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ABSTRACT

Seabirds that form large colonies often act as
biovectors that transport and concentrate large
amounts of nutrients, metals, and contaminants
from marine feeding areas to inland breeding
grounds. This enrichment can potentially transform
and structure primary productivity, vegetation
communities, and species richness. In a previous
paleolimnological study, we examined approxi-
mately 1700 years of population change in the
world’s largest colony of Leach’s Storm-petrel
(Hydrobates leucorhous) on Baccalieu Island (New-
foundland and Labrador, Canada) and, using a
variety of proxies, we identified two peaks in col-
ony around 500 and 1980 CE. Here, we analyzed
the same sediment cores for fossil pollen assem-
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blages to explore the effects of changing seabird
populations on terrestrial vegetation. Aerial ima-
gery revealed the island’s vegetation cover that
increased from about 23% to about 58% between
1940 and 2017, in part coinciding with the rapid
colony growth until around 1980. Palynological
analyses indicated shifts from tree and shrub
habitat to storm-petrels’ preferred habitat of fern,
grass, and moss during peak seabird abundances
around 500 and 1980 CE. Also, during peaks in
colony size, nitrogen-fixing alder (Alnus spp.) de-
creased in relative abundance likely due to poorer
competitive potential because of guano-derived
nitrogen fertilization. Furthermore, we observed
increases in fungal hyphae concurrent with the
inferred size of the storm-petrel colony, providing
the potential for a novel proxy to track burrowing
seabirds in sediment records. Collectively, our data
show that storm-petrels acted as ecosystem engi-
neers by markedly modifying the island’s vegeta-
tion cover and composition. If global seabird
colonies continue to decline at current rates, there
may be considerable bottom-up ramifications to
terrestrial island ecosystems.
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HIGHLIGHTS

e Storm-petrel colonies have markedly affected
terrestrial and aquatic ecosystems.

e Vegetation cover expanded in response to sea-
bird-derived nutrients and behavior.

e Island vegetation shifted from trees and shrubs to
ferns, grasses, and mosses.

INTRODUCTION

Birds play a critical role in the health and func-
tioning of ecosystems via the movement of nutri-
ents from their feeding grounds to breeding
territories in the forms of nutrient-rich guano,
carcasses of chicks and adults, feathers, eggshells,
and other wastes (for example, Sanchez-Pifiero and
Polis 2000). Organisms that transfer and concen-
trate significant amounts of resources to receptor
sites are termed ‘biovectors” and provide numerous
ecological services, including the cycling of nutri-
ents and contaminants (Post and others 1998; Croll
and others 2005; Ellis and others 2006; Blais and
others 2007), contributing to soil formation (Heine
and Speir 1989; Wait and others 2005), pollination
(Paton and Ford 1977; Kelly and others 2010), and
seed dispersal (Sekercioglu 2006). Aquatic birds are
particularly potent biovectors as they often occupy
high-trophic levels and are gregarious in nature,
thus forming dense colonies that can alter the
ecosystem via the introduction of marine-derived
nutrients (Keatley and others 2009; Otero and
others 2018), trace metals (Liu and others 2006;
Brimble and others 2009), and contaminants (Blais
and others 2005, 2007; Evenset and others 2007).

Due to the increased availability of biovector-
derived nutrients to the terrestrial ecosystem, birds
have the potential to act as ecosystem engineers by
causing considerable biotic and abiotic changes to
the environment. However, the impacts of
biovectors on the environment vary depending on
the receiving ecosystem. In some cases, nutrient
subsidies increase vegetative biomass and primary
productivity (Polis and others 1997; Anderson and
Polis 1999; Gonzalez-Bergonzoni and others 2017).
For example, Croll and others (2005) described an
ecosystem shift from grassland to tundra due to a

diminished supply of guano-derived subsidies as
seabird density declined caused by the introduction
of Arctic foxes (Vulpes lagopus). Conversely, an in-
crease in bird-derived nutrients may truncate food
webs and reduce species richness (Ishida 1996;
Wait and others 2005). Boutin and others (2011)
described a dramatic reduction in vegetation and
seed bank richness in Lake Erie in response to ra-
pidly increasing numbers of Double-crested Cor-
morants (Phalacrocorax auritus), whose ammonia-
rich guano toxified soil and killed native vegeta-
tion. Regardless of the direct impacts of bird-de-
rived nutrient deposition on  vegetation
communities, changes in colony size can indirectly
structure many facets of the ecosystem, and their
disappearance can have considerable bottom-up
effects on the environment (Sdnchez-Pifiero and
Polis 2000; Graham and others 2018).

Leach’s Storm-petrels (Hydrobates leucorhous),
which are the smallest but most abundant seabird
nesting in eastern Canada (Hedd and others 2006),
are of considerable interest as biovectors because
they form large, dense breeding colonies that
introduce large quantities of acidic (pH ~ 5.86;
Duda and others 2020) and nutrient-rich (in the
forms of nitrogen (N) and phosphorus (P)) guano
to the terrestrial environment. Otero and others
(2018, supplementary material) estimated that the
Leach’s Storm-petrel is the eighth-most abundant
seabird on the planet and excrete 0.351 Gg N and
0.058 Gg P annually, which is in the top 30% of
global nutrient deposition of the 320 seabirds
studied.

Using a variety of paleolimnological proxies that
are responsive to guano inputs (that is, sub-fossil
diatom and chironomid biological indicators, as
well as sedimentary geochemistry including 6'°N,
chlorophyll-a, and fossil cholesterol), Duda and
others (2020) reconstructed population dynamics
of the world’s largest colony of Leach’s Storm-pe-
trels over the past approximately 1700 years on
Baccalieu Island, Newfoundland and Labrador.
Only two complete colony surveys (in 1984 and
2013) had been conducted on Baccalieu Island,
which indicated that the colony had declined by
about 40% in only 29 years from 3.36 (Sklep-
kovych and Montevecchi 1989) to 1.95 million
breeding pairs (Wilhelm and others 2019). The
paleolimnological data not only corroborated this
decline, but more importantly determined that the
storm-petrel colony experienced dramatic changes
in size over the past approximately 1700 years.
Specifically, Duda and others (2020) recorded two
peaks in colony size: a larger, modern colony,
which grew rapidly starting in the 1800s and
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peaked in the 1980s, and an earlier, smaller colony
from about 270 CE to about 610 CE, which peaked
at about 500 CE. The two peaks in storm-petrel
colony size on Baccalieu Island provide a rare
opportunity to study how marine animals shape
terrestrial vegetation over long time scales.

As a parallel study to our paleolimnological work
(Duda and others 2020), here we investigate how
the changing storm-petrel colony size on Baccalieu
Island altered the structure and diversity of terres-
trial vegetation over the past 1700 years. We used
the earliest available aerial photography of Bac-
calieu Island from 1940, as well as subsequent
aerial photographs and satellite images from 1978
to 2017 to visually examine overall changes in the
greening of the island. This period encompasses the
storm-petrel colony’s recent growth to its maxi-
mum size, as well as its most recent decline since
the 1980s. Using the same sediment records used in
Duda and others (2020), we also examined genus-
specific changes in vegetation using palynological
analyses of pollen and spores. Finally, we corrob-
orated our inferred changes in seabird-driven is-
land greening wusing temporal changes in
sedimentary sterols and stanols, which are natural,
lipophilic biomarkers associated with various bio-
logical groups (Hargan and others 2019) to directly
track changes in the colony size and terrestrial
vegetation.

MATERIALS AND METHODS
Study Sites

Baccalieu Island (48° 08" N, 52° 48" W) is located
64 km north of St. John’s, NL, Canada (Figure 1).
In 1995, the island was designated as a provincial
ecological reserve to maintain important breeding
seabird populations. Baccalieu Island currently
supports the world’s largest colony of Leach’s
Storm-petrels (48-59% of the global population),
with the most recent survey in 2013 estimating
about 1.95 million pairs (Wilhelm and others
2019). There are also smaller colonies of Atlantic
Puffin (Fratercula arctica), Common Murre (Uria
aalge), Northern Gannet (Morus bassanus), and
others along the island’s perimeter (Montevecchi
and Tuck 1987).

Importantly, storm-petrels are the only seabird
on Baccalieu Island that both build burrows for
their chicks and also form large persistent colonies
in the central parts of the island (Duda and others
2020). Therefore, the majority of seabird-derived
inputs tracked in the interior ponds of Baccalieu
Island are a result of Leach’s Storm-petrel wastes

(that is, feces, eggshells, feathers, carcasses) that
were washed into the ponds. The influence of other
seabirds (for example, Black-legged Kittiwakes
(Rissa tridactyla)) using the ponds during the
breeding season and other species briefly stopping
over on the island is likely minimal.

Baccalieu Island and the surrounding area are
classified as part of the Eastern Hyper-Oceanic
Barrens ecoregion and is dominated by softwood
coniferous forest species (for example, Black Spruce
(Picea mariana), White Spruce (P. glauca), Balsam
Fir (Abies balsamea)), shrubs (for example, Paper
Birch (Betula papyrifera), alder (Alnus crispa, occa-
sionally A. incana)), ferns, and mixed grasses
(Damman 1983; Sklepkovych and Montevecchi
1989; Wilhelm and others 2019). Much of the tree
growth on the island is stunted, resulting in
krummbholz, locally referred to as ‘tuckamore’ or
simply ‘tuck’.

