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Salt marsh conditions and morphology influence the ecological function of marsh habitats. However, little is
known about how the interplay between these factors impacts fish in the highly modified marshes typical of
north-western Europe. We conducted a two-year survey at two salt marsh areas in the Dutch Wadden Sea to test

I:;Euat the influence of marsh creek morphology on in-creek abiotic conditions and the abundance of four numerically
Wadden sea dominating fish species representing the different life-history strategies of fish in the marshes. We measured fish
Marshes abundance and several abiotic factors seasonally, and quantified the morphological attributes of each creek (such

as volume), and of the creek basin (such as drainage density and bathymetry). Modelling results revealed a
salinity gradient and/or a greater capacity for water retention (creek volume or drainage density) were asso-
ciated with higher abundances of Atlantic herring (Clupea harengus), European eel (Anguilla), gobies (Pomato-
schistus sp.) and the three-spined stickleback (Gasterosteus aculeatus) across most seasons. During recruitment
months sticklebacks and gobies were more abundant in brackish water conditions with a higher capacity for
water retention. Eels were more abundant in creeks with larger volumes and lower salinities. Larval and juvenile
herring were more numerous in brackish water than in water with higher salinity, but an effect of creek
morphology on herring abundance was not detected. While recruitment processes were important determinants
in the seasonal abundance of most species, creek morphology and abiotic conditions affected the use of salt
marsh habitat by the fish species studied. Intertidal marsh creeks that retain water during low tide and have a
salinity gradient hold more fish than marshes lacking these characteristics. These findings highlight the effects of
local salt marsh conditions on fish assemblages. Taking the specific marsh conditions and their effects on fish into
account in salt marsh management can improve outcomes for fish.

1. Introduction

Salt marshes are highly productive ecosystems that stabilise coast-
lines, filter runoff and support marine biodiversity (Barbier et al., 2011).
For fish, coastal marshes provide essential stop-over, spawning and
nursery habitats for a wide variety of resident and transient species that
benefit from access to food and shelter (Boesch and Turner, 1984;
Deegan et al., 2002; Kneib, 1997). In many areas, marsh habitats are
even essential for maintaining fish populations targeted by fisheries
(Baker et al., 2020; Barbier et al., 2011; Beck et al., 2001). However, salt
marshes across the world have undergone massive structural changes as
aresult of coastal development, leading to large losses and modifications
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(Crooks et al., 2011; Duarte et al., 2008). In northern Europe, large
mainland areas are protected by seawalls and dykes which have created
migratory barriers between fresh and saltwater habitats, leaving only a
highly modified foreshore available for marsh development (Bakker
et al., 2002; Vos and Knol, 2015). Together with dam construction and
river modification, these developments have resulted in a 93 % decrease
in migratory fish populations over the last 50 years (Deinet et al., 2020).
By fundamentally changing the structure of salt marshes, marshscapes
may no longer be incorporating values that are essential for fish species
across their entire life cycle. It is therefore important we understand how
coastal modification has altered the physical structure of salt marshes,
and in turn, how this has affected their habitat value for fish.
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The physical structure of salt marshes is an important determinant in
their value as a habitat for fish species (Allen et al., 2007). Marine
species, especially small and juvenile fishes, access salt marshes from the
seaside via a network of intertidal and/or subtidal creeks permeating the
marsh surface (Friese et al., 2021a; Rozas et al., 1988). The morpho-
logical traits of these waterways, such as their length, width, depth, and
connectivity to the sea, can influence their suitability as a habitat for fish
by affecting the within-creek conditions (Allen et al., 2007; Gewant and
Bollens, 2012; McIvor and Odum, 1988; Rozas, 1992; Visintainer et al.,
2006; Williams and Zedler, 1999). For example, creeks with lower water
velocity have been associated with higher biomass of fish and crustacean
species (Allen et al., 2007). However, most research on this relationship
has been conducted in the southern United States, where the marsh
surface is inundated with water each tidal cycle (Allen et al., 2007;
Cattrijsse and Hampel, 2006; Christian and Allen, 2014; Gewant and
Bollens, 2012; Mclvor and Odum, 1988; Visintainer et al., 2006; Wil-
liams and Zedler, 1999). While some studies have explored the rela-
tionship between marsh morphology and fish outside the southern
United States (e.g. see Jin et al. (2014); Lechene et al. (2018); Lesser
et al. (2020)), research is lacking in north-western Europe (but see de la
Barra et al. (2022)) where the marsh surface only floods occasionally
with very high water levels (Cattrijsse and Hampel, 2006). Given the
differences in marsh tidal inundation between studies on partially and
completely flooding marshes in north-western Europe and the southern
United States, respectively, we might expect the effects of marsh
morphology on fish to also differ.

The Wadden Sea is the largest wetland area in Europe, supporting a
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range of habitats including intertidal mudflats and salt marshes
(Enemark, 2005). The present-day Wadden Sea salt marsh area is vastly
reduced (~50-80 % wetland loss) compared to its historical extent
because of ditching and damming for land reclamation (Airoldi and
Beck, 2007; Elschot et al., 2020; Vos and Knol, 2015). Salt marshes can
be found along the mainland and on the south sides of the barrier
islands. Today the mainland Wadden Sea marsh habitats are charac-
terised by artificially constructed drained foreshore marshes with uni-
formly structured tidal creeks cut off from the freshwater system by a
dyke (Bakker et al., 2002; Friese et al., 2021a). More naturally devel-
oping and structured marshes mainly occur on the barrier islands
separating the area from the North Sea (Bakker et al., 2002). While many
European studies compare differences in species composition between
natural and modified salt marshes and detail the use of marshes by fish
(Cattrijsse et al., 1994; de la Barra et al., 2022; Drake and Arias, 1991;
Friese et al., 2018; Green et al., 2009; Laffaille et al., 2000; Lechene
et al., 2018), evidence of which characteristics are important for fish is
limited (Garbutt et al., 2017), but see de la Barra et al. (2022) who
showed water exchange volume to be an important marsh property
affecting fish abundances. However, a comprehensive study on the
different morphological elements affecting salt marsh fish communities
in north-west Europe is missing. The aim of this research was to fill this
knowledge gap. Our objective was to understand the relationships be-
tween salt marsh creek morphology, environmental conditions and fish
abundance in a modified and a natural salt marsh in the Dutch Wadden
Sea. By quantifