SDNND, and ranges for all
variables for the whole community in all dimensional approaches are presented in the Supplementary Materials.

We additionally evaluated the changes in cormorants (the two species with the largest sample sizes that
allowed for such comparison) niches for 2D, 3D, and 5D dimensional approaches only between the periods of
1970-1989 and 1990-2006.

Results

The use of stable isotopic values to describe ecological segregation in communities or assemblages is gaining
momentum?®®7°. Moreover, ecological patterns and segregation often need more than just two indicators to
describe observable differences and pattern shifts in time***!. The use of Layman metrics in a high-dimensional
approach to get a better approximation to the n-dimensional ecological niche, described by Hutchinson, should
allow for better observation of ecological patterns. Of the Layman metrics analysed here, centroid locations of
niches for each species and niche sizes were fairly consistent in all dimensional approaches, but overlap (and
therefore segregation) patterns changed not only in proportion to dimensionality when comparing lower (1D
and 2D) to higher dimensional approaches (3D and 5D) (Tables 2, 3; Figs. 2, 3).

Species centroid locations in 2D, 3D, 5D

Species relative values for each dimension were preserved from 2 to 5D (Fig. 1, Table S3). Storm-petrels tended
to be positioned the farthest from the rest of the species, whereas the two cormorant species, were consistently
close to each other, but not always overlapping significantly (Table S4). The two alcids differed in only two axes,
PC1-Css and sulphur (std-6*¢S) (Bhattacharyya coeflicient probability of 0.95 and 0.63), as expected from their
different diets. Overall, no species coincided in all dimensions with another species, indicating community
segregation.
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1D 2D 3D 5D
Leach's storm petrel 4.38(2.94-6.75) | 18.02 (12.67-33.23) | 5.06 (3.37-10.68) 33.03 (20-85.13)
Ancient murrelet 7.62 (4.47-13.7) | 20.24 (13.49-48.7) | 5.72 (3.57-16.27) 1.37 (0.8-5.16)
Pelagic cormorant 5.21(3.85-7.23) |27.81(20.78-43.77) | 19.68 (13.74-33.77) 137.11 (86.72-269.57)
Rhinoceros auklet 5.39(3.55-8.52) | 31.24 (21.64-59.73) |54.38 (34.78-117.28) | 298.45 (170.84-771.4)
Double-crested cormorant | 5.29 (3.83-7.47) | 41.36 (30.09-66.11) | 120.35 (81.87-211.32) | 689.04 (425.32-1408.16)

Table 2. Niche sizes for five species of seabirds on the coast of British Columbia. Mode and 5% and

95% quantiles of the posterior distribution from 100,000 samples are shown. Bolded values are those
representing shifts in increasing trend size of niches into higher dimensional approaches. See Fig. 1 for species
abbreviations.

CcD NND

1D | 1.63 (0.03-4.53) 0.003 (0-0.013)
2D | 2.87(0.5-4.85) 0.012 (0.002-0.042) | 0.01 (0-0.032)

3D | 2.95(0.61-4.94) 0.055 (0.018-0.148) | 0.03 (0.01-0.08)
5D | 3.27 (1.43-5.05) 0.00002 (0-0.00006) | 0.00004 (0-0.00011)

SDNND
0.004 (0.001-0.01)

Table 3. Centroid distance (CD), nearest-neighbor distance (NND), and standard deviation of the NND
(SDNND) for all five species of seabirds in 1D, 2D, 3D, and 5D. Mean and quantiles (2. 5% and 97.5%) of the
posterior distribution from 100,000 samples.

PC1Css
ANMU
© DCCO
LESP
@ PECO
RHAU
PC2Css 24 stdDelta.S

PC1Nss PC2Nss

Figure 1. Average centroid locations for all species in 5 dimensions from 100 000 samples drawn from

the posterior distribution (where PC1Css, PC2Css, PC1Nss, and PC2Nss are the first and second principal
component of carbon and nitrogen isotope values of amino acids, respectively. stdDelta$ is the standardized
value of sulphur values). ANMU ancient murrelet, DCCO double-crested cormorant, LSPE Leach’s storm-petrel,
PECO pelagic cormorant, RHAU rhinoceros auklet. These are relative positions when comparing one species to
another and polygons do not represent niche size or shape (the PCA axes were not rotated).

All species showed different overall centroid locations. All species occupied a different location in the iso-
space across all dimensional approaches (Table S5A-C). The difference between centroid locations was some-
what consistent among dimensions, with some interesting shifts that can be seen in Table S5D-FE For example,
storm-petrels and double-crested cormorants were more distant to each other than any other pair of species in
all dimension approaches. Conversely, both cormorants were the closest species in 2D and 5D; but not in 3D,
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Figure 2. Graphical representation of the percentage of directional niche overlap between all pairs of species.

Percentage of overlap represents first species overlapping on second species. See Fig. 1 caption for species
abbreviations.

where pelagic cormorants and auklets were the closest species to each other. Interestingly, we can see a clear shift
in species in PC1Nss and PC2Niss, reflecting important differences in baseline and trophic signals. For example,
storm-petrel had highest values of PC1-Nss (baseline), but lowest values of PC2-Nss (trophic position) together
with the rhinoceros auklet, and double-crested cormorant had higher trophic level.

Niche sizes in 1D, 2D, 3D, 5D

Niche size remained relatively constant from 2 to 5D (Table 2). Double-crested cormorants had the largest 2D
niche, though similar in size to alcids (niche size 31.24 and 41.36, Bhatt coef. prob. =0.89, Table S6, Fig. S2). By
a statistically significant margin (>0.8 probability), double-crested cormorants were found to have the largest
niche size in higher dimensional approaches, followed by auklets, and pelagic cormorants. Storm-petrels had
the smallest niche in 2D and 3D, but not in 1D or 5D, where murrelets had the smallest niche size. Niche sizes
were very similar in lower dimensions, with almost half of the pairs of species having overlapping niche sizes
with a probability greater than 80% (for niche size overlapping probabilities see Table S6). Niches sizes increased
in higher dimensions, with only storm-petrels and murrelets having overlapping niche sizes in 3D. No pair of
species had overlapping niche sizes in 5D (Tables 2 and S6).

Niche overlap among species

High overlap (greater than 50%) between species pairs (in lower dimensions, 1D, with one exception, and 2D) is
consistently reduced with an increase in dimensions (Figs. 2, 3). The effect was not solely due to dimensionality,
as the pattern changed with each incorporated dimension. Less significant overlap in some species pairs varied
with dimensional approaches; some pairs of species increased overlap from 2D to 3D, but then decreased greatly
in 5D (e.g. murrelets overlapping with double-crested cormorant) (Table S7 and Fig. 2), whereas in other species,
the decrease was minimal (murrelets on pelagic cormorant). In general, 5D overlap was significantly reduced as
expected, but especially in those species with smallest niches. Double-crested and pelagic cormorants showed
the greatest overlap among all pairs of species consistently in all dimensional approaches (Fig. 2).

Dispersion metrics in 2D, 3D, 5D

Species spread (Centroid Distance, CD) for all 5 seabird species showed a small increasing trend from lower to
higher dimensions (10% or less) (Table 3). On the other hand, an increasing trend observed for NND values and
the standard deviation of NND is higher in magnitude, reflecting a variation in density and evenness of species
packing, respectively. Independent dimension ranges varied mainly for PC1-Css (6.7 [4.83-7.95]) and PC1-Nss
(6.5 [3.35-8.75]), whereas the rest of the dimensions ranged in less than 3 units (Table S12).

Temporal change and overlap in isotopic niches of cormorants: 2D, 3D, 5D

Niche sizes for both cormorant species decreased between the 1970-1989 and the 1990-2006 periods (Table 4).
Pelagic cormorants decrease in niche size through time when more dimensions were incorporated into the
model, whereas double-crested do not (Table 4). Double-crested cormorants showed shifts in most independ-
ent isotopic dimensions for all 5 axes, whereas pelagic cormorants had no important changes in any dimension
(Fig. 4, Table S8). Double-crested cormorants showed a trend of niche change (distance between centroids of two
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Figure 3. Graphical representation of niche sizes in (A) 2D (covariance ellipses), (B) 3D (covariance ellipsoids)
[yellow =ancient murrelet, red = double-crested cormorant, purple = Leach’s storm-petrel, black = pelagic
cormorant, green =rhinoceros auklet], and (C) 5D (simple five-dimensional plotting of 1 k random points) for
five species of seabirds in the British Columbia coast, where colour is the 4th dimension (PC2Css), and circle

size the 5th dimension (PC2Nss).

1970-1989

68.757 (45.269-164.295)

69.467 (41.866-192.405)

93.679 (49.5-316.823)

Double-crested
1990-2006

8.714 (6.164-16.208)

28.362 (18.259-58.255)

89.93 (53.928-227.88)

1970-1989

31.656 (21.656-53.025)

21.235 (14.26-41.864)

288.338 (172.435-691.15)

Pelagic
1990-2006

11.331 (7.587-27.397)

3.8 (2.45-11.228)

5.527 (3.002-22.122)

Table 4. Niche sizes for double-crested and pelagic cormorant during the 1970-1989 and 1990-2006 periods
in the British Columbia coast. Mode and 5% and 95% quantiles of the posterior distribution from 100,000

samples.
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DCCO PECO
PC1Css PC1Css
1970-1989 1970-1989
1990-2006 1990-2006
PC2Css stdDelta.S PC2Css stdDelta.S
PC1Nss PC2Nss PC1Nss PC2Nss

Figure 4. Centroid locations for DCCO and PECO in 5 dimensions in two time periods (where PC1Css,
PC2Css, PC1Nss, and PC2Niss are the first and second principal components of carbon and nitrogen isotopes of
amino acids, respectively. stdDeltaS is the standardized value of § sulphur.

time periods <2.4) in all three approaches, although the probability was low (< 0.6, Table S9), whereas pelagic
cormorants showed a larger change (distance <0.87 and probability of<0.2). Conversely, both species showed
little difference in overall centroid location (position in the iso-space) for their niches in different periods with
double-crested cormorants having significant differences (above 50%) and a higher distance between periods,
compared with pelagic cormorants (Table 5).

In both species, niche overlap between the two periods was lower in higher dimensions, as expected. As
niche volume decreased, the overlap of the late period on the early period overlapped little in double-crested
cormorants in all dimensional approaches (see Table 6 for directional overlap details). However, the early period
niche showed a high overlap with the later period niche in 2D (96.99%) but became minimal toward higher

dim |p distance
2D 0.6 2.19
Double-crested | 3D 0.558 |2.28

5D 0.571 |2.49

2D 0.208 | 0.875
Pelagic 3D | 0.207 |0.881
5D 0.131 | 0.543

Table 5. Probability of niches for double-crested cormorant and pelagic cormorant in the two time periods
having different centroid locations and distance between centroids in 2, 3, and 5 dimensions.

2d 3d 5d
1970-1989 | 1990-2006 | 1970-1989 | 1990-2006 | 1970-1989 | 1990-2006

Double-crested

1970-1989 NA 19.28 NA 20.27 NA 8.38
1990-2006 96.99 NA 47.22 NA 11.6 NA
Pelagic

1970-1989 NA 53.08 NA 29.42 NA 2
1990-2006 91.68 NA 88.78 NA 56 NA

Table 6. Percentage of directional niche overlap between periods for double-crested cormorant and pelagic
cormorant (periods in rows overlapping onto periods in columns) for 2D, 3D, and 5D approaches. Bolded
are those pairs with high probability values (>50%). Overlap direction is period 1 (row header) with period 2
(column header).
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dimensions (11.6% in 5D). In contrast, pelagic cormorants’ later period niche overlapped more than 50% on the
early period niche throughout all dimensional approaches (Table 6). Considering the niche size changes from
lower to higher dimensional approaches (Table 4) these changes in overlap show differences in niches when
incorporating new dimensions.

Discussion

The use of higher dimensional approaches to assess niche size, overlaps, and community metrics, improved
our capacity to detect differences and pattern changes in a community assemblage of seabirds, as suggested by
Bowes et al.*. Specifically, the isospace produced considering a five-dimension “Hutchinson” hypervolume, made
possible via the use of sulphur and amino acid-specific isotopes, improved our understanding of niche space
compared to the use of bulk carbon and nitrogen. Moreover, PC1 of nitrogen was associated with baseline §'°N
levels and PC2 was associated with trophic position, illustrating that using bulk §"°N as a metric of trophic posi-
tion could lead to incorrect inferences. Polito et al.*’ also found that two species of penguin were differentiated
when using essential amino acids of carbon isotope values, which did not occur when using only bulk isotopic
values. Ranking of niche size and Layman metrics (centroid distance, nearest neighbour distance, and standard
deviation of the nearest neighbour distance) were remarkably similar across dimensions, although absolute
values were larger in higher dimensions, as suggested by Mammola®!. Thus, the overall topology of the guilds’
n-dimensional space did not change, but species segregated differently from one another in higher dimensions.
As herring stocks decreased over time since the 1950s due to depletion by commercial fisheries®, a generalist
species’ (double-crested cormorant) hypervolume remained constant while a specialist species’ (pelagic cormo-
rant) hypervolume decreased, illustrating how the topology can change over time.

The increase in dimensionality enlarged the niche size for each species and showed a shift in the trend in size
in 5D. We observed a consistent pattern of niche size, with double-crested cormorants having the largest niche
of all five species, followed by the rhinoceros auklet, and pelagic cormorant. In 2D and 3D, ancient murrelet and
Leach’s storm-petrel followed with the smallest niches, the latter showing the smallest niche. But in 5D these
two species switched positions, as murrelets were the species with the smallest niche. Thus, Leach’s storm-petrel
had a small dietary niche along the classic isotopic dimensions (trophic position, offshore/nearshore habitat),
but extended that niche through finer scale dimensions revealed by amino acid-specific isotopes, which is con-
sistent with the large habitat size (large foraging range over offshore habitats) and variable diet (myctophid fish
and invertebrates) in that species. Niche size calculation in higher dimensions seems to be affected somewhat
by the formula incorporated by Swanson et al.**, and should be interpreted with caution for analyses with more
than three dimensions.

