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Abstract

Allochthonous subsidies to marine ecosystems have mainly focused on biogeochemical cycles, but there has
also been recent interest in how terrestrial carbon (C) influences marine food webs. In the Baltic Sea, pine (Pinus
sylvestris) pollen is found in large amounts in shallow bays in early summer. Pollen is a significant C-source in
freshwater ecosystems and may also be important in coastal food webs. We examined the consumption of pol-
len and autochthonous resources by benthic invertebrates in shallow bays of the Baltic Sea. We used stable iso-
topes to estimate diets and reconstructed consumer-resource networks (food webs) for grazers and particulate
organic matter (POM)-feeders to compare how these different guilds used pollen. We found that P. sylvestris pol-
len was consumed in small amounts by a variety of animals and in some cases made up a sizeable proportion of
invertebrates’ diets. However, invertebrates generally depended less on pollen than other resources. The degree
of pollen consumption was related to feeding traits, with generalist invertebrate grazers consuming more pollen
(> 10% of diet) than the more specialist POM-feeders (< 5% of diet contributed by pollen). POM-feeders may
consume additional microbially-degraded pollen which was not identifiable in our model. We suggest that pol-
len is a small but substantial allochthonous C-source in shallow bay food webs of the Baltic Sea, with the poten-

tial to affect the dynamics of these ecosystems.

The coastal fringe is the interface between marine and ter-
restrial ecosystems where organisms, nutrients, and detritus
from both realms tightly interact (Polis et al. 1997). At this
interface, food sources for marine species can either be autoch-
thonous (i.e., locally produced) or allochthonous (imported,
e.g., from land). Terrestrial food subsidies to freshwater ecosys-
tems have been relatively well studied, particularly with
respect to the role of leaf litter and other plant material in
stream and lake food webs (e.g., Marks 2019). Studies of terres-
trial inputs to the marine environment have focused more on
carbon cycling and biogeochemistry, indicating that inputs
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can be several hundred g C m 2 yr~! (Gounand et al. 2018),
globally equivalent to several hundred Tg C yr ' (Blair and
Aller 2012). Fewer studies have focused on these inputs as sub-
sidies to marine and estuarine food webs, but a few case stud-
ies have found large amounts of terrestrial carbon consumed
as an allochthonous resource in temperate (Dias et al. 2016),
Mediterranean (Careddu et al. 2015), and Arctic (Harris
et al. 2018) food webs.

The importance of terrestrial organic carbon varies by
location. For example, terrestrial organic carbon tends to be
a more significant resource close to river outlets (Careddu
et al. 2015; Dias et al. 2016) and in the sediment of shallow
coastal ecosystems (Watanabe and Kuwae 2015) than in
deep waters. Allochthonous subsidies to both freshwater and
marine ecosystems are also temporally variable. Inputs tend
to occur in short pulses. For example, soil and leaf litter
inputs are carried by heavy rain runoffs in autumn or snow-
melt in spring (Minshall 1967; Strdat et al. 2016), and pollen
deposition occurs seasonally during spring and summer pol-
lination events (Heusser 1988). Despite their spatial and
temporal limits, these pulses of allochthonous resource
availability can have substantial impacts on the recipient
community. Allochthonous inputs can be quite large
(e.g., close to 100% of total C inputs in small forest streams,
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Webster and Meyer 1997; and 7-10% of the annual total
organic carbon loads in the Baltic Sea, Strdat et al. 2016),
offering alternative pathways in food webs and influencing
primary consumer populations (Minshall 1967; Careddu
et al. 2015; Dias et al. 2016). Although the effect of an allo-
chthonous subsidy on consumer populations is highly
context-dependent, studies from a variety of ecosystems sug-
gest that these subsidies can often maintain larger or more
stable consumer populations than in situ production (Baxter
et al. 2005; Sato et al. 2011, Wallace et al. 2015).

While leaf litter and sediment are often the most obvious
allochthonous inputs into aquatic ecosystems, pollen can also
be an important source of nutrients and organic matter
(Graham et al. 2006). Seasonal pollen pulses can be particu-
larly important in nutrient-poor freshwater ecosystems, where
they can increase the biomass of primary producers (Graham
et al. 2006), sustain substantial zooplankton populations
(Graham et al. 2006; Masclaux et al. 2011), and even influence
seasonal variability in zooplankton communities through tro-
phic partitioning from selective grazing on pollen-rich neus-
ton (Masclaux et al. 2013). Pollen is rich in phosphorus
(Banks and Nighswander 2000) and polyunsaturated fatty
acids and is small enough to be a suitable resource for zoo-
plankton (Masclaux et al. 2011) and benthic organisms (Leduc
and Rowden 2018). However, fresh pollen grains are protected
by extracellular walls that give them a low food quality
(i.e., low digestibility). Like other terrestrial carbon sources,
fresh pollen is therefore less bioavailable than autochthonous
resources (Dias et al. 2016). As pollen first settles on the water
surface and then sinks through the water column, these walls
are broken down by fungi or bacteria (Masclaux et al. 2011;
Kagami et al. 2017) and become more digestible (i.e., trophic
upgrading; Masclaux et al. 2011); thus, pollen’s residence time
is crucial in determining its use in aquatic food webs.

Despite the importance of pollen as a carbon source in
lakes and streams (e.g., 20% of OC incorporated into lake sedi-
ments comes from pollen deposition; Doskey and Talbot 2000)
and the longstanding use of pollen as a marine palynological
marker (Heusser 1988), the role of pollen in coastal marine
food webs is not yet known. In large parts of the Baltic Sea,
however, pollen has the potential to be a significant food sub-
sidy, particularly in sheltered archipelagos where vegetation
grows close to the shore and coastal topography may concen-
trate wind-driven surface aggregations. Scots pine (Pinus syl-
vestris) is common along these coasts and deposits large
amounts of pollen in the early summer. Even several kilome-
ters offshore, pollen may comprise 30-40% of the suspended
particulate matter in the Baltic Sea (Pawlik and Ficek 2016),
before sinking and becoming part of the sediment. Fresh pol-
len should, therefore, be available to animals at the surface
and high in the water column, as well as in more or less
degraded forms to benthic species.

Here, we used stable isotopes to trace the consumption of
pollen and autochthonous resources in benthic communities
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of shallow bays of the Baltic Sea. We used this dietary infor-
mation to construct consumer-resource networks (food webs)
for organisms grazing on macroalgae and aquatic plants (here-
after referred to as grazers) and organisms feeding on
suspended or deposited particulate organic matter (POM; here-
after referred to as POM-feeders) in order to compare how
these different guilds use pollen. As nutrients in pollen are
more available after some amount of microbial decomposition
(Masclaux et al. 2011, 2013), we predicted that pollen would
form a greater proportion of the diets of POM-feeders which
consume degraded pollen than grazers which consume rela-
tively fresh pollen stuck to the surface of algae or epiphytes.
We also expected that generalist invertebrate consumers
would be more likely to consume and digest pollen than spe-
cialists since generalists may have fewer morphological or
behavioral barriers preventing them from consuming pollen.

Methods

Study site and sampling

Sampling was conducted close to Stockholm University’s
Asko Laboratory, located in Stockholm'’s southern archipelago,
in the Baltic Proper, on the 9™ and 10" of June 2016, that is,
during the peak of the annual Scots pine (P. sylvestris) pollen
deposition event, which started on the mainland in mid-May
according to the national pollen monitoring statistics
(Swedish Museum of Natural History 2016). Samples of
pollen and benthic invertebrates from two different shallow
water habitats (vegetated seabeds and sediment) were taken
within a 10 m? area ca. 150 m south of the Aské Laboratory
(58°49'18.8"N, 17°38'8.9"E) and plankton samples in the bay
immediately west of the field station (58°49'22.5"N,
17°38'2.2"E). The area is nontidal and the coastline comprises
a series of small bays (2-10 m across) enclosed by rocky shores
which rise 1-2 m above sea level, and pine trees and other
vegetation (grasses, lichens) grow close to the water’s edge.
The seabed comprised a mixture of fine mud and stones of
varying size overlying thicker gray clay and was covered with
patches of macroalgae and macrophytes interspersed with
open sediment. During periods of heavy pollen deposition
and onshore winds, thick, yellow accumulations of pollen
were seen on the water surface and suspended in the water
column in these small bays (Fig. 1).

Pollen was collected from the flowers of five P. sylvestris
trees growing within 1-2 m of the water line. The flowers were
picked into stacked 1 and 0.5 mm sieves in two buckets. The
flowers were gently shaken and rubbed on the sieves to release
the pollen. The <0.5 mm fraction was further sieved on a
150 ym sieve and the < 150 um fraction was preserved under
dry and cool conditions until analysis. Floating pollen was
skimmed from the water surface where it had accumulated as
a thick layer closest to land and sieved immediately through a
150 ym sieve to remove larger debris. The resulting < 150 ym
fraction was additionally sieved through a 25-um sieve. The
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Fig. 1. Photo showing the thick accumulation of pine pollen in one of
the sampled areas.

25-150 ym fraction was left to stand for 1 h, after which the
surface suspension and the settled material (“wet pollen top
layer” vs. “wet pollen settled”; see Table S1) were pipetted off
and frozen separately at —20°C to separate pollen fractions at
different stages of degradation.

For each habitat (vegetated seabed and sediment), samples
of all the dominant shallow-water invertebrates were taken
together with as many likely food (i.e., carbon) sources as pos-
sible. A full list of samples and subsamples can be found in
Table S1, but a description of the sampling methods
follows here.

