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CHAPTER 4

Spatial heterogeneity in coastal stable
nitrogen isotope baselines, does it matter?
Jeltje Jouta, Theunis Piersma, Han Olff, Marjolijn C. A. Christianen,
Sander J. Holthuijsen, Stefan Schouten & Laura L. Govers
Abstract
The analysis of nitrogen stable isotopes (d15N) for different species is a powerful,
frequently used method to reconstruct food webs that are increasingly sampled at
higher spatial resolution within ecosystems. With the correct baseline, these isotope
values indicate the average trophic position of species, but may also reveal spatial
heterogeneity in food web structure. However, when spatial heterogeneity in food
web structure is of interest, the assumption of a single baseline value for all sampling locations may be inappropriate, especially for sedentary species. Instead, the
calculation of a spatially explicit trophic baseline is then needed, which is rarely
done. Especially for somewhat more mobile species. it is not always possible or justified to take baseline samples only at the position where the food web sample has
been taken. Either the species may have foraged elsewhere, or its food may have
been moved due to water currents. For this, interpolations of sampled baselines
could offer a solution but this calculations of spatial heterogeneity in trophic position sensitive to the interpolation methods used, in combination with assumptions
on the mobility of the species involved.
For the food web of the intertidal Dutch Wadden Sea, we explored the measurement and consequences of spatial baseline heterogeneity on the trophic positions
for species with different mobility (small/large spatial reach) and food source (benthic/pelagic). Covering a large ecosystem extent (~ 2500 km2), we sampled with
high spatial resolution four species of different trophic level and mobility (shorecrab Carcinus maenas, mullet Chelon labrosus, barnacle Balanus crenatus and herring Clupea harengus) and reckon their food source for baseline selection. We
explored different interpolation methods for baseline values with and without abiotic environmental factors as covariates, and at different spatial scales. We show
that the importance of taking baseline heterogeneity into account for trophic level
calculation highly differed among species. The benthic low mobility shore crab, the
benthic higher mobility thick-lipped mullet, and the mobile, pelagic feeding Atlantic
herring were relatively insensitive to baseline heterogeneity as determined by the
different methods. In contrast, the sessile zooplankton feeding barnacle showed
strong sensitivity to spatial baseline heterogeneity of medium- and small scale interpolated measured baseline values, especially in the Eems-Dollard estuary. We conclude that taking species-specific sensitivity to baseline heterogeneity is an important step in unravelling the spatial structure of food webs.

Manuscript
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CHAPTER 4

Introduction
Stable isotopes have become a widely used and powerful tool for food web reconstruction in trophic ecology (Arbi, Liu, Zhang et al. 2018; Robert & Pawlowski 2018;
Chouvelon et al. 2012; Post 2002; Kopp, Peterson & Fry 1987). Stable nitrogen isotopes (d15N) are particularly interesting since they can be used to estimate the trophic
position of consumers, based on a typical enrichment of ~3.4‰ in d15N per trophic
level relative to the d15N of the food source (Solomon et al. 2008; Anderson & Cabana
2007; Post 2002), making the d15N value at the base of the food web important for
correct calculation of trophic positons. An appropriate isotopic baseline is thus essential for studies in trophic ecology (Chouvelon et al. 2012; Post 2002).
But how can we determine a proper baseline? For the reconstruction of a general
food web, a single spatially integrated baseline value, often the mean d15N-value of
multiple baseline samples, may be sufficient (Chouvelon et al. 2012; Hansen et al.
2012; Gibb & Cunningham 2011; Post 2002). However, taking spatial heterogeneity
of a baseline into account may be important when trophic positions of consumers
vary among sites, not only as a function of their trophic position, but also due to spatial heterogeneity of the baseline (Chouvelon et al. 2012). In marine ecosystems, this
spatial variation may be due to for instance environmental factors such as seafloor
temperature, nutrient availability, salinity and depth (Hanson, Jones & Harris 2018;
Barnes et al. 2009; Jennings & Warr 2003; Mullin et al. 1984). These factors all affect
d15N-values of primary producers through variation in nitrogen source, fixation and
decomposition processes (Peterson & Fry 1987). Reckoning spatial baseline heterogeneity, when estimating trophic positions of consumers, is also important for finding indicator species for food web structure across landscape gradients (Jordán 2009;
Vander Zanden et al. 1999a). Additionally, food web reconstructions are conducted
on increasingly finer spatial resolutions within ecosystems (Rumolo et al. 2016;
Hansen et al. 2012; Guzzo et al. 2011). Such resolutions also require the use of a spatial explicit baseline. Moreover, the need for a spatially explicit baseline for trophic
level estimations may vary among species within a single system. This may be attributed to the ability of highly mobile species to integrate spatial heterogeneity in d15N
signals across a landscape-scale, whereas species with limited mobility do not integrate such mobility (Lehmitz & Maraun 2016; Cronin et al. 2015; Woodcock et al.
2012; Anderson & Cabana 2007).
The importance of addressing spatial variation in stable isotope baselines to enable
spatially explicit food web reconstructions is more and more recognized and applied
(Hanson, Jones & Harris 2018;Rumolo et al. 2016; Kurten et al. 2013; Hansen et al.
2012; Guzzo et al. 2011; Barnes et al. 2009; Jennings & Warr 2003). This is for instance
being done by sampling a baseline value at each consumer sampling location.
However, for practical reasons, this intensive method of baseline sampling is not
76
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always feasible as baseline species may not be present at every single sampling point
or logistical or financial limitations may apply in large-scale systems (>50 km). Other
challenges using this sampling technique are high mobility of a consumer species that
feeds elsewhere and local baseline heterogeneity due to highly variable d15N -values of
the baseline species as a result of life stage, size class or feeding mode (Brandstrator et
al. 2000; Vanderklift & Ponsard 2003). This causes a single baseline (prey species)
sample to be insufficiently representative of the individual home range of the focal
consumer. The necessity to adjust for feeding mode of focal consumers by the use of
an appropriate baseline that suits the feeding mode, is becoming generally accepted
(Anderson & Cabana 2007). For instance, coastal ecosystems can be driven by both
benthic and pelagic primary producers with distinct stable isotope values (both d13C
and d15N), which is reflected by their consumers (Christianen et al. 2017a). Potential
variation in d15N values between such primary producers may lead to over- or underestimation of trophic positions of higher consumers when not taken into account.
In coastal ecosystems, the effects of spatial baseline heterogeneity on trophic level
of consumers is so far only studied mostly on a coarse spatial scales, e.g., 60–70 samples per 700,000 km2 (Jennings & Warr 2003; Barnes et al. 2009) Finer-scale information on baseline d15N is rarely available (Jennings & Warr 2003). However, baseline
d15N levels may also be highly variable on this scale, as is known from terrestrial
ecosystems (Lehmitz & Maraun 2016; Woodcock et al. 2012; Cronin et al. 2015). At
this point it is unclear if the higher mobility of marine organisms at the base of the
food web really justifies the assumption of spatially uniform baselines.
In this study we explore if such baseline heterogeneity exists on a smaller spatial
scale (>100 samples per 2500 km2) in a densely sampled coastal area (Dutch Wadden
Sea) and if observed spatial heterogeneity in trophic levels of consumers are due to
baseline heterogeneity or actual spatial differences in consumer trophic positions
(food web complexity). More specifically, we aimed to provide general insights in
how to deal with spatial variation in d15N baselines in marine trophic ecology, taking
both consumer mobility and general feeding mode into account. We examined 1) if
spatial heterogeneity in d15N baselines should be taken into account for trophic level
estimations of consumers in a highly-connected coastal ecosystem and 2) if consumers’ mobility affects the need for the use of a spatially explicit baseline. We
hypothesize that spatial variation in a consumer’s trophic level may be the result of a)
spatial heterogeneity of the baseline, b) spatial homogeneity of the baseline but actual
spatial heterogeneity of consumer’s trophic levels or c) heterogeneity in both the baseline and the actual consumer’s trophic level (Figure 4.1).
To answer these questions, we constructed spatial baselines of two feeding modes,
using d15N values of a benthic primary consumer ( the microphytobentos grazer
Peringia ulvae) and a pelagic filter feeding primary consumer (Mytilus edulis). The
advantage of using these consumers as baselines rather than direct sampling of algae,
77
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Figure 4.1: Hypothetical explanations for spatial variation in consumer’s trophic levels. Spatial
homogeneity or heterogeneity in consumer’s trophic levels may be explained by B) similar spatial heterogeneity in baseline d15N as consumer d15N resulting in a spatially homogeneous consumer’s trophic level, a dissimilarity in spatial variation between consumer d15N and baseline
d15N through C) a homogeneous baseline resulting in actual spatial heterogeneity of trophic levels or D) a complete mismatch in consumer and baseline d15N, also resulting in actual spatial
heterogeneity of trophic levels. Circle size illustrates the hypothetical value at that position and
crosses indicate hypothetical sampling sites of baseline species.

is better integration over short-term variability in isotope signals. Subsequently, we
constructed interpolated trophic baselines for both feeding modes, varying in spatial
scale and approach, using (1) mean d15N values for the whole Dutch Wadden Sea area
to calculate one, homogenized baseline value representing a large spatial scale baseline, (2) a large-scale kriging extrapolation of measured d15N values to create a baseline with a ‘measured medium spatial scale baseline’, (3) a small-scale kriging extrapolation of measured d15N values to create a ‘measured small spatial scale baseline’, (4)
a medium-scale interpolation of model-predicted d15N values to create ‘modeled
medium spatial scale baseline’ and (5) a small-scale interpolation of model-predicted
d15N values to create a ‘modeled small spatial scale baseline’. We tested the effects of
these five different approaches on trophic level calculations on four model consumer
species with a either a benthic or pelagic feeding mode and with a low or high mobility
(shore crab Carcinus maenas (Benthic feeding, Low mobility), thick-lipped mullet
78
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Chelon labrosus (Benthic feeding, High mobility), barnacle Balanus crenates (Pelagic
feeding, Low mobility) and herring Clupea harengus (Pelagic, High mobility)).

Materials and Methods
Study system
The Dutch Wadden Sea encompasses an area of around 2500 km2, of which around
1460 km2 of intertidal mudflats (de Jonge et al. 1993; Wolff 2000a). The entire Wadden
Sea area spans from The Netherlands to Denmark and covers 8000 km2. The (Dutch)
Wadden Sea is connected to freshwater via inlets from the mainland and adjacent
barrier islands and to connections with the North Sea via inlets between the barrier
islands (Figure 4.2) (Compton et al. 2013; Wolff 2000b). The Wadden Sea is heavily
modified by human activities, both in terms of geomorphology (e.g. Wolff 1983) and
resource depletion (e.g. Eriksson et al. 2010; Lotze et al. 2006), which – as a consequence – led to an assembly of degraded states over a large spatial extent. However,
up to date the Wadden sea is of crucial importance for many species and is a key foraging and resting site along the Atlantic flyway for migratory shorebirds (Blew &
Südbeck 2005; Compton et al. 2013; Reise et al. 2010; van Roomen et al. 2012). The
food web of the shallow Wadden Sea ecosystem is mainly fuelled by benthic rather
than by pelagic algae. Recent research showed that 74% of all benthic species relies
either directly or indirectly on benthic primary producers as a carbon source
(Christianen et al. 2017). Nitrogen has several pathways into the food web: 1) nitrogen fixation by bacteria and archaea, 2) uptake of ammonium after organic matter
remineralization and, 3) assimilation of dissolved seawater or pore water ammonium
or nitrate. The nitrogen source of primary producers is reflected by their d15N levels,
with benthic and pelagic primary producers respectively fixate atmospheric nitrogen
(N2) with help of bacteria or fixate dissolved nitrogen ions (NO3– and NH3) (Joye &
Anderson 2008).

Selection of baseline species
Primary consumers – and not primary producers – are considered to be the best baseline species, since they buffer the short term fluctuations of the short living and highly
temporal variable primary producers (Kopp et al. 2015; Post 2002; Cabana &
Rasmussen 1996). We therefore selected two common primary consumer species with
a low mobility that are either primarily benthic (Peringia ulvae) or pelagic (Mytilus
edulis on floating buoys) feeding species, using d13C values to determine feeding mode
(see (Christianen et al. 2017a).
79
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Selection of focal consumer species and data collection
We selected four focal consumer species, varying in mobility (low or high) and food
source (benthic or pelagic origin). Shore Crabs Carcinus maenas were chosen as a
species that forages mainly on benthic prey and has a low mobility, with part of the
individuals moving with the tide but foraging locally on banks where we caught them
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Figure 4.2: A). The position of the Netherlands in northwestern Europe with the Dutch Wadden
Sea indicated by the black box and B). The Dutch Wadden Sea, separated from the North Sea by
barrier islands.

80

Jeltje.Jouta-thesis_J.J.-diss 27-12-18 11:26 Pagina 81

SPATIAL HETEROGENEITY IN NITROGEN BASELINES

(Crothers 1967). We selected Crabs of >15mm since d15N of crabs <15 mm showed a
positive allometric relationship with d15N. Crabs (n = 746) were caught with pot traps
or little fykes on intertidal banks from March until November with main collection
during summer in 2011–2013. Adult Thick-lipped Mullets Chelon labrosus were chosen as benthic foraging species with a high mobility. Mullets (n = 62) were caught by
fishermen from early June to mid-October in 2012 and from late June to midSeptember in 2013 with passive fish traps and had a length between 385 – 687 mm.
Barnacles Balanus crenatus were chosen as a pelagic foraging species with a low
mobility (sessile). Barnacles (n = 72) were collected on 1 September 2012 from floating buoys, the same buoys as where we caught Mytilus edulis for the pelagic baseline.
Atlantic Herring Clupea harengus (n = 207) were caught by with various sampling
techniques and individual fish length varied between 42 – 252 mm from March until
December in 2012–2013. All individuals of the four species were stored at –20°C,
then muscle tissue was obtained, the samples were freeze-dried and grounded before
stable isotope analysis.
We collected 135 mud snails, Peringia ulvae, on 126 sites throughout the Dutch
Wadden Sea from June – September 2011 sampled by the Synoptic Intertidal Benthic
Survey (SIBES) programme, using 25 cm deep sediment cores (Compton et al. 2013;
Bijleveld et al. 2012). In addition, we collected blue mussels, Mytilus edulis, on 41
sites in August-September 2012 from floating buoys along waterways in the Wadden
Sea to minimize the input of resuspended benthic material. All samples were stored
at –20°C before further analysis.