Increasing dimensions significantly affected overlap among species (Fig. 2 and Table S7) from lower to higher
dimensional approaches. Although a pattern can be observed of less overlap when using more dimensions com-
pared to fewer dimensions, some species pairs do not follow the expected pattern. Some species-pairs slightly
increased in overlap with the increase from 2 to 3D (auklets-murrelets, murrelets-double-crested, murrelets-
pelagic, etc.), but then in most cases, overlap between pairs dropped dramatically in 5D. That change in overlap
can be associated with the changes in the niche size of each species or group. When increasing dimensions, larger
niche species tend to increase niche volume, but that increase moves away from the corresponding species pair,
whereas small niche species retained the overlapping section of their niche in the same proportion as to the larger
niche species. That result would be consistent with the described difference in the diet of, for example, the two
cormorants where both are eating similar fish species, but pelagic cormorants feed at lower trophic levels and
have a more restricted diet than double-crested cormorants®*%.

Conversely, increasing information by incorporating additional dimensions into niche size calculations can
produce changes in the rankings of previously observed niche sizes. Specifically, smaller niche species can
experience an increase in niche size in higher dimensional approaches, and surpass other species compared to
lower dimensional approaches. That was seen in our analyses in storm-petrels vs. murrelets in 5D, presumably
associated with their differences in prey®*®. In addition, contrary to what would be expected, the overlap of
certain species, such as murrelets, at higher dimensions remains somewhat important with the other species,
like fish-eating species, pelagic and double-crested cormorants (Table S7).

Layman metrics in a multidimensional space

All Layman dispersion metrics calculated increased, in different magnitudes, from lower to higher dimensional
approaches, as expected. Species packing increased only slightly from low to higher dimensions, showing a
similar structure of the assemblage in the community. Conversely, the greater increase in density of species
packing (NND) and evenness of species packing (SDNND) with higher dimensions demonstrates that the use
of new dimensions incorporates new information about all species. That may allow for better comparison and
detection of changes that would otherwise be unnoticed with the use of fewer dimensions or only bulk isotopes
of carbon and nitrogen as suggested by Bowes et al.*’.

Changes in time for cormorants

Cormorants show a very distinct temporal niche trend, especially in 5D*%. A lower dimensional approach shows
an important difference in niche size change in time for double-crested and, of lower magnitude, for pelagic
cormorants, which becomes switched in higher dimensions (Table 4). The information incorporated by the
higher resolution of amino acid-specific isotopes shows a significant reduction in the isotopic niche of pelagic
cormorants, which does not occur in double-crested cormorants. Although niche sizes change, the overlap of
pelagic cormorant niches over time is greater, whereas double-crested niche overlap in time is minimal in higher
dimensions. There is some evidence that both double-crested and pelagic cormorant populations in Pacific
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Canada have declined in recent decades, likely due to several factors, including prey availability”’. The once
enormous herring spawns in the Salish Sea®, occurring during the pre-laying period for cormorants, are greatly
reduced in size and the reduction of this prey may be the reason for the changes. Indeed, the changes over time
are largely in carbon axes rather than trophic position (PC2 of 8'°N), which is consistent with a change from
schooling to benthic prey. The niche size stability in higher dimensions in double-crested cormorants during the
last decades may reflect some flexibility in the capacity of changing prey types but retain a similar niche breadth,
by switching to benthic or freshwater prey. Contrarily, the niche size reduction seen in pelagic cormorants, but
greater overlap in the later period, may reflect changes in fish abundance or diversity near the coast and rocky
bottoms, which may mean a lesser capacity to shift prey type.

Our research demonstrates how the use of higher n-dimensional approaches, as suggested by Hutchinson',
can incorporate greater details and show better segregation patterns in a community, especially with the combi-
nations of compound-specific amino acid isotopes. Those additional isotopes can provide valuable, less biased
information on the ecological roles of species within a community, and at the same time overcome the lack of
information contained only in two niche proxies. The overall topology of the community remained constant,
but patterns of overlap and segregation among species varied significantly with increased dimensions, as well as
changes in specific niche hypervolume size. We encourage researchers to incorporate more dimensions (sulphur,
amino acids) into isotopic niche models to detect more accurate differences in niche composition.

Data availability
Original raw data included as supplementary materials. R code publicly available at https://github.com/franc
isvolh/multiDimNiche.

Received: 29 November 2023; Accepted: 18 March 2024
Published online: 03 April 2024

References

1. Hutchinson, G. E. Concluding remarks. Cold Spring Harb. Symp. Quant. Biol. 22, 415-427 (1957).

2. Duque-Lazo, J., Navarro-Cerrillo, R. M. & Ruiz-Gémez, F. ]. Assessment of the future stability of cork oak (Quercus suber L.)
afforestation under climate change scenarios in Southwest Spain. For. Ecol. Manag. 409, 444-456 (2018).

3. Osorio-Olvera, L. et al. ntbox: An r package with graphical user interface for modelling and evaluating multidimensional ecological
niches. Methods Ecol. Evol. 11, 1199-1206 (2020).

4. Barros, C., Thuiller, W., Georges, D., Boulangeat, I. & Miinkemiiller, T. N-dimensional hypervolumes to study stability of complex
ecosystems. Ecol. Lett. 19, 729-742 (2016).