Macrophytes, macroalgae, and their associated mobile
invertebrates (Gammarus spp., Idotea spp., Jaera albifrons,
Lymnaea stagnalis, Radix balthica, and Theodoxus fluviatilis,
chironomid larvae) were collected at 0.3-1 m water depth
(maximum 5 m from shore) by a snorkeler. Epiphytic com-
munities were clipped or scraped off both submerged rocks
and Fucus vesiculosus plants and frozen separately. Chorda
filum and F. vesiculosus were picked and frozen whole. Extra
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F. vesiculosus plants were taken to extract associated fauna;
all mobile fauna (e.g., isopods, amphipods, gastropods, chi-
ronomid larvae) and some sessile species (Mytilus edulis,
Amphibalanus improvisus) were removed and each taxon
identified and frozen separately. Sediment and sediment-
associated invertebrates (Cerastoderma glaucum, Limecola
balthica) were collected in a sample of 3-4 L from the top
1-2 cm of sediment. The sample was sieved through a 2 mm
sieve to extract the infauna. To complete the POM-feeder
community, mixed plankton samples were obtained by
slowly towing a 15 ym plankton net in surface waters behind
a small motorboat.

Subsamples of each plankton sample, suspended pollen
sample, and epiphyte sample were preserved in ethanol for
subsequent examination under the microscope to determine
the species present (see Table S1). All invertebrates were frozen
at —20°C.

Stable isotope analysis

Soft tissues of bivalves, gastropods, and barnacles were ana-
lyzed; all other animals and potential food sources were ana-
lyzed whole (see Table S1). No acid treatment was used.
Samples were oven-dried at 60°C, ground to a powder, and
packed into tin capsules for stable isotope analysis. Where
necessary, individual animals were pooled to achieve sufficient
sample weight (see Table S1). Samples were analyzed for '*C
and "N at the UC Davis Stable Isotope Facility (University of
California, Davis, California) with a PDZ Europa ANCA-GSL
elemental analyzer interfaced to a PDZ Europa 20-20 isotope
ratio mass spectrometer (Sercon Ltd.). Stable isotope ratios
were expressed in permil (%o) following the classical &
notation:

oX = (Rsample/Rstandard - 1) x 1000

where X is *C or >N and R the isotopic ratios *C/'’C or
ISN/MN, respectively, and the references are Vienna Pee Dee Bel-
emnite for 8'°C and atmospheric N, for 8'°N. Analytical uncer-
tainties were 0.2 for '3C and 0.3 for '°N.

Food webs and selection of resources

Two food webs were defined based on both the habitat
(vegetated or sediment) and feeding mode of the different
species. The first food web (grazer web) included taxa associ-
ated with vegetation and mainly relying on algae, plants, or
their epiphytes and biofilm for food: Gammarus spp. (n = 8),
Idotea spp. (n = 5), J. albifrons (n = 5), R. balthica (n = 9), T.
fluviatilis (n = 10), L. stagnalis (n = 1), and chironomid larvae
(Chironomidae; n = 8). The second food web (POM-feeder
web) included invertebrates sampled in sediment and sessile
species sampled in vegetation that rely on planktonic or sedi-
mentary POM as food sources: C. glaucum (n = 7), L. balthica
(n =35), M. edulis (n = 5), and A. improvisus (n = 5). Note that
n refers to the number of samples, not individuals; see
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Table S1 for details. Variable sample size reflects different field
abundances of these taxa.

The selection of possible food sources to be included in the
models was based on (1) prior knowledge of invertebrate diets
and (2) on the positioning of invertebrate as “consumers” and
their potential resources in the isospace plot source-polygon
(corrected for trophic enrichment factor) following literature
recommendations (Phillips et al. 2014; Stock et al. 2018).
For each food web, redundant resources (i.e., those with simi-
lar isotope signal, functional similarity, or both) were averaged
into more generic resource types: plankton, brown algae (F.
vesiculosus + C. filum), and epiphytes (from Fucus and stones).
The initial source-polygon did not fully frame the invertebrate
consumer data in the isospace plot of the grazer web. Based
on ecosystem knowledge, we identified an additional resource
likely available to the invertebrates in the grazer web, the
aquatic plants (Stuckenia pectinata, a submerged angiosperm,
and Chara spp. an aquatic charophyte), whose isotope signals
allowed us to frame the invertebrate consumer values. Simi-
larly, sedimentary POM is an important resource for
suspension-feeders and was missing in the POM-feeder web.
As these two food sources were not collected during initial
sampling, we used isotope values for these food sources from a
study by Hansen et al. (2012) which sampled the same area.
In the end, four food sources (final values used for modeling;
Table 1) were used to run each of the two models as rec-
ommended by the MixSIAR package guidelines and literature
(i.e., ideally the number of tracers +1, although more sources
are also accepted; Fry 2013). Pollen and brown algae were con-
sidered as potential resources for both webs, sedimentary
POM, and plankton were selected as food sources for the
POM-feeder web and aquatic plants and epiphytes were used
in the grazer web model. Almost all invertebrate values were
within the source-polygon for both food webs.

Stable isotope mixing models

To estimate the proportion of resources contributing to
invertebrates’ diets, stable isotope values of carbon and nitro-
gen 8'3C and 8'°N were used in a Bayesian mixing models
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that account for variability in the source and mixture tracer
data when estimating source contributions (MixSIAR R pack-
age, version 3.1.10; Stock et al. 2018; R Core Team 2018). In
the absence of a clear scientific consensus on trophic enrich-
ment factor values to be used (see Supplementary Information,
Supplementary Methods section), the trophic enrichment fac-
tor for 8'3C and 8'°N was defined following a classical and
rather conservative approach: for all resources and organisms
of both webs (since all invertebrates sampled herein were her-
bivorous primary consumers, poikilotherms, and ammonotelic
organisms), the same trophic enrichment factor was used
(8'3C = 0.4 + 0.2%p0, 8N = 2.4 + 0.3%po; calculated based on
average of McCutchan et al. 2003; Vanderklift and Pon-
sard 2003). Another approach estimating the trophic enrich-
ment factor from an equation based on a study from Caut
et al. (2009) was also explored and is described in the Supple-
mentary Information (results Table S3b).

Models were run for the two food webs separately (POM-
feeder web: 4 taxa; grazer web: 7 taxa) for each individual
invertebrate stable isotope data. We used taxon as a fixed
effect, a “generalist” prior (p ~ Dirichlet (a) with p the esti-
mated vector of proportions and a a mixture of x components
or sources, 4 in our case, a = ¢(1,1,1,1), referred to as generalist
prior because every possible set of proportions has equal prob-
ability), as we had no prior knowledge about the animals’ diet.
We included both residual and process error terms, and set
the Markov chain Monte Carlo chains (MCMC) as “normal
run” as suggested by Stock et al. (2018), in the MixSIAR GUI
user manual and MixSIAR package guide. Following Stock
et al. (2018) recommendations, model outputs were evaluated
with Gelman-Rubin and Geweke convergence diagnostics and,
according to both, the MCMC chains in all of our models con-
verged. Normalized surface area of the food source polygon
and posterior distribution plots for each resource were checked
(i.e., to avoid bimodal or widespread distribution) as addi-
tional criteria. Results represent the probability distribution of
feasible dietary proportions produced by the models and are
expressed as the percentage of resource contribution calcu-
lated from the median of the distribution (50%). The absolute

Table 1. Final stable isotope values (i.e., averages [mean + SD] or literature values) for all potential food sources used in mixing model
calculations for the two food webs (n = number of samples, some comprising pooled individuals [macrophytes]; see Table S1 for sam-

pling details and raw isotope data).

Food source (n) 813C (%o0) 8"°N (%o0) Food web Description
Pollen (9) —28.2+0.6 —0.5+0.7 Both Wet pollen (surface top layer and settled)
Sedimentary POM (6) —-19.44+1.2 1.9+£0.8 POM-feeder Sedimentary POM (from Hansen et al. 2012)
Plankton (10) —24.4+0.3 4.1+0.5 POM-feeder 35-200 pm and >200 ym mixed plankton samples
Brown algae (20) -12.3+1.4 3.94+0.8 Both Marine brown algae F. vesiculosus and C. filum
Aquatic plants (12) -11.5£1.5 0.01+£3.1 Grazer Freshwater angiosperm Charophytes (Chara sp.) and
Stuckenia pectinata (from Hansen et al. 2012)
Epiphytes (15) —-17.0+£2.4 3.2+£13 Grazer Epiphytes collected from Fucus and stones
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uncertainty associated with the mixing-model outputs was
generally close to 10%.

Network analysis

After identifying invertebrates’ diets using stable isotopes
analyses, we used this diet information to construct weighted
food web adjacency matrices. These webs link invertebrates
and the resources they consume, with weights reflecting
the proportion of each invertebrate’s diet contributed by
each resource. These networks provide a description of the
POM-feeding and grazing communities as integrated wholes
and allow us to compare pollen to other resources, as well as
identify common characteristics of invertebrates which do
and do not consume substantial amounts of pollen.

We were first interested in whether pollen was used differ-
ently from other resources and whether usage of pollen dif-
fered between POM-feeders and grazers. We therefore
measured the extent to which invertebrates are specialized on
particular resources (consumer specificity). Specificity is
defined as the coefficient of variation in the distribution of
link weights (here, proportion of an invertebrate’s diet con-
tributed by a resource), following Poisot et al. (2012).

(P )’
fnc—1
unc HLT

where S; is the specificity of resource i, P; is the vector of links
involving resource i, y is the mean link weight across the entire
web, and n, (R in Poisot et al. 2012) is the number of invertebrate
taxa. This is a normalization of the “species specificity index” in
Julliard et al. (2006) such that a value of 0 represents a resource
which contributes the same proportion of all invertebrates’ diets
and 1 represents a resource eaten by only one taxa. We calculated
specificity using the function “specieslevel” of the bipartite R pack-
age (Dormann 2011; R Core Team, 2018).