Sample analysis
In the lab, we prepared the M. edulis foot muscle tissue for the largest individuals and
complete soft tissue for the smallest individuals. P. ulvae individuals were analysed as
a whole. We prepared muscle tissue of C. maenas normally from the claw(s) and
sometimes needed to complement this with muscle tissue from legs and carapace.
Muscle tissue of C. labrosus and C. harengus was prepared from the body between the
dorsal fin and the lateral line. We also prepared only muscle tissue of B. crenatus.
Samples were subsequently rinsed with demineralized water, freeze-dried, ground
and decalcified (by adding HCl) if required. Homogenized samples, of both baseline
samples and consumer samples, were weighed into tin cups and analysed for nitrogen
stable isotope composition with a Flash 2000 elemental analyser coupled online with
a Delta V Advantage-isotope ratio monitoring mass spectrometer (IRMS, Thermo
Scientific). Nitrogen isotope ratios are expressed in the delta (d) notation (d15N) relative to Vienna Pee Dee Belemnite (VPDB). Isotope values were calibrated to a laboratory acetanilide standard (d15N –1.3 ‰ calibrated on IAEA-N1) and corrected for
blank contribution.
81

4

Jeltje.Jouta-thesis_J.J.-diss 27-12-18 11:26 Pagina 82

CHAPTER 4

Spatial analysis
Spatial baselines of d15N values were developed using 5 different interpolation techniques in ArcGIS 10.3. Methodology was similar for both the benthic (P. ulvae) and
the pelagic (M. edulis) baseline. First, we constructed a spatially homogeneous baseline using the mean d15N values of each species (n = 41 for M. edulis and n = 135 for
P. ulvae), where spatial heterogeneity between sites was not taken into account. We
call this a ‘large spatial scale’ trophic baseline. Second, we constructed a spatial baseline based on interpolated, sampled (‘measured’) d15N values from our Wadden Seawide dataset. Spatial baseline reconstruction was done by interpolation using the
Kriging function in in ArcGIS, based on a semi-variogram model. The output cell
size was set at 500 m to match the sampling grid size of the Synoptic Benthic Survey
(SIBES) programme and we conducted both a small-scale and medium-scale extrapolation, by obtaining the extrapolated cell values from 7 closest sampling points (smallscale) with a maximum range of 10 kilometres or the 25 closest sampling points
(medium-scale) with a maximum range of 25 kilometers. These two extrapolation
scales represent the movement of sessile organisms or organisms with a low mobility
(10 kilometers – small spatial scale) and mobile organisms operating on a medium
spatial scale (25 kilometers – medium spatial scale). Lastly, we used multiple linear
regression (MLR) models to investigate if we could explain and predict spatial heterogeneity of Wadden Sea baselines using abiotic factors (abiotic factors were obtained
by Gräwe et al. 2015). We obtained spatial maps of the following abiotic factors for
MLR analysis: sediment grain size, sediment erosion, orbital velocity, exposure time,
salinity in rain season, mean salinity, depth, distance to the nearest mussel bed, distance to the nearest gully, distance to the nearest delta and the distance to the nearest
source of freshwater. For each individual sampling point, we then determined the
value of all these factors for that specific point by using the Values to Points Tool in
ArcGIS. Next, we calculated the distance to mussel bed, distance to freshwater, distance to the gulley and distance to North Sea inlet for each individual sampling point
through the Near tool in ArcGIS. We then used a backward stepwise multiple linear
regression in which we first included all abiotic factors. The final models were the
most reduced models that were not significantly worse (P > 0.05) than the full model
that included all factors. Model selection was based on the Akaike Information
Criterion (AIC). Final models were also tested for independence with the DurbinWatson test and collinearity was checked using the variance inflation factor (VIF)
(Field et al. 2012). Next, we created 10,000 random points in the Wadden Sea using
the Fish Net Tool in ArcGIS. By the use of the Values to Point tools, we subsequently
coupled the local conditions extracted from the abiotic factors maps to the random
points. Using the final models from the multiple linear regression analyses (Table S1
and S2), we then calculated the modelled d15N value for each random point. These
82
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values were subsequently interpolated for the whole Wadden Sea area using the
Inverse Distance Weighing Tool in ArcGIS with a maximum distance of 10 km for the
small-scale extrapolation and a distance of 25 km for the medium-scale extrapolation.
Using these interpolated baseline maps, we calculated the d15N value for each
sample point of our focal consumer species (Carcinus maenas, Chelon labrosus,
Balanus crenatus, Clupea harengus) using the Multiple Values to Points tool in
ArcGIS. Next, the attribute tables containing these values were exported and these
values were used to calculate trophic levels (TL) of each sampled focal consumer
species by using the following formula (Guzzo et al. 2011) that includes 3.4 as a general
fractionation level:
Trophic Level (TL) =

(d15Nfocal consumer – d15Nprimary consumer)
+2
3.4

For the sensitivity analysis, we used the same extracted values to calculate the absolute
differences between the measured d15N of the consumers and the d15N values of the
five selected baselines. Subsequently, these value differences were averaged per location to prevent inclusion of within site effects and then standard errors of these averaged values were calculated as a measure of sensitivity to baseline heterogeneity. The
more similar the standard errors between baselines, the more insensitive a focal
species seems for baseline heterogeneity.

Results
For the four higher trophic level consumers, we found substantial variability in d15N
values (Figure 4.3) Shore crab, C. maenas (>1.5 cm) showed high within-site variation
of d15N but did not display a clear between-site differences in d15N across the Dutch
Wadden Sea (Figure 4.3A). Similarly, thick-lipped mullet, C. labrosus also did not
display clear spatial differences in d15N (Figure 4.3B). In contrast, the barnacle B. crenatus showed clear spatial heterogeneity in d15N with generally lower d15N values
(<12.5‰ d15N) in the north-western Wadden Sea and with the highest d15N values in
the Eems-Dollard Estuary (>14‰ d15N) (Figure 4.3C). Herring, C. harengus, also
showed high within-site variability in addition to distinctly lower d15N values (<15‰
d15N) in the north-western Wadden Sea (Figure 4.3D). We questioned whether these
spatial patterns in d15N values of secondary consumers were the result of baseline heterogeneity or an indication of actual spatial variation in trophic levels. Based on
Figure 4.3, we hypothesize that taking baseline spatial heterogeneity into account for
calculation of trophic levels is only needed for consumers that show higher betweensite than within-site variation of d15N values (e.g. B. crenatus and C. harengus in
Figure 4.3C-D).
83
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To characterized baseline spatial heterogeneity with five different methods/ assumptions: (1) mean d15N values for the entire Dutch Wadden Sea (large-scale baseline), (2)
medium-scale kriging interpolation (25 km) based on measured d15N values (mediumscale measured baseline), (3) medium-scale kriging interpolation based on modelled
d15N values (medium-scale modelled baseline), (4) small-scale kriging interpolation
(10 km) based on measured d15N values (small-scale measured baseline) and (5) smallscale kriging interpolation based on modelled d15N values (small-scale modelled baseline). These methods assume in this order increasing sedentary consumers and their
food, where we applied baselines for benthic primary produces using the mudsnail
Peringia ulvae and for pelagic primary producers using the mussel Mytilus edulis.
We found that d15N values for P. ulvae in the Dutch Wadden Sea ranged from
4.8‰ to 16.2‰ (Figure 4.4B), indicating a potential range of more than three trophic
levels (of ~3.4‰ d15N) in this benthic baseline species. The ecosystem average d15N of
P. ulvae was 9.8±1.5‰ (Figure 4.4A). In contrast, the d15N Values of M. edulis were
less variable, ranging from 8.6‰ to 17.2‰ (Figure 4.5B) with an average d15N value of
10.7±1.6‰ (Figure 4.5A). There were distinct visual differences between methods of
baseline assessment. For the benthic baseline, medium-scale (25 km) interpolation of
measured values showed relatively low heterogeneity in the baseline (Figure 4.4C, d15N
between 9–11‰), whereas small-scale interpolation showed distinct ‘hotspots’ where
baseline d15N levels were higher than 12‰ (Figure 4.4E). In contrast, both mediumand small-scale modelled baselines (Figure 4.4D and 4.4F) showed high spatial heterogeneity with d15N values ranging from 8–14 ‰. Modelled values were based upon the
adjusted multiple linear regression models, d15N of the benthic P. ulvae was best
explained by sediment grain size, sediment erosion, depth, mean salinity, distance to
the nearest gulley, distance to the nearest delta and distance to the nearest source of
freshwater (Table S1). However, the best model fit explained only 24% of the variation
in d15N of the benthic baseline, which may explain the differences in spatial heterogeneity between interpolated measured and modelled baselines (Figure 4.4). Differences between medium- and small-scale measured pelagic baselines (Figure 4.5C and
4.5E) were remarkably low, but both baselines showed strongly elevated d15N values
(>13‰) in the Eems-Dollard estuary. Although the model explained 51% of the total
variation in pelagic (M. edulis) d15N values, both medium- and small scale interpolated modelled baselines failed to capture the elevated d15N values in the EemsDollard estuary (Figure 4.5D and 4.5F). d15N of pelagic M. edulis was best explained
by sediment grain size, depth, mean salinity, distance to the nearest mussel bed, distance to the nearest gulley and distance to the nearest source of fresh water (Table S2).
Figure 4.3 (left): Maps of secondary consuming focal species with measured d15N signals indicated by symbol size A) Carcinus maenas, B) Chelon labrosus, C) Balanus Crenatus, D) Clupea
harengus. Sample points of baseline species are indicated in green (benthic baseline, Peringia
ulvae) and blue (pelagic baseline, Mytilus edulis).
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edulis sampling points, B) sampling point locations (n = 126), C) measured medium-scale interpolated spatial patterns, D) modeled medium-scale interpolated spatial patterns, E) measured
small-scale interpolated spatial patterns F) modeled small-scale interpolated spatial patterns. The
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colours shown in the legend belong to figures A and C-F and represent the d15N value of the
baseline, where the gradient from green to red colors correspond with respectively low to high
d15N values.
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Figure 4.5: Comparison of pelagic baselines (Mytilus edulis, sampled on floating buoys) on various spatial scales. A) Measured large-scale spatial pattern, calculated by the mean value of all M.
edulis sampling points, B) sampling point locations (n = 41, C) measured medium-scale spatial
patterns, D) modeled medium-scale spatial patterns on the basis of environmental factors, E)
measured small-scale spatial patterns F) modeled small-scale spatial patterns on the basis of envi-
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ronmental factors. The colours shown in the legend belong to figures A and C-F and represent
the d15N value of the baseline, where the gradient from green to red colors correspond with
respectively low to high d15N values.
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Figure 4.6: Calculated trophic levels of the benthic, low mobile (locally foraging) Shore Crab,
Carcinus maenas, assuming the different base lines shown in figures 4.4 and 4.5. A) Measured
large-scale spatial pattern, calculated by the mean value of all C. maenas sampling points, B)
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sampling point locations (n = 126), C) measured medium-scale spatial patterns, D) modeled
medium-scale spatial patterns, E) measured small-scale spatial patterns F) modeled small-scale
spatial patterns.
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Figure 4.7: Trophic levels of the benthic, mobile and spatially foraging Thick-lipped Mullet,
Chelon labrosus, (n = 62) calculated by different baselines. A) Measured large-scale spatial pattern, calculated by the mean value of all C. labrosus sampling points, B) sampling point locations
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(n = 126), C) measured medium-scale spatial patterns, D) modeled medium-scale spatial patterns, E) measured small-scale spatial patterns F) modeled small-scale spatial patterns.
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Figure 4.8: Trophic levels of the pelagic, sessile and locally foraging Barnacle, Balanus crenatus,
calculated by different baselines. A) Measured large-scale spatial pattern, calculated by the mean
value of all B. crenatus sampling points, B) sampling point locations (n = 41), C) measured
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medium-scale spatial patterns, D) modeled medium-scale spatial patterns, E) measured smallscale spatial patterns F) modeled small-scale spatial patterns.
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Figure 4.9: Trophic levels of the pelagic, mobile and spatially foraging Herring , Clupea harengus, calculated by different baselines. A) Measured large-scale spatial pattern, calculated by the
mean value of all B. crenatus sampling points, B) sampling point locations (n = 41), C) measured
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medium-scale spatial patterns, D) modeled medium-scale spatial patterns, E) measured smallscale spatial patterns F) modeled small-scale spatial patterns.
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We finally assessed the effects of using spatially explicit baselines for determining
trophic levels of higher consumers using the four model species: C. maenas, C. labrosus, B. crenatus and C. harengus. Shore crab, C. maenas, showed high within-site variation (TL 2.50–4.50) and some between-site variation (TL 2.75–3.75), but spatial
heterogeneity did not distinctly differ between baseline methods (Figure 4.6).
Similarly, C. labrosus showed some within-site variation (TL 2.75–3.75) and betweensite variation (TL 3.25–3.75), but the use of different baselines did not affect trophic
levels of this species (Figure 4.7). Thus, for these species (C. maenas and C. labrosus),
spatial heterogeneity of the baseline was not relevant for trophic level calculations.
In contrast, the pelagic consumer C. crenatus (barnacle) showed no within-site
variation, but high between-site variation (TL 2.50–4.50) and this spatial variation
was highly affected by the use of different spatially explicit baselines (Figure 4.8).
Especially in the Eems-Dollard estuary, where elevated baseline d15N levels were
measured (Figure 4.5C and 4.5E), trophic levels of C. crenatus were overestimated in
this area when not using a spatially explicit baseline (Figure 4.8A) or modelled
spatially explicit baselines (Figure 4.8D and 4.8E). Finally, we also determined trophic
levels of C. harengus using these methods and show that within-site variation (TL
2.00–6.00) as well as between site variation (TL 3.25–6.00) were high (Figure 4.9).
However, calculated trophic levels of C. harengus did not very much differ between
baseline methods (Figure 4.9A-E) and this mobile pelagic species thus seems insensitive to spatial heterogeneity of the baseline.

Discussion
We found that the inferred spatial heterogeneity of baselines (benthic and pelagic)
strongly depended on the method used to determine spatial heterogeneity: (mediumand small-scale) modelled baselines indicated too much spatial heterogeneity due to
insufficient model estimates, whereas interpolations (medium- and small-scale) of
measured data exposed important spatial heterogeneity, especially in the EemsDollard estuary for the pelagic baseline. This suggest that ecosystem-wide averages
for assumed food web baseline values would not be appropriate in this case for both
groups of consumers. Also, we found that the trophic level estimates of the four model
consumers with different mobility (low vs. high mobility) and feeding mode (dominantly pelagic vs. benthic) dependent strongly on how their food base line was measured. The benthic shore crab, C. maenas, with low mobility, the benthic thick-lipped
mullet, C. labrosus with higher mobility and the mobile, pelagic feeding Atlantic herring, C. harengus were relatively insensitive to baseline heterogeneity as determined
by the different methods. In contrast, the sessile pelagic barnacle B. crenatus did show
strong sensitivity to spatial baseline heterogeneity of medium- and small scale inter98
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polated measured baseline values, especially in the Eems-Dollard estuary. These
results suggest food web studies need to take different base lines assumptions into
account for different species. For highly mobile species that integrate baseline values
from across landscape gradients, baseline heterogeneity does not need to be taken
into account because within site variation of these species can be higher than betweensite variation due to for instance diet type (generalist) or mobility. For such species,
the use of an integrated baseline (averaged value across the study system) may not
lead to over- or underestimates of trophic levels across a landscape. However, some
sessile species, such as our model species C. crenatus, may be much more sensitive to
baseline spatial heterogeneity and the use of one integrated baseline value may lead to
incorrect estimates of trophic levels of such species. Thus, the use of spatially explicit
baselines may only be needed for calculating trophic levels of sessile specialists,
whereas for mobile species or generalist feeders, spatial heterogeneity of d15N baselines may have less effect on trophic level calculation than e.g. species size or diet type
in a highly-connected coastal ecosystem.
Spatial heterogeneity in d15N was only partly explained (24 and 51 % for benthic
and pelagic baseline respectively) explained by abiotic conditions in our models (sediment grain size, sediment erosion, orbital velocity, exposure time, salinity in rain
season, mean salinity, depth, distance to the nearest mussel bed, distance to the nearest gully, distance to the nearest delta and the distance to the nearest source of freshwater). This indicates that we may have missed still some relevant factors that contribute to variation in d15N values of primary consumers. Next to the factors that we
have taken into account, potential factors that affect s d15N values are nutrient availability, nitrogen source, nitrogen fixation, decomposition rates, etc. (Hanson, Jones &
Harris 2018; Barnes et al. 2009; Jennings & Warr 2003; Mullin et al. 1984; Peterson &
Fry 1987). In addition, biotic factors such as consumers’ size, age and type of tissue
used for analysis may also contribute to (variation in) d15N values of a primary consumer (Minagawa & Wada 1984, Post 2002, Hahn, Hoye, Korthals et al. 2012). Our
analyses indicated that the most prominent baseline heterogeneity was observed in
the Eems-Dollard estuary, that part of the ecosystem that is most strongly affected by
riverine freshwater and organic matter input. Elevated baseline d15N values in this
estuary may be caused by a different nitrogen source in this estuary (Helder et al.
1983, Hahn et al. 2012) or due to a stronger impact of nitrifying bacteria throughout
the salinity gradient of this estuary (Helder & de Vries 1983). Similar patterns have
been observed in other estuaries that are also known sources of nutrients to adjacent
coastal systems (e.g. Baird & Ulanowicz 1993, Vitousek et al. 1997).
In addition to the spatial heterogeneity in d15N values of consumers, for three out
of the four model species (shore crab, mullet, herring) we found high within-site variation of d15N. Sensitivity to baseline heterogeneity of these species was also low due to
this high within-site variation (Figure S1). Within-site heterogeneity implied varia99
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tion of up to two trophic levels in shore crab. This high within-site variation of consumer d15N may be explained by a range of factors such as sample size, animal size,
mobility, diet choice, etc. (Minagawa & Wada 1984, Hobson, Schell, Renouf et al.
1996, Post 2002, Cronin et al. 2015; Lehmitz & Maraun 2016). In shore crab (C. maenas), some within-site variation of d15N may be explained body size (Figure S1A+B),
and individual variation in diets. Shore crabs are generalists eating molluscs, mainly
bivalves, crustaceans, polychaetes, green algae and seagrass seeds (Crothers 1967,
Grosholz & Ruiz 1996, Infantes et al. 2016). Individuals may however specialize in
one type of prey, and prey-type may also differ among size classes (Crothers 1967 )
Although we have excluded all shore crabs smaller than 1.5 cm from our analyses, the
observed within-site variation in shore crab d15N can thus be attributed to both the
range of prey types consumed by crabs and individual differences in feeding behaviour among crabs. Hence, spatial baseline heterogeneity does not seem to matter for a