5. Koch, C. et al. Applying n-dimensional hypervolumes for species delimitation: unexpected molecular, morphological, and ecologi-
cal diversity in the Leaf-Toed Gecko Phyllodactylus reissii Peters, 1862 (Squamata: Phyllodactylidae) from northern Peru. Zootaxa
4161, 41-80 (2016).

6. De Ledn, L. F, Podos, J., Gardezi, T., Herrel, A. & Hendry, A. P. Darwin’s finches and their diet niches: The sympatric coexistence
of imperfect generalists. J. Evol. Biol. 27,1093-1104 (2014).

7. Wilson, R. P. Resource partitioning and niche hyper-volume overlap in free-living Pygoscelid penguins: Competition in sympatric
penguins. Funct. Ecol. 24, 646-657 (2010).

8. Thuiller, W, Lavorel, S., Sykes, M. T. & Araujo, M. B. Using niche-based modelling to assess the impact of climate change on tree
functional diversity in Europe. Divers. Distrib. 12, 49-60 (2006).

9. Wiens, J. A, Stralberg, D., Jongsomyjit, D., Howell, C. A. & Snyder, M. A. Niches, models, and climate change: Assessing the assump-
tions and uncertainties. Proc. Natl. Acad. Sci. 106, 19729-19736 (2009).

10. Croxall, J. P. & Prince, P. A. Food, feeding ecology and ecological segregation of seabirds at South Georgia. Biol. J. Linn. Soc. 14,
103-131 (1980).

11. Navarro, J. et al. Ecological segregation in space, time and trophic niche of sympatric planktivorous petrels. PLoS One 8, 62897
(2013).

12. Weimerskirch, H., Jouventin, P. & Stahl, J. C. Comparative ecology of the six albatross species breeding on the Crozet Islands. Ibis
128, 195-213 (1986).

13. Barger, C. P. & Kitaysky, A. S. Isotopic segregation between sympatric seabird species increases with nutritional stress. Biol. Lett.
8, 442-445 (2012).

14. Ceia, E R. et al. Spatial foraging segregation by close neighbours in a wide-ranging seabird. Oecologia 177, 431-440 (2015).

15. Masello, J. F et al. Diving seabirds share foraging space and time within and among species. Ecosphere 1, art19 (2010).

16. Wakefield, E. D. et al. Space partitioning without territoriality in gannets. Science 341, 68-70 (2013).

17. Hardin, G. The competitive exclusion principle. Science 131, 1292-1297 (1960).

18. Vandermeer, J. H. Niche theory. Annu. Rev. Ecol. Syst. 3, 107-132 (1972).

19. Waldon, M. & Blankenship, G. Controllability of populations: The competitive exclusion principle. IEEE Trans. Autom. Control
25, 96-97 (1980).

20. Berendse, E Interspecific competition and niche differentiation between plantago lanceolata and anthoxanthum odoratum in a
natural hayfield. J. Ecol. 71, 379 (1983).

21. Elton, C. Animal community. In Animal Ecology (The MacMillan Company, New York, 1927).

22. MacKinnon, J. R. & MacKinnon, K. S. Niche differentiation in a primate community. In Malayan Forest Primates: Ten Years’ Study
in Tropical Rain Forest (ed. Chivers, D. ].) 167-190 (Springer, 1980). https://doi.org/10.1007/978-1-4757-0878-3_6.

23. Peterson, A. T. & Holt, R. D. Niche differentiation in Mexican birds: Using point occurrences to detect ecological innovation. Ecol.
Lett. 6, 774-782 (2003).

24. Ricklefs, R. E. & Cox, G. W. Morphological similarity and ecological overlap among passerine birds on St. Kitts British West Indies.
Oikos 29, 60 (1977).

25. Terborgh, J. & Diamond, J. M. Niche overlap in feeding assemblages of new Guinea birds. Wilson Bull. 82, 29-52 (1970).

26. Hipfner, J. M., Charette, M. R. & Blackburn, G. S. Subcolony variation in breeding success in the tufted puffin (Fratercula cirrhata):
Association with foraging ecology and implications. Auk 124, 1149-1157 (2007).

27. Péez-Rosas, D. & Aurioles-Gamboa, D. Alimentary niche partitioning in the Galapagos sea lion, Zalophus wollebaeki. Mar. Biol.
157, 2769-2781 (2010).

28. Young, J. W. et al. The trophodynamics of marine top predators: Current knowledge, recent advances and challenges. Deep Sea
Res. I Top. Stud. Oceanogr. 113, 170-187 (2015).