We tested how consumer specificity varied with the propor-
tion of pollen in the diet (i.e., whether any invertebrate spe-
cialized on pollen, and whether generalists or specialists
consumed more pollen) and how this differed between the
POM-feeder and grazer webs. We tested this statistically by
fitting a beta regression of proportion of pollen in the diet
against consumer specificity, web type (grazers or POM-
feeders) and their interaction. We fitted the regression using
the R (R Core Team 2018) function “betareg” from the package
betareg (Griin et al., 2012).

Next, we considered network properties of the resources.
We calculated the extent to which the invertebrate commu-
nity as a whole depended on each resource (resource strength,
defined in Bascompte et al. 2006 as the sum of the weights of
all links to a resource) and whether or not all invertebrates
tended to use a resource equally (resource specificity, defined
as above for invertebrate consumers). We expected a key
resource to have a high strength (many invertebrates

S;i= (1)
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depending strongly on the resource) and low specificity
(many invertebrates using the resource at similar
proportions).

Within a network, resource strengths sum to the number of
consumers (here, invertebrates). In order to compare resource
strengths across our differently-sized networks, we normalized
resource strengths by the number of invertebrates in the focal web:

(2)

Mr — E (prc)
e
where M, is the normalized strength of resource r, p,. is the pro-
portion of resource r in the diet of invertebrate consumer ¢, and n,
is the number of consumers.

This normalized strength was thus equivalent to the aver-
age proportion of invertebrates’ diets contributed by a
resource. A strength of 0 meant a resource was not eaten by
any invertebrate, while a strength of 1 indicated a resource
which was the only food source for all invertebrates. Specific-
ity as defined above was automatically normalized between
0 (used by all invertebrates equally) and 1 (used by a single
invertebrate) and was therefore comparable across networks
without modification. We calculated strengths and specific-
ities using the R (R Core Team) function “grouplevel” from the
package bipartite (Dormann et al. 2008, Dormann 2011).

In a food web based on stable isotope data, it is difficult to
definitely eliminate potential resources from the diets of inverte-
brates. Weak links may be artifacts of the mixing model rather
than true components of invertebrates’ diets. To control for the
possibility that such artifacts might influence our conclusions,
we removed all links < 10% and re-ran the analysis. All results
were similar to those obtained using all links, suggesting that
our results are robust to the inclusion of some false weak links
(see Supplementary Information, Tables S5, S6).

Results

8'3C and 6"°N of resources and invertebrate consumers

The stable isotope signal of potential food sources was well
discriminated for both food webs (Fig. 2; Table 1). Pollen had
the lowest 8'°C whereas brown algae and aquatic plants had
the highest values. Plankton, which was a mix of phyto- and
zooplankton and some suspended pollen, had a §'*C closer to
the pollen signal. Sedimentary POM (i.e.,, also a mixed
resource) had values between those of macrophytes and plank-
ton. Pollen §'°N was the lowest of all resources whereas plank-
ton had the highest values. Epiphytes and brown algae had
higher 6'°N values than sedimentary POM and aquatic plants.

On average, the taxa from the grazer web had higher §'*C
with the highest values for T. fluviatilis and Idotea spp.
(—14.4 £ 0.9%0 and —14.8 + 0.4%o, respectively) whereas taxa
from the POM-feeder web had lower 8'*C with the lowest
values for M. edulis and C. glaucum (—21.3 £ 0.8%0 and
—20.6 £ 2.1%o0, respectively) (Fig. 2; Table S1). The lowest
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Fig. 2. Isospace plot (8"*C and 8'°N) of food sources (black circles; average =+ standard deviation) and invertebrates (individual values) for (a) POM-
feeder and (b) grazer webs. Food sources isotope values are corrected with trophic enrichment factor. Raw data and biplot are given in supplemental
material. Note that MixSIAR model uses the source + discrimination values to fit the mixture data (the isospace plot adds the discrimination means and

SDs to the raw source values).

6
4 + Plankton
< 2
§
£
© 0 ’_T_(Wet pollen settled
I Wet pollen top layer
-2
+ Dry pollen
-4
-30 =28 -26 =24 =22 =20
613C (%o)

Fig. 3. Biplot of different fractions of pollen and plankton
(average =+ standard deviation). “Dry pollen” is straight from the tree.
“Wet pollen top layer” and “wet pollen settled” are the floating and set-
tled fractions of the suspended pollen, respectively, and the average of
the two “Wet pollen” fractions was used as a resource in the mixing
models (Table 1). The resource “Plankton™ is used in the mixing models.
For more details, see Table S1.

8'°N were observed in the grazer web for Chironomidae and
Gammarus spp. (3.6 £0.3%0 and 4.4 £ 0.2%o0 respectively)
whereas higher §'°N were observed in both webs, with the
highest values for A. improvisus (6.6 £ 0.1%o0) in the POM-
feeder web and T. fluviatilis (6.2 + 0.7%o0) in the grazer web
(Fig. 2; Table S1).