Based on nesting density estimates by Sklep-
kovych and Montevecchi (1989) and Wilhelm and
others (2019), low-lying soft vegetation such as
ferns, grasses, and mosses bear the highest burrow
density despite scarce availability, suggesting that
this vegetation is the storm-petrels’ preferred
nesting habitat. Low-lying vegetation is thought to
be preferred because it provides a soft substrate in
which to burrow with minimal encumbering root
structures (Sklepkovych 1986). Forest habitat,
including both trees and shrubs, is also suit-
able habitat for storm-petrel burrows, but generally
has lower burrow density and likely acts as over-
flow once low-lying habitat is saturated (Wilhelm
and others 2019). For this reason, we termed tree
and shrub habitat as ‘secondary habitat’” on Bac-
calieu. Storm-petrels rarely nest on hard ground
heath.

In this study, we focused on Lunin Pond (48° 08’
27.2"” N, 52° 48 01.7” W) on Baccalieu Island,
which has a high density of nesting storm-petrels in
its catchment (Duda and others 2020). We then
compared these results to a nearby (~ 6 km)
mainland reference pond (48° 06" 01.2” N, 52° 51’
44.5” W), with no nesting seabirds (Duda and
others 2020). Storm-petrels are very unlikely to
have ever nested near the mainland reference pond
because they are highly susceptible to mammalian
predation on mainlands (Pollet and others 2019).
As detailed in Duda and others (2020), the ponds
have similar physical features and underlying
geology, primarily consisting of red conglomerate
and sandstone (King 1988). In this study, a single
impact pond was deemed adequate to describe is-
land-wide trends for two reasons. First, in Duda
and others (2020), all storm-petrel influenced
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Figure 1. Map of the study region. Baccalieu Island is shown as a red star on the inset map. The two sampling locations
are only about 6 km apart, but differences in vegetation cover are apparent. A Lunin Pond on Baccalieu Island, a pond
with a high concentration of storm-petrels within its catchment. B Mainland reference pond without nesting storm-petrels

or seabirds.

ponds had synchronous trends in all six measured
proxies, and therefore any trends in sterols and
stanols in Lunin Pond should be representative of
the other ponds. Second, pollen grains are often
aerially transported long distances (for example,
Hjelmroos 1991; Rosseau and others 2008), and
therefore changes in pollen assemblage should be
uniform across the study island.

Climate

Climate data for the study region were derived
from weather stations in St. John’s, NL, approxi-
mately 60 km south of Baccalieu Island. Data from
weather station #8403500 (47° 34" N, 52° 42" W)
were available from January 1874 until 1942, after
which regular monitoring is available from station
#8403506 (47° 37" N, 52° 44" W) until 2018.
Environment and Climate Change Canada guide-
lines recommend annual datapoints be omitted
under certain conditions, such as if at least 1 month
is unavailable, or if more than 15 days of the year

are missing. Given these guidelines, a continuous
record is available from 1874 until 2018, omitting:
1882, 1883, 1889, 1895, 1897, 1906, 1921-1931,
1933, 1934 (Figure 2). For these 144 years, the
mean annual temperature was 4.9 °C &+ 0.7 SD,
and mean annual precipitation was 1460 mm =+
199 SD. Trends in the data were identified using a
generalized additive model, and significant periods
of change were identified using a first derivative of
the fitted trend (Simpson 2018). Analyses were
carried out in R using the package mgcv v.1.8-28
(Wood 2017), and supplemented with gratia v.0.2-
8 (Simpson 2019).

Paleolimnological Techniques

(i) Site Selection and Sediment Collection

Techniques used to select study sites and collect
sediment records are detailed in Duda and others
(2020). Briefly, ponds were selected a priori
reflecting a gradient of known storm-petrel influ-
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Figure 2. Mean annual air temperature and precipitation in St. John’s, NL, from 1874 to 2018. Data from weather station
#8403500 are in circles, and data from weather station #8403506 are in diamonds. An annual datapoint is omitted if at
least 1 month is unavailable or if more than 15 days of the year are missing. Trends are estimated using a generalized
additive model (GAM) using a black line, with 95% pointwise confidence intervals in gray. Significant periods of increase

are estimated by GAM first derivatives and expressed in red.

ence (available from ornithological surveys on the
island), while having minimal differences in phys-
ical parameters. We selected two ponds that pro-
vided the best comparison of storm-petrel influence
to minimal-to-no seabird influence. We compare
Lunin Pond, which receives large amounts of in-
puts from storm-petrels to a mainland reference
pond, which has no nearby nesting seabirds (Fig-
ure 1). Inputs from other parameters that may
confound our results, such as underlying geology
or climate, had minimal impact on our sediment
proxies due to the proximity of the two sampling
locations (~ 6 km apart). Sediment cores (76 mm
or 3” in diameter) were collected September 13 and
15, 2017 from the deepest point of each pond as
determined using a handheld depth sounder, using

a high-resolution push corer (Glew and Smol
2016). This push corer is similar to gravity corers,
but is driven by a push rod for more precise sedi-
ment collection in shallow systems. Sediment cores
were then sectioned onsite at 0.5 cm intervals
using a Glew (1988) extruder. The Lunin Pond
sediment core was 39.5 cm in length, and the
mainland reference core was 10.5 cm.