Scientific Reports |

(2024) 14:7899 | https://doi.org/10.1038/s41598-024-57339-w nature portfolio


https://github.com/francisvolh/multiDimNiche
https://github.com/francisvolh/multiDimNiche
https://doi.org/10.1007/978-1-4757-0878-3_6

www.nature.com/scientificreports/

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.
51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Bolton, M., Conolly, G., Carroll, M., Wakefield, E. D. & Caldow, R. A review of the occurrence of inter-colony segregation of seabird
foraging areas and the implications for marine environmental impact assessment. Ibis 161, 241-259 (2019).

Cherel, Y., Hobson, K. A., Guinet, C. & Vanpe, C. Stable isotopes document seasonal changes in trophic niches and winter foraging
individual specialization in diving predators from the Southern Ocean. J. Anim. Ecol. 76, 826-836 (2007).

Hobson, K. A., Piatt, J. F. & Pitocchelli, J. Using stable isotopes to determine seabird trophic relationships. J. Anim. Ecol. 63, 786
(1994).

Newsome, S. D., Martinez del Rio, C., Bearhop, S. & Phillips, D. L. A niche for isotopic ecology. Front. Ecol. Environ. 5, 429-436
(2007).

Karnovsky, N., Hobson, K. & Iverson, S. From lavage to lipids: Estimating diets of seabirds. Mar. Ecol. Prog. Ser. 451, 263-284
(2012).

Jaeger, A., Lecomte, V. J., Weimerskirch, H., Richard, P. & Cherel, Y. Seabird satellite tracking validates the use of latitudinal
isoscapes to depict predators’ foraging areas in the Southern Ocean. Rapid Commun. Mass Spectrom. 24, 3456-3460 (2010).
Layman, C. A., Arrington, D. A, Montaia, C. G. & Post, D. M. Can stable isotope ratios provide for community-wide measures
of trophic structure?. Ecology 88, 42-48 (2007).

Layman, C. A. et al. Applying stable isotopes to examine food-web structure: An overview of analytical tools. Biol. Rev. 87, 545-562
(2012).

Jackson, A. L., Inger, R., Parnell, A. C. & Bearhop, S. Comparing isotopic niche widths among and within communities: SIBER—
Stable isotope Bayesian ellipses in R. J. Anim. Ecol. 80, 595-602 (2011).

Turner, T. E, Collyer, M. L. & Krabbenhoft, T. J. A general hypothesis-testing framework for stable isotope ratios in ecological
studies. Ecology 91, 2227-2233 (2010).

Elliott, K. H., Braune, B. M. & Elliott, J. E. Beyond bulk §15N: Combining a suite of stable isotopic measures improves the resolu-
tion of the food webs mediating contaminant signals across space, time and communities. Environ. Int. 148, 106370 (2021).
Bowes, R. E., Thorp, J. H. & Reuman, D. C. Multidimensional metrics of niche space for use with diverse analytical techniques.
Sci. Rep. 7, 41599 (2017).

Rossman, S., Ostrom, P. H., Gordon, E & Zipkin, E. F. Beyond carbon and nitrogen: Guidelines for estimating three-dimensional
isotopic niche space. Ecol. Evol. 6, 2405-2413 (2016).

Elliott, K. H. & Elliott, J. E. Origin of sulfur in diet drives spatial and temporal mercury trends in seabird eggs from Pacific Canada
1968-2015. Environ. Sci. Technol. 50, 13380-13386 (2016).

Seminoff, J. A. et al. Stable isotope tracking of endangered sea turtles: Validation with satellite telemetry and 815N analysis of
amino acids. PLoS One 7, €37403 (2012).

Barst, B. D., Muir, D. C. G., O’Brien, D. M. & Wooller, M. J. Validation of dried blood spot sampling for determining trophic posi-
tions of Arctic char using nitrogen stable isotope analyses of amino acids. Rapid Commun. Mass Spectrom. 35, 8992 (2021).
Swanson, H. K. et al. A new probabilistic method for quantifying n-dimensional ecological niches and niche overlap. Ecology 96,
318-324 (2015).

Chikaraishi, Y. et al. Determination of aquatic food-web structure based on compound-specific nitrogen isotopic composition of
amino acids. Limnol. Oceanogr. Methods 7, 740-750 (2009).

Peck-Richardson, A., Lyons, D., Roby, D., Cushing, D. & Lerczak, J. Three-dimensional foraging habitat use and niche partitioning
in two sympatric seabird species, Phalacrocorax auritus and P. penicillatus. Mar. Ecol. Prog. Ser. 586, 251-264 (2018).
Weimerskirch, H. et al. Species- and sex-specific differences in foraging behaviour and foraging zones in blue-footed and brown
boobies in the Gulf of California. Mar. Ecol. Prog. Ser. 391, 267-278 (2009).

Hilton, G. M. et al. A stable isotopic investigation into the causes of decline in a sub-Antarctic predator, the rockhopper penguin
Eudyptes chrysocome: Stable isotopes in declining rockhopper penguin populations. Glob. Change Biol. 12, 611-625 (2006).
Elliott, J. E. & Elliott, K. H. Tracking marine pollution. Science 340, 556-558 (2013).