generalist such as shore crab due to large within-site differences. Thick-lipped grey
mullet (C. labrosus) displays some within-site variation (Figure S1D) and is considered to be a stronger specialist than C. maenas. Mullet is a schooling fish species that
feeds on plankton, benthic bacterial and diatoms and macroalgae. As this species is
known to display high site fidelity (Green et al. 2012), the d15N signal of these food
sources may be easily integrated, leading to low within-site variability in d15N.
However, this may also be due to the small sampling size a mullet on each site.
Within-site variation may also be to some extent explained by variation in length of
fish caught on each sampling site as mullet displayed higher d15N with increasing
length (Figure S1C). The sessile barnacle (B. crenatus) showed little within-site variation. This may be due to the immobility of the species that feeds on zooplankton, and
larger phytoplankton and suspended organic matter that is passing by (Grosberg
1982), strongly integrating over temporal heterogeneity. Lastly, within-site variation
in herring, C. harengus, may also be partly due to variation in size classes per site
(Figure S1E). Prey type may differ throughout fish ontogeny and herring larvae are
known to primarily feed on phyto- and zooplankton (Green et al. 2012), whereas they
consume larger organisms of probably higher trophic levels, such as fish larvae, copepods and other crustaceans when they mature (Whitehead et al. 1988). In addition,
herring can be highly mobile, and individuals present within one site may have integrated prey d15N signal from across a large area.
We showed that differentiation between benthic and pelagic baselines may be
important for trophic level estimates. In our study system, the benthic baseline was
on average 8.2‰ (d15N) lower than the pelagic baseline. As these mean baseline values differed significantly (Figure S2), we took feeding mode – benthic / pelagic – into
account for correct baseline construction, in line with previous studies (Post 2002,
Chouvelon et al. 2012). This difference in d15N between pelagic and benthic baselines
is probably due to differences in nitrogen sources between benthic and pelagic
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primary producers (Chouvelon et al. 2012, Sherwood & Rose 2005). For instance,
benthic microbial films may consist of algal and bacterial communities.
We assessed whether mobility of a consumer affects its sensitivity to baseline spatial heterogeneity and we found, in line with our hypothesis, that mobile species, that
integrate baseline values across landscape gradients, indeed were less sensitive to spatial heterogeneity of the baseline. Contrastingly, sessile specialists, such as our model
species B. crenatus, appeared to be extremely sensitive to baseline heterogeneity when
calculating trophic levels of these species.
Overall we conclude that taking spatial baseline heterogeneity (interpolation of
measured baseline values) into account is essential for sessile specialist consumer
species, especially across landscape gradients such as estuaries. Estuaries may provide
an alternative nitrogen source to a coastal ecosystem that may lead to baseline heterogeneity that in turn affects trophic level estimates of sessile specialists. For mobile or
generalist consumer species, spatial baseline heterogeneity seemed to have very limited impact on trophic level estimates, as these species are strongly spatially averaging
over all kinds of isotopic signals. However, we have only assessed this for four model
species and we thus recommend careful consideration of the impact baseline heterogeneity for each individual species.
Coastal ecosystems are rapidly degrading on a global scale. (Jackson 2001, Lotze
et al. 2005, 2006). To conserve these valuable ecosystems, various ecological indicators are used to assess ecosystem status (Christianen et al. 2017b and references
therein). The Marine Strategy Framework Directive (MSFD, Rombouts et al 2013) as
well as in other directives now include Shannon-Wiener diversity and species indices,
but less often indicators for changes in the food web structure of ecosystems are used
(but see Shannon et al 2009, 2014). This is in contract with the progress made in the
key role of trophic complexity in the functioning of ecosystem (Duffy et al 2007).
This may generate a potential mismatch between conservation goals and the indicators that are used to measure policy success. Alternative food web indicators such as
trophic levels of consumers (TL) may provide additional insights in ecosystem functioning of target conservation areas such as the Wadden Sea World Heritage Site
(Christianen et al. 2017b). For instance, trophic levels estimates enable cross-system
comparisons (e.g., Olff et al 2009) and are already used to assess impacts of fisheries
across marine ecosystems (Vizzini et al 2009, Shannon et al. 2014). In addition, estimates of top-down versus bottom-up forces in coastal food webs (Frank et al 2007)
may have different conservation implications. We hope that our study contributes to
the accurate use of trophic level estimates as food web indicators for the assessment
of ecosystem functioning, which can be used to improve conservation of rapidly
degrading coastal ecosystems.
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Supplemental information
Table S1: Multiple linear regression table for Peringia ulvae of dependence of d15N level on
environmental conditions.
adjusted model P. ulvae
(Intercept)
sediment_grain size
sediment_erosion
depth
salinity_mean
distance_to gulley
distance_to delta
distance_to freshwater