(ii) Sediment Core Dating

Core chronology for recent sediments (~ past
150 years) was established using a constant-rate-
of-supply (CRS) model applied to excess 2'°Pb
inventories, using the ScienTissiME (Barry’s Bay,
ON, Canada) software created for Matlab, and
corroborated by a '>’Cs peak denoting 1963 (Duda
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and others 2020, supplementary material). All
cores were counted, following standard procedures
(Schelske and others 1994), on a digital, high
purity germanium 7y spectrometer (DSPec, Ortec)
located at the Paleoecological Environmental
Assessment and Research Laboratory (PEARL),
Queen’s University, Kingston Ontario. In Lunin
Pond, a basal age was determined using accelerator
mass spectrometry '*C on a well-preserved terres-
trial macrophyte from the 37.5-38 cm interval. An
age-depth model using *'°Pb and the basal '*C age
was established using CLAM v.2.3.2 (Blaauw and
Christen 2011). The absence of a basal '*C date
from the reference pond necessitated extrapolation
using a second-order polynomial regression, and
therefore should be viewed with caution.

(iii) Palynology

We chose to examine changes in the palynological
record (encompassing both pollen and non-pollen
palynomorphs (NPP)) as it provided an effective
and well-established proxy to analyze the changes
in vegetation in response to changes in the terres-
trial environmental, such as a varying seabird col-
ony size (Bennett and Willis 2001). To isolate
pollen and NPP, our palynological procedures fol-
lowed Johnson and Fredlund (1985). Briefly,
0.01 g dry sediment per sample was repeatedly
boiled for 20 min in 10 mL of 10% KOH until the
supernatant ran clear to dissolve humic acids and
organic components. The pellets were then sieved
through a 120-pum mesh with deionized water to
remove large inorganic material. Next, samples
were digested with acetolysis to remove polysac-
charides. Aliquots of each sample were dehydrated
with tert-butyl alcohol and mounted using silicon
oil. Conventionally, treatment with HCl is required
to remove carbonate material, however, since the
water column was highly acidic (pH ~ 4.0), this
step was omitted. A minimum of 400 pollen grains
and NPP were counted per sample using a LEICA
DMRB microscope at 1000x magnification. Taxo-
nomic identification to genus generally followed
Kapp (1969) and Bassett and others (1978). Paly-
nology profiles were created in C2 v.1.7.7.

Fungal hyphae were present in our palynology
slides, but because hyphal strands can be broken
into numerous segments, hyphae were counted
separately to provide a ratio of fungal hyphae to
total pollen. Each unbroken hyphal segment was
considered a single ‘hypha’, and broken ends of
hyphae were counted as halves. Hyphae are con-
sidered rare in sediments (van Geel 2001) due to
the necessity of a constant supply of nutrients
(organic debris) and a high concentration of oxy-

gen (Barlocher and Boddy 2016). Because such
conditions would occur in storm-petrel burrows
during periods of high seabird activity, we surmised
that the accumulation of fungal hyphae in sedi-
ments were likely an additional proxy associated
with the storm-petrel’s burrowing behavior (and
therefore increased shoreline erosion) introducing
an influx of allochthonous material. As an estimate
of changing diversity patterns, we also calculated
Hill’s N2 (Hill 1973) of pollen and spores at each
depth to determine if storm-petrels changed the
island’s vegetation diversity, and compare between
seabird-influenced and reference sites. This mea-
sure is the reciprocal of Simpson’s index and gives
more weight to common taxa while downweight-
ing rare taxa (Heip and others 1998), and is,
therefore, the most appropriate diversity measure
for pollen (Felde and others 2016).

Island Vegetation

Recent changes to Baccalieu Island’s vegetation
cover were directly assessed using historical aerial
photography from the National Air Photo Library
in Ottawa, ON. The photos available for this site
were taken October 10, 1940 (Roll #A6820, print
14) and August 21, 1978 (Roll #25052, print 49).
Meanwhile, our 2017 figure was made using a
Google Earth© satellite photo taken June 2017. To
minimize bias due to increased resolution and to
standardize between historical photography and
modern satellite, all used images were printed,
equally scaled, and gray-scaled. Percent vegetation
cover was estimated using a dot grid system (U.S.
EPA 2002). Each map was binarily simplified to (1)
areas of rocky habitat, not suitable for nesting
storm-petrels; and (2) any vegetated area suit-
able for nesting storm-petrels. Visual inspection of
historical photos of the terrestrial environment
surrounding the mainland reference pond indi-
cated minimal-to-no change in vegetation, and
were therefore omitted from further analysis.