Yurkowski, D. J., Hussey, N. E., Ferguson, S. H. & Fisk, A. T. A temporal shift in trophic diversity among a predator assemblage in
a warming Arctic. R. Soc. Open Sci. 5, 180259 (2018).

Choy, E. et al. Variation in the diet of beluga whales in response to changes in prey availability: Insights on changes in the Beaufort
Sea ecosystem. Mar. Ecol. Prog. Ser. 647, 195-210 (2020).

Drago, M. et al. Isotopic niche partitioning between two apex predators over time. J. Anim. Ecol. 86, 766780 (2017).
Morera-Pujol, V., Ramos, R., Pérez-Méndez, N., Cerda-Cuéllar, M. & Gonzalez-Solis, J. Multi-isotopic assessments of spatio-
temporal diet variability: The case of two sympatric gulls in the western Mediterranean. Mar. Ecol. Prog. Ser. 606, 201-214 (2018).
Mott, R., Herrod, A. & Clarke, R. H. Interpopulation resource partitioning of Lesser Frigatebirds and the influence of environmental
context. Ecol. Evol. 6, 8583-8594 (2016).

Mercer, D. M., Haig, S. M. & Roby, D. D. Phylogeography and population genetic structure of double-crested cormorants (Phala-
crocorax auritus). Conserv. Genet. 14, 823-836 (2013).

Carter, H. R., Chatwin, T. A. & Drever, M. C. Breeding population sizes, distributions, and trends of Pelagic, double-crested, and
brandt’s cormorants in the Strait of Georgia, British Columbia, 1955-2015. Northwest. Nat. 99, 31-48 (2018).

Robertson, I. The food of nesting double-crested and pelagic cormorants at Mandarte Island, British Columbia, with notes on
feeding ecology. Condor 76, 346-348 (1974).

Sydeman, W. J., Hobson, K. A., Pyle, P. & McLaren, E. B. Trophic relationships among seabirds in central California: Combined
stable isotope and conventional dietary approach. Condor 99, 327-336 (1997).

Bertram, D. F, Kaiser, G. W. & Ydenberg, R. C. Patterns in the provisioning and growth of nestling Rhinoceros Auklets. Auk 108,
842-852 (1991).

Ydenberg, R. C. Growth-mortality trade-offs and the evolution of Juvenile life histories in the Alcidae. Ecology 70, 1494-1506
(1989).

Burger, A. E., Wilson, R. P.,, Garnier, D. & Wilson, M.-P.T. Diving depths, diet, and underwater foraging of Rhinoceros Auklets in
British Columbia. Can. J. Zool. 71, 2528-2540 (1993).

Sealy, S. G. Feeding ecology of the ancient and marbled murrelets near Langara Island, British Columbia. Can. J. Zool. 53, 418-433
(1975).

Hedd, A. & Montevecchi, W. Diet and trophic position of Leachs storm-petrel Oceanodroma leucorhoa during breeding and
moult, inferred from stable isotope analysis of feathers. Mar. Ecol. Prog. Ser. 322, 291-301 (2006).

Wickham, H. ggplot2: Elegant Graphics for Data Analysis (Springer-Verlag, 2016).

Pebesma, E. Simple features for R: Standardized support for spatial vector data. R J. 10, 439-446 (2018).

Pebesma, E. & Bivand, R. Spatial Data Science: With Applications in R (Chapman and Hall/CRC, 2023). https://doi.org/10.1201/
9780429459016.

Miller, A. et al. Brominated flame retardant trends in aquatic birds from the Salish Sea region of the west coast of North America,
including a mini-review of recent trends in marine and estuarine birds. Sci. Total Environ. 502, 60-69 (2015).

Miller, A., Elliott, J. E., Elliott, K. H., Lee, S. & Cyr, E Temporal trends of perfluoroalkyl substances (PFAS) in eggs of coastal and
offshore birds: Increasing PFAS levels associated with offshore bird species breeding on the Pacific coast of Canada and wintering
near Asia. Environ. Toxicol. Chem. 34, 1799-1808 (2015).

Miller, A. et al. Spatial and temporal trends in brominated flame retardants in seabirds from the Pacific coast of Canada. Environ.
Pollut. 195, 48-55 (2014).

Scientific Reports |

(2024) 14:7899 | https://doi.org/10.1038/s41598-024-57339-w nature portfolio


https://doi.org/10.1201/9780429459016
https://doi.org/10.1201/9780429459016

www.nature.com/scientificreports/

71. Elliott, K. H., Davis, M. & Elliott, J. E. Equations for lipid normalization of carbon stable isotope ratios in aquatic bird eggs. PLoS
One 9, €83597 (2014).

72. R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing (2023).

73. Matthews, C. J. D., Ruiz-Cooley, R. I., Pomerleau, C. & Ferguson, S. H. Amino acid §15N underestimation of cetacean trophic
positions highlights limited understanding of isotopic fractionation in higher marine consumers. Ecol. Evol. 10, 3450-3462 (2020).