In the water column, the pollen "N signal differed
while settling (Fig. 3). Dry pollen had negative values
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(—3.0 £ 0.4%o0) that became less negative as the pollen set-
tled out of the water column (“wet pollen settled”
0.1 £0.6%o0 in Fig. 3). The plankton signal followed the
opposite trend, with positive 8'°N decreasing as the plank-
ton settled out, converging with the wet settled pollen sig-
nal. Note also that the settled pollen and plankton samples
were less pure than “dry pollen” and non-settled plankton
(see Table S1).

Invertebrates’ diets and specificity

POM-feeders generally relied on plankton as a primary
food source and brown algae (i.e., shredded particles) as a
secondary food source, while sedimentary POM and pollen
made more minor contributions (except for C. glaucum,
which consumed mainly sedimentary POM; Fig. 4). Most
grazers obtained most of their diet from epiphytes and/or
brown algae (Fig. 4), with the exception of Idotea spp. that
mainly consumed aquatic plants, and Chironomidae that
mainly consumed pollen.

Pollen made the largest contribution to the diets of chiron-
omids larvae and was also an important food source for
Gammarus spp. and L. stagnalis (33.5 £2.6%, 27.1 + 4.1%,
and 22.8 + 7.5% of their diets from pollen, respectively, Table
S3). POM-feeders used very little pollen (<5%; Fig. 4;
Table S3).

Across both webs, species with lower specificity con-
sumed significantly more pollen (specificity = -3.68,
p <0.001; Fig. 5). The main effect of web type (POM-feeder
or grazer) and interaction between web type and specificity
were not significant (web type = —3.49, p = 0.456; web
type: specificity = 4.16, p = 0.653). Note, however, that our
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for that specific resource) for (@) POM-feeder web and (b) Grazer web. Median and standard deviations are presented in Table S3. Sed. POM is sedimen-

tary particulate organic matter.

sample size for this regression was quite small (n = 7 for
the grazer web and n = 4 for the POM-feeder web), and thus
the statistical power to detect a relationship is low. In addi-
tion, the POM-feeding invertebrates had very similar speci-
ficities and levels of pollen consumption. Because of these
facts, we cannot conclude whether or not the POM-feeders

show the same relationship between specificity and pollen
consumption as the invertebrates in the grazer web.

Network properties of pollen and other resources
In the POM-feeder web, pollen had by far the lowest
strength but similar specificity to plankton (Fig. 6; Table S4)
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Fig. 5. Proportion of pollen in the diet of invertebrate consumers
decreased significantly as the specificity of each taxon increased in the
grazer-web (blue circles, solid blue line; p = 0.007) but not the POM-
feeder web (red squares, dotted red line; see Table S3). Specificity
describes the extent to which an invertebrate diet is dominated by a sin-
gle resource: 0 is extreme generalist and 1 complete specialist. Lines indi-
cate predicted amount of pollen consumed against specificity for each
web type (POM-feeder or grazer) based on a beta regression of amount
of pollen consumed against specificity, web type (POM-feeder or grazer),
and their interaction. R® refers to the same beta regression. With web
type = grazer as the baseline, the main effect of web type and the interac-
tion between web type and specificity were not significant. Phi = 59.3,
p = 0.022, log-likelihood = 22.5 on 5 degrees of freedom. Pseudo
R*: 0.862.

suggesting that pollen was consumed in similarly small
amounts by all invertebrates. In the grazer web, pollen had
second-lowest strength and second-highest specificity. Since
strength reflects the average proportion of a food source in the
diet of all invertebrate consumers while specificity reflects the
extent to which pollen consumption is dominated by specific
invertebrates, this finding suggests that pollen was consumed
in relatively small amounts by most invertebrates while allo-
chthonous primary producers were used less selectively and
consumed in larger amounts.

Discussion

We found that P. sylvestris pollen was consumed in small
amounts by many animals in shallow bays of the Baltic Sea,
and in some cases (e.g., chironomid larvae) made up a sizeable
proportion of the invertebrates’ diet (Fig. 7). In general, the
more generalist an invertebrate is (or a consumer from a net-
work perspective), the more pollen it consumed. Contrary to
our expectations, grazers tended to consume more pollen than
POM-feeders. The POM-feeders we considered obtained less
than 5% of their diet from pollen. For these invertebrates,
apparent pollen consumption may be an artifact of including
pollen in the mixing models rather than a true feeding link.
The grazers, on the other hand, obtained much larger propor-
tions of their diets from pollen (up to 33% for Chironomidae).
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Such strong links suggest that pollen is a true resource for Bal-
tic Sea invertebrates at this time of year when it is plentiful,
and should be considered as part of the food web.