Sterols and Stanols

Sterols are natural lipophilic biomarkers that are a
key component of biological function and mem-
branes, and stanols are the reduction product of
sterols (Cheng and others 2016). The analytical and
quality assurance methods utilized for sterol and
stanol analyses are detailed in Hargan and others
(2019) and Duda and others (2020). Here, to track
seabird-derived inputs, we focused on cholesterol
(cholest-5-en-3f-o0l), which is commonly found in
vertebrate tissues and fecal material (Volkman
1986; Cheng and others 2016), and its aerobic
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microbial reduction product, cholestanol
(5a-cholestan-3-ol) (Bull and others 2002; Cheng
and others 2016). To track changes in vegetation
(termed plant-derived), we wused sitosterol
(p-sitosterol), which is commonly derived in plant-
material (Peng and others 2002), and its aerobic
microbe reduction product, stigmastanol (5u-stig-
mastan-3f-ol) (Bull and others 2002; Cheng and
others 2016). All values are presented as amount
per dry weight (DW).

REsuLTs
Increasing Vegetation Cover and Climate

There was a 35% increase in Baccalieu Island’s
vegetation cover from the earliest available aerial
photograph from 1940 until the most recent satel-
lite image available from 2017 (Figure 3). Greening
continued despite the recently declining storm-
petrel colony size starting in the 1980s (Wilhelm
and others 2019; Duda and others 2020).
Precipitation generally increased in the region
throughout the available record, with no prolonged
shifts (Figure 2). The temperature was stable until

~23% vegetated

~39% vegetated

1987, at which point there was a statistically sig-
nificant warming period (Figure 2). Due to the
proximity of the reference site and Baccalieu Island
(only ~ 6 km apart), we assumed both locations
experience similar climate.

Palynological Changes

During the documented growth periods of the
storm-petrel colony, there are distinct changes in
the relative abundances of tree and shrub habitat
and low-lying vegetation. During the growth of the
modern, larger colony from around 1800 to its peak
in around 1980, there is a distinct decline in tree
and shrub pollen from 45 to 34% relative abun-
dance, predominately in taxa including Abies spp.,
Pinus spp., Betula spp., and Alnus spp. (Figure 4A).
Concurrently, we observed a modest increase in
pollen grains from preferred habitat taxa from 38 to
42% relative abundance, particularly fern (for
example, Dryopteris spp., Pteridium spp.), grasses (for
example, Poaceae), and Bryophyta spores. A simi-
lar trend of vegetation change was observed during
the earlier storm-petrel colony from about 270 CE
to its peak in about 500 CE, with a decline in tree

2017

~58% vegetated

Figure 3. Increasing vegetation and available nesting habitat on Baccalieu Island from 1940 to 2017 determined from
aerial photography. Vegetation, and thus available nesting area for storm-petrels, is shown in green, and hard heath, thus
unsuitable nesting habitat, is shown in gray. The estimated percent vegetation cover is shown below each illustration.
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Figure 4. Comparison of palynological and sterol and stanol changes. A Pollen and spore relative abundances, ratios of
fungal hyphae to pollen and non-pollen palynomorphs (NPP), Alnus spp., preferred to secondary habitat, Hill’'s N2, and
sterols and stanols from the storm-petrel influenced Lunin Pond. The storm-petrel colony trends in bold are a summary of
six storm-petrel proxies from Duda and others (2020). Regions of high storm-petrel numbers are highlighted in green. The
larger, modern colony is in darker shading, and the smaller, earlier colony is in a lighter shade. B Palynology, ratios, and
sterols and stanols from the mainland reference pond. Preferred habitat is the sum of fern, grass, wildflower, and
bryophyte pollen and spores, and secondary habitat the sum of tree and shrub pollen. Each measure includes the average
of the profile in a gray dashed line. Seabird-derived (cholesterol and cholestanol) and plant-derived (sitosterol and
stigmastanol) sterol and stanol data (details in Duda and others 2020) are presented as dry weight (DW). Italicized dates
are extrapolated from 2'°Pb, and therefore must be interpreted with caution.

and shrub habitat from 62 to 50% relative abun-
dance, and an increase from 33 to 43 % in preferred
habitat (Figure 4A). Shifts in vegetation from tree
and shrub habitat to preferred habitat are simplified
as a ratio of preferred to secondary habitat (Fig-
ure 4).

Alder peaked at about 20% relative abundance
around 1950 and then declined to a minimum of
about 9% relative abundance around 2008, fol-
lowing the peak in colony size in the 1980s. Simi-
larly, alder was at a maximum 21% relative
abundance about 270 CE, however after the storm-
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petrel colony began to increase it declined to about
16% relative abundance around 790 CE (Figure 4).
Notably, the decline in alder appears to be delayed
after the peak in storm-petrel colony size (Fig-
ure 4A), though a longer record before the colony’s
growth would be required to confirm this trend.

We also observed a high concentration of fungal
spores and hyphae throughout the seabird-influ-
enced sediment core. In Lunin Pond, fungal spores
were abundant (15% =+ 5 SD), without any distinct
peaks (Figure 4A). Hyphae, however, were abun-
dant throughout the seabird-influenced sediment
record (24% =+ 9 SD), with increases in abundance
generally when the storm-petrel colony size was at
its highest in both the approximately 500 CE and
1980 colony peak (Figure 4A). Hyphae are pre-
dominantly terrestrial in origin, and therefore
generally considered rare in aquatic sediments (van
Geel 2001). However, because hyphae were found
in abundance in our sediment samples, we corre-
lated their presence to the burrowing behavior of
the storm-petrels introducing high amounts of al-
lochthonous material (that is, fungal hyphae) to
the ponds.

Sterols and stanols tracked the growth in storm-
petrel colony size as detailed in our previous pale-
olimnological study (Duda and others 2020). Dur-
ing the larger, modern storm-petrel colony growth
period from the early-1800s to the 1980s, there was
a distinct increase in seabird-derived sterols and
stanols (sum of cholesterol and cholestanol) from
14.8 ug g~ ' DW to 37.8 ug g ' DW, mirrored by a
twofold increase in plant-derived sterols and sta-
nols (sum of sitosterol and stigmastanol) from
26.4ug g ' DW to 52.7 ug g~ ' DW (Figure 4A).
Interestingly, seabird-derived sterols and stanols
did not track the decline in storm-petrel numbers
from the 1980s to the present, nor the earlier col-
ony peak at ca. 500 CE (Figure 4A).

Compared to Lunin Pond, there was little change
throughout the palynological record of the main-
land reference site (Figure 4B). Both habitat types
remain stable throughout, with preferred habitat at
29 *+ 3% SD and secondary habitat at 68 + 2% SD.
The relative abundance of alder was lower and
unchanging throughout the record, at 6 = 1% SD.
Additionally, relative to Lunin Pond, there were
very few fungal spores (3 £ 1% SD), and hyphae
were almost absent (Figure 4B).

Both seabird-derived cholesterol and cholestanol
(45+27 SD pgg ! DW) and plant-derived
sitosterol and stigmastanol (3.9 £ 1.9 SD pg g™*
DW) concentrations were low and complacent
throughout the entire mainland reference record
(Figure 4B). Hill’s N2, a measure of effective spe-

cies diversity, was higher in the storm-petrel
influenced sediment record, at 6.5 £ 0.5 SD,
compared to 4.5 = 0.6 SD in the mainland refer-
ence (Figure 4). There were no notable changes in
Hill’s N2 through either the seabird-influenced or
mainland reference record.

DiscussioN

Our weight-of-evidence approach indicates that
storm-petrels acted as ‘ecosystem engineers’ on
Baccalieu Island, and were an important driving
factor in changes of both the aquatic (Duda and
others 2020) and terrestrial (this study) environ-
ment via the deposition of acidic and nutrient-rich
guano. We previously demonstrated how varying
storm-petrel colony size had dramatic effects on the
pond’s water chemistry via the introduction of
storm-petrel refuse (Duda and others 2020). Here,
we show widespread modification of the terrestrial
ecosystem by nutrient deposition. Aerial pho-
tographs of Baccalieu Island from 1940 to 2017
illustrate a continued greening from 23 to 58%
vegetation cover (Figure 3), coincident with the
increasing storm-petrel colony size until about
1980. These data indicate that greening has con-
tinued on Baccalieu Island despite the declining
storm-petrel colony since the 1980s (Wilhelm and
others 2019; Duda and others 2020). The contin-
ued greening is likely a result of inertia in plant
communities, in which existing plant communities
on fertilized soils can continue to survive for pro-
longed periods despite reduced nutrient inputs
(Milchunas and Lauenroth 1995), combined with
climate warming and associated longer growing
seasons driving regional greening (Notaro and
others 2006). When examining the 2017 satellite
image that encompasses both Baccalieu Island and
the mainland (only ~ 6 km apart), the island
landscape is clearly denser and more vegetated
(Figure 1), despite both areas being classified as
part of the Eastern Hyper-Oceanic Barrens ecore-
gion. Guano-derived nutrients (as biologically
available nitrogen and phosphorus) are among the
most important variables in changing the diversity
of plant communities, particularly in nutrient-poor
ecosystems (Zwolicki and others 2016) as is typical
of Eastern Hyper-Ocean Barrens (Damman 1983).