74. Gagné, T. O. et al. Seabird trophic position across three ocean regions tracks ecosystem differences. Front. Mar. Sci. https://doi.
org/10.3389/fmars.2018.00317 (2018).

75. Gagne, T. O., Hyrenbach, K. D., Hagemann, M. E. & Van Houtan, K. S. Trophic signatures of seabirds suggest shifts in oceanic
ecosystems. Sci. Adv. 4, eaa03946 (2018).

76. Besser, A. C., Elliott Smith, E. A. & Newsome, S. D. Assessing the potential of amino acid §13C and §15N analysis in terrestrial
and freshwater ecosystems. J. Ecol. 110, 935-950 (2022).

77. Clark, C. T. et al. SuessR: Regional corrections for the effects of anthropogenic CO2 on 813C data from marine organisms. Methods
Ecol. Evol. 12, 1508-1520 (2021).

78. Bhattacharyya, A. On a measure of divergence between two multinomial populations. Sankhya Indian ]. Stat. 1933-1960(7),
401-406 (1946).

79. Kowalczyk, N. D., Chiaradia, A., Preston, T. . & Reina, R. D. Linking dietary shifts and reproductive failure in seabirds: A stable
isotope approach. Funct. Ecol. 28, 755-765 (2014).

80. Polito, M. J. et al. Stable isotope analyses of feather amino acids identify penguin migration strategies at ocean basin scales. Biol.
Lett. 13,20170241 (2017).

81. Mammola, S. Assessing similarity of n- dimensional hypervolumes: Which metric to use?. J. Biogeogr. 46, 2012-2023 (2019).

82. Surma, S., Pakhomov, E. A. & Pitcher, T. J. Pacific herring (Clupea pallasii) as a key forage fish in the southeastern Gulf of Alaska.
Deep Sea Res. II Top. Stud. Oceanogr. 196, 105001 (2022).

83. Holm, K. J. & Burger, A. E. Foraging behavior and resource partitioning by diving birds during winter in areas of strong tidal
currents. Waterbirds 25, 312-325 (2002).

84. Pollet, I. L. et al. Foraging movements of Leach’s storm-petrels Oceanodroma leucorhoa during incubation. J. Avian Biol. 45, 305-314
(2014).

85. Therriault, T. W,, Hay, D. E. & Schweigert, J. F. Biologic overview and trends in pelagic forage fish abundance in the Salish Sea
(Strait of Georgia, British Columbia). Mar. Ornithol. 45, 3-8 (2009).

Acknowledgements

We thank Rodger Titman, Andrew Hendry, and Jorge Tam for valuable comments on the first versions of the
manuscript. Claudio Quezada-Romegialli and Sam Rossman for advice on statistical analysis. We thank Environ-
ment and Climate Change Canada, Canadian Wildlife Service (CWS) National Specimen Bank (National Wildlife
Research Centre), for providing the data. Sandi Lee for her logistic support during the duration of the project.
Thanks to Christina Petalas for reviewing the final version of the manuscript and input in previous stages. We
thank McGill University, the Natural Resource Sciences Department, and the Biodiversity, Ecosystem Services
and Sustainability/NSERC program for funding. This research was enabled in part by support provided by Cal-
culQuebec (https://www.calculquebec.ca/) and the Digital Research Alliance of Canada (alliancecan.ca). We
would like to thank Dr. Kyle van Houtan and two anonymous reviewers for their comments on the manuscript.

Author contributions

The concept of this study was developed by K.E. and EV.O. J.E. provided the long-term isotopic dataset from
ECCC-CWRC. A.C. and EV.O. wrote the additional R code for data processing and analyses. EV.O. processed
the results and wrote the manuscript. E.C. provided guidance in the direction of the analyses and results pres-
entation. All authors designed the study, discussed analysis and results, edited manuscript text, and gave final
approval for publication.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-57339-w.

Correspondence and requests for materials should be addressed to Ev.O.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:7899 | https://doi.org/10.1038/s41598-024-57339-w nature portfolio


https://doi.org/10.3389/fmars.2018.00317
https://doi.org/10.3389/fmars.2018.00317
https://www.calculquebec.ca/
https://doi.org/10.1038/s41598-024-57339-w
https://doi.org/10.1038/s41598-024-57339-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Amino acid-specific isotopes reveal changing five-dimensional niche segregation in Pacific seabirds over 50 years
	Methods
	Dataset and study species
	Stable isotope analysis
	Statistical methods

	Results
	Species centroid locations in 2D, 3D, 5D
	Niche sizes in 1D, 2D, 3D, 5D
	Niche overlap among species
	Dispersion metrics in 2D, 3D, 5D
	Temporal change and overlap in isotopic niches of cormorants: 2D, 3D, 5D

	Discussion
	Layman metrics in a multidimensional space
	Changes in time for cormorants

	References
	Acknowledgements