Invertebrate feeding traits determine degree of pollen
consumption

In the grazer web, less-specialized invertebrates tended to
consume more pollen (Fig. 5; Table S4). Invertebrates’ feeding
traits can help explain this trend, as well as the higher con-
sumption of pollen in the grazer web compared to the POM-
feeder web. Intact pine pollen is large (~ 50 yum; own data;
Masclaux et al. 2013; Pawlik and Ficek 2016) compared to the
range of particle sizes consumed by most of the POM-feeders
we considered (M. edulis: 2-20 ym; L. balthica: 10-50 ym;
A. improvisus: wide range of particle size overlapping with
Mytilus; Ward and Shumway 2004 and references therein).
The POM-feeder which ingests the largest particles, C. glaucum
(60-500 ym; Ward and Shumway 2004 and references therein)
ingests particles larger than a single pollen grain. Intact pollen
is therefore probably not a suitably-sized resource for the
POM-feeders we considered.

The grazers in our food web target large food sources
(e.g., brown algae), their epiphytes and surface biofilms, or
both. Most have low specificities and are likely to accidentally
consume pollen grains on the surface of their intended food.
The amphipods Gammarus spp. and the gastropod L. stagnalis,
which consumed substantial amounts of pollen, are generalist
omnivores that mainly consume macroalgae as well as fila-
mentous algae (Orav-Kotta et al. 2009; Zhang et al. 2018). As
omnivores, they are likely to be able to digest a wide range of
foods, including pollen grains trapped in the epiphytic fila-
mentous algae (Table S1). The exceptions to this trend are the
snail T. fluviatilis and the tiny isopod ]. albifrons, which
mainly scour and abrade young macrophytes, epiphytes, and
algal or bacterial films from rocks or macrophytes (Jones 1972;
Skoog 1978; Korpinen et al. 2008). Our data suggest that
J. albifrons is more specialized (on epiphytes) than any other
grazer, while T. fluviatilis consumes both epiphytes and brown
algae. However, both seem to actively avoid consuming pollen
or cannot digest it, either of which would result in the SI
ratios we observe (ingestion does not necessarily imply diges-
tion and assimilation, e.g., Pitt et al. 2009). The two con-
straints of being able to ingest and digest pollen-sized particles
and thus to take advantage of multiple resources (including
transient resources such as pollen) likely explain much of the
variation in pollen consumption between our invertebrates
and may also be important in understanding how other allo-
chthonous resources are integrated into Baltic Sea food webs.

In our study, chironomid larvae consumed the most pollen.
There are an estimated 230 species of Chironomidae in the
Baltic (Brodin et al. 2013) and, as chironomid taxonomy is
notoriously difficult, the larvae in our study were not identi-
fied below family level. The Chironomidae in our study were
found in the algae and plant samples. Their exact feeding
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Fig. 6. Species strength and specificity for resources in near-shore Baltic
food webs. Strength (solid blue bars) is the sum of invertebrate consumer
dependencies on a resource, while specificity (striped red bars) describes
the extent to which the resource’s consumption is dominated by a single
invertebrate (higher specificity means more consumption by a single
invertebrate consumer). For ease of comparison between webs, strength
values have been normalized by dividing by the number of invertebrates
(seven in the [b] grazer web and four in the [a] POM-feeder web). This
normalized strength is the average proportion each resource contributes
to the diets of all invertebrates. Sed. POM is sedimentary particulate
organic matter.

habits are unknown, however, and chironomid larvae show a
wide range of feeding modes (e.g., predators, detritivores,
filter-feeders, and grazers) as well as having a great flexibility
in diet and showing opportunistic feeding behavior (Berg
19935; Reuss et al. 2013). Consistent with our results, Kornijow
et al. (2019) found that ca. 70-90% of chironomid larvae
sampled in May-July on the Polish Baltic coast contained
pine pollen in their guts; pollen was one of the most fre-
quently occurring food items found regardless of whether
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the species was a filter-feeder or deposit-feeder. In addition,
many chironomid larvae have a short life time (2-3 weeks;
Berg 1995), and thus a fast tissue turnover, and are likely to
display a particularly strong signal when using a transient and
pulsed resource like pollen. Pollen consumption by chirono-
mid larvae in other habitats (e.g., freshwater) may deserve
further study.

Pollen: A transient but substantial C-source

Pollen is only nutritionally available for a few weeks per
year (Rosel et al. 2012), although the cell walls can persist for
millennia (Heusser 1988). It can be highly spatially variable,
especially on the water surface, as winds can quickly redistrib-
ute pollen aggregates (Pawlik and Ficek 2016). A pollen-
specialist consumer would therefore need to complete its life
cycle during the brief period of pollen availability, while gen-
eralists can take advantage of the pollen windfall and use
other food sources after pollen has been buried or fully
degraded.

The total biomass of pollen available to aquatic food webs
is low (up to 10% of the organic carbon flux to lakes; Doskey
and Talbot 2000) compared to that of autochthonous
resources like plankton and macroalgae. It is not surprising
that a less abundant resource is consumed in smaller quanti-
ties than common autochthonous resources and therefore has
lower strength within the food web. However, pollen is rich in
phosphorus and polyunsaturated fatty acids, although its
extracellular wall makes it a poorly digestible resource (Banks
and Nighswander 2000; Masclaux et al. 2011) that needs
microbial degradation to be nutritious (Masclaux et al. 2011;
Kagami et al. 2017). After some degradation, pollen may
become a high-quality resource for the species that do con-
sume it. The quality of an allochthonous subsidy can have
greater effects on the recipient community than its quantity
(Bartels et al. 2012), suggesting that pollen may be more sig-
nificant than its low biomass suggests, particularly at those
times of year when deposition events occur.

The amount of pollen consumed by POM-feeders in our
study may also be underestimated. As pollen degrades and is
mixed with plankton in the water column, its isotopic ratio
becomes increasingly similar to that of fresh plankton (Fig. 3).
In our model, both pollen and plankton were considered as
mixtures of various stages of degradation and different propor-
tions of the “pure” sources (fresh pollen and isolated phyto- or
zooplankton). The observed increase in 5'°N signal of settling
pollen can be the result of the mixing of these different
sources or due to the use of marine dissolved inorganic nitro-
gen by colonizing bacteria and fungi on the pollen particle.
This mixing could result in invertebrates, especially POM-
feeders that ingest a large amount of heavily microbially-
degraded or mixed pollen (higher 5'°N signal), being assigned
a larger proportion of plankton consumption than they truly
eat and may explain why POM-feeders have less pollen contri-
bution to their diet than grazers. In addition, we only
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Fig. 7. Summary of the weighted feeding links for the grazer and POM-feeder food webs of this study. The thickness of the link represents the relative
contribution of each food source (%, see values Table S3) to the diet of invertebrate consumers. Width of boxes for food sources indicate the overall con-
tribution of each source to the food web (assuming that all consumers take in similar amounts of biomass). Sed. POM is sedimentary particulate organic

matter.

included pine pollen in our analyses. However, other wind-
pollinated species such as birch also likely deposit large
amounts of pollen into shallow bays, which may be consumed
in similar ways to pine pollen and could also increase the con-
tribution of pollen to invertebrates’ diets.

Role of pollen in shallow bay communities

The overall influence of pollen on shallow bay food webs is
difficult to predict without more detailed knowledge of the
population dynamics of invertebrates, the seasonal dynamics
of pollen inputs compared to other resources, etc. Neverthe-
less, we can speculate based on pollen’s place in the food webs
we observed. Simulations suggest that allochthonous inputs
can be stabilizing if they are small relative to in situ produc-
tion and if animals do not strongly prefer the allochthonous
resource (Huxel and McCann 1998)—both criteria apply to
pollen. When allochthonous resources are available, general-
ists may consume these resources rather than autochthonous
food sources, reducing competition with specialists and all-
owing for higher populations of invertebrates (Spiller et al.
2010; Sato et al. 2011). In our study, pollen is mainly
consumed by generalists and it is plausible that these inverte-
brates switch freely between pollen and other resources,
depending upon what is available, and could allow pollen
to reduce competition between consumers and maintain
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higher populations, as seen in other ecosystems (Huxel and
McCann 1998; Spiller et al. 2010).

The future impact of pollen on Baltic Sea food webs is likely
to be shaped by the decoupling of pollen and autochthonous
resources. Currently, pine pollen coincides with the peak
availability of some filamentous algae (i.e., early June in our
area; Kautsky et al. 2017) but after the main phytoplankton
spring bloom and before the main summer bloom, both
of which also provide a pulse of POM to the seabed
(Gritfiths et al. 2017). However, pollen inputs depend on wind
and terrestrial runoff (Pawlik and Ficek 2016), as well as terres-
trial conditions affecting tree health, rather than coastal
nutrient status which drives allochthonous primary produc-
tion. This variety of influences on pollen deposition means
that pollen availability is both highly spatially and temporally
variable and is likely to respond differently to climate change
and other ongoing anthropogenic pressures than autochtho-
nous resources. Depending upon whether the availabilities of
pollen and autochthonous resources change at similar rates,
the effect of pollen on Baltic Sea invertebrates’ populations
may vary over time.

Conclusions

Our results show that P. silvestris pollen is a carbon source
that substantially contributes to benthic food webs, providing
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ca. 20% of the diet for generalist grazers, during this short time
window in shallow bays in the Baltic Sea. Terrestrial organic
carbon can complement locally produced resources in terms of
quality and timing. If pollen is available during times when
other resources are scarce, it could provide a buffer for changing
availability of autochthonous resources. However, whether and
how pollen inputs to marine ecosystems are likely to change
over time has not yet been studied to our knowledge. Under-
standing the dynamics of interface habitats like shallow bays
requires researchers to consider allochthonous resources
together with in situ production, and our results suggest that
pollen is an allochthonous resource worthy of further study.
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