Using the available long-term climate record,
changes in Baccalieu Island’s terrestrial ecosystem
seem less linked to climatic changes than to the
storm-petrel colony sizes, as variances in precipi-
tation or temperature do not correspond to the
measured timing of island greening. For example,
in the St. John’s region, precipitation was subtly
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increasing linearly throughout the last 144 years
(Figure 2). Temperature, however, had a
significant warming period beginning in 1987
(Figure 2) and is projected to continue increasing
in the Newfoundland and Labrador region into the
future (Han and others 2019). Although warming
temperatures may be currently affecting vegetation
growth, the measured greening on Baccalieu Island
at about 1940 coincides closely with the timing of
increasing storm-petrel numbers, as documented in
Duda and others (2020), and climatic influences
may act synergistically with those of the storm-
petrels.

Due to Baccalieu Island’s greening, vegetation is
steadily replacing the uninhabitable rocky heath,
thus increasing available habitat for the storm-pe-
trels (Figure 3). Furthermore, we observed a shift
from secondary tree and shrub habitat to preferred
low-lying habitat suitable for the storm-petrel’s
burrowing behavior (Figure 4), indicating the
potential formation of a positive feedback loop be-
tween enhanced nesting grounds and colony size.
The increase in the relative abundance of preferred
vegetation is likely due to a combination of a
reduction in viability of tree and shrub taxa and
increasing abundance of fern and grassland due to
seabird-derived fertilization. A decline in tree and
shrub habitat in response to guano deposition has
also been observed in the North American Great
Lakes, where dense colonies of cormorants increase
the soil nutrients (that is, nitrogen, phosphorus),
pH, salinity, and moisture diminished tree canopies
and understory vegetation (Hebert and others
2005; Boutin and others 2011; Stewart and others
2015). On Baccalieu Island, as the secondary
habitat declined in relative abundance, it was in
part replaced with low-lying vegetation in the
forms of ferns, grasses, and mosses. Our recon-
structions also match the observations of Zwolicki
and others (2016), who demonstrated that vascular
plants and mosses responded positively to or-
nithogenic nutrient inputs. Increased nutrient
availability, as was observed on Baccalieu Island,
competitively favors plants with high growth rates
(like grasses and ferns) compared to slow-growing
shrubs and trees (Tilman 1986; Zwolicki and others
2016). The decrease in relative abundance of tree
and shrub habitat, and its replacement with low-
lying vegetation, is an indirect, but desirable out-
come for the nesting storm-petrels as they prefer
the soft and thin-rooted low-lying vegetation to
build their burrows (Sklepkovych and Montevecchi
1989; Wilhelm and others 2019). The vegetation
changes documented in our palynological record
were also corroborated in a previous study by

Wilhelm and others (2019), who used a combina-
tion of geographic information system (GIS) and
on-the-ground plot surveying to measure Baccalieu
Island’s changes in vegetation from 1984 to 2013.
Similar to our study, the researchers documented a
25% decrease in trees, and replacement by ferns,
providing ground-truth evidence for our findings.

Our palynological data indicate substantial gen-
era-specific changes linked to guano inputs. For
example, we observed a decrease in the percentage
of pollen grains from N,-fixing alder species (Alnus
crispa and A. incana) following both peaks in the
storm-petrel population (Figure 4). A similar trend
was recorded by Havik and others (2014), who
documented that marine-derived seabird nitrogen
increased the density of non-N, fixing Capparis
scabrida, compared to the competing N,-fixing plant
Prosopis  pallida. The authors proposed two
hypotheses to explain this trend, which may also be
occurring on Baccalieu Island. First, seabird nutri-
ent subsidies may affect the competitive ability of
N,-fixing plants by promoting the growth and/or
survival of the non-fixing plants, and second that
N,-fixing plants growth is suppressed due to guano
toxicity (that is, soil ammonification). Modern
shifts in alder are inevitably also linked to warming
climate.

Digging and burrow-building behavior, as dis-
played by Leach’s Storm-petrels, has multifaceted
interactions with soil development and quality, and
thereby plant diversity. Burrowing has the poten-
tial to decrease plant diversity through physical
trampling, uprooting, and disruption of plant
growth (Ellis 2005). Furthermore, burrow building
can make soil drier and increase soil density
(Bancroft and others 2005). However, burrowing
can also increase soil fertility via nutrient deposi-
tion (Fukami and others 2006). By examining the
effects on soil by burrowing mammals, Davies and
others (2019) observed that digging and re-exca-
vation of burrows increases soil fertility because the
burrows can act as traps for organic matter,
resulting in lower soil hardness compared to
undisturbed soils. Given that Newfoundland is one
of the wettest regions of Canada (mean annual
rainfall = 1460 mm =+ 199 SD; Figure 2), a reduc-
tion in soil moisture is unlikely to have a
notable impact on the Baccalieu Island vegetation.
Further, Leach’s Storm-petrels annually return to
and re-excavate their burrows at the beginning of
the breeding season in May and June in prepara-
tion for egg laying (Pollet and others 2019). High
precipitation, coupled with annual burrow re-ex-
cavation and high nutrient deposition, provide the
conditions required for the soil development and
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vegetation cover expansion observed on Baccalieu
Island (Figure 3).