R2

B

SE B

Error

P

significance

0.236

8.08E+00
8.72E-03
–6.02E-06
–1.83E-02
–5.14E-02
–3.16E-01
1.47E-01
2.82E-02

4.71E+00
5.89E-03
1.43E-04
5.08E-03
1.42E-01
1.82E-01
6.42E-02
1.47E-02

1.717
1.482
–0.042
–3.596
–0.361
–1.738
2.293
1.914

0.090227
0.142739
0.966523
0.000584
0.718944
0.086441
0.024712
0.059568

.
ns
ns
***
ns
.
*
.

4
Table S2: Multiple linear regression table Mytilus edulis.
adjusted model M. edulis
(Intercept)
sediment_grain size
Depth
salinity_mean
Distance to_musselbed
distance_to gulley
distance_to freshwater

R2

B

SE B

Error

P

significance

0.511

7.3704147
0.0019988
0.0013079
0.1649801
0.1182359
0.6145629
0.0229197

1.5755860
0.0034197
0.0004647
0.0590587
0.0436609
0.1098075
0.0055126

4.678
–0.584
2.814
2.793
2.708
–5.597
–4.158

2.10E-05
0.561411
0.006886
0.007282
0.009139
8.28E-07
0.000121

***
ns
**
**
**
***
***
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Figure S.1: Relationship between A) C. maenas length and d15N, B) C. maenas sampling location
expressed by longtitude and d15N, C) C. labrosus length and d15N, D) C. labrosus sampling location expressed by longtitude and d15N, E) C. harengus length and d15N, F) C. harengus sampling
location expressed by longtitude and d15N.
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Figure S.2: Comparison of averages of benthic (Peringia ulvae) and pelagic (Mytilus edulis) feeding mode baslines. n = 127 for benthic and n = 110 for pelagic baselines. Error bars represents
standard error of mean (SEM). Unpaired t-test T = 4.186, df = 235, P < 0.001.
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