Despite over 920 bird species contributing to the
seed dispersal and pollination of terrestrial envi-
ronments (Whelan and others 2015), we do not
correlate the observed changes in vegetation on
Baccalieu Island to seed dispersal or pollination by
Leach’s Storm-petrel. Seabirds are generally con-
sidered poor seed dispersers due to their predomi-
nantly piscivorous and planktonic diet (as opposed
to pollen, fruit, nectar) and highly aquatic foraging
behavior (generally preventing seed and pollen
adhesion to feathers). Seed dispersal associated
with seabirds has been documented by omnivorous
gull species, which have opportunistic and diverse
diets (for example, Nogales and others 2001; Cal-
vino-Cancela 2011). However, seed dispersal by
non-omnivorous seabirds appears to be rare in
nature and requires specialized epizoochory (seed
dispersal via adhesion to fur or feathers), such as
with the extremely sticky resin exhibited by Grand
Devil’s-claw (Pisonia grandis) (Burger 2005) or
mucilage layer development by Cook’s Scurvy
Grass (Lepidium oleraceum) (Dale and others 2017).

Fungal hyphae in the Lunin Pond sediment re-
cord potentially provide an independent proxy for
the presence of storm-petrels, matching trends in
several paleolimnological proxies presented in
Duda and others (2020) (Figure 4). Fungal hyphae
would be expected to be present in high abundance
in the burrows of storm-petrels as fungi require
high concentrations of nutrients and oxygen (Bar-
locher and Boddy 2016), conditions that are pre-
sent in seabird burrows. However, the storm-
petrel’s burrowing behavior disrupts the catchment
area and introduces the hyphae and other al-
lochthonous material into the water column,
which then accumulate in the sediment, providing
an additional proxy for the storm-petrels. In our
study region, the continuous presence of hyphae in
the seabird-influenced Lunin Pond and absence in
the mainland reference pond suggests storm-petrels
always inhabited Baccalieu in some abundance,
and continually introduced the hyphae. The mod-
erate correlation between fungal hypha peaks and
storm-petrel colony peaks suggest that the rela-
tionship between hyphae in sediments and seabird
abundance is not one-to-one, and may only be
effective as a presence-absence measure. Regard-
less, fungal hyphae have the potential to be used as
a sedimentary proxy for other biovectors that dis-
rupt watersheds and introduce large amounts of
allochthonous material, such as other burrow-
building seabirds like puffins or den-building
mammals, however more research is required.

Hill’s N2 is a diversity index that can be used to
compare pollen assemblages between sites (Felde
and others 2016), despite admittedly simplifying
the complex relationship between the vegetation
producing pollen and the pollen deposited in sedi-
ments (Birks and others 2016). Hill’s N2 corrobo-
rated qualitative observations that Baccalieu Island
is more diverse floristically than the mainland
throughout the entire records, suggesting that
storm-petrels increase the diversity of terrestrial
vegetation through nutrient inputs and burrowing
as has been suggested by previous work (Fukami
and others 2006; Davies and others 2019). Inter-
estingly, however, complacency in Hill’s N2
throughout the sediment record suggests that
floristic diversity was changed and replaced, but
not lost or gained.

Increases in both seabird-derived and plant-de-
rived sterols and stanols in Lunin Pond occurred
concurrently with the palynological changes re-
ported here during the modern colony from the
early-1800s to the present, further supporting that
the storm-petrel colony is an important driver of
the terrestrial ecosystem’s greening and commu-
nity (Figure 4A). The complacency in sterol and
stanol data during the earlier colony from around
270 CE to around 610 CE is likely due to a smaller
storm-petrel colony size during the earlier peak
(Duda and others 2020).

CONCLUSIONS

Our study documents how Leach’s Storm-petrels,
with their acidic and nutrient-rich guano subsidies,
act as ecosystem engineers and provide numerous
ecological services to their habitat by altering the
overall vegetation of the island affecting commu-
nity structure shifts. However, as shown by both
monitoring data (Wilhelm and others 2019) and
our earlier paleolimnological study (Duda and
others 2020), the Baccalieu storm-petrel colony is
rapidly declining, which may result in bottom-up
trophic effects, as seabird-derived nutrients not
only enhance their environmental vegetation but
also entire nutrient pathways (Sanchez-Pifiero and
Polis 2000; Croll and others 2005; Graham and
others 2018). Due to differences in trophic status,
colony size, and phenology, seabirds have diverse
effects on ecosystems which cannot be easily gen-
eralized or predicted. Therefore, as more popula-
tions begin to decline globally due to increased
human perturbation (for example, habitat degra-
dation, overexploitation, pollution, climate
change), long-term data, such as those provided by
paleoecological studies, are vital to better under-
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stand the potential ecosystem-wide ramifications of
changes in key biovectors.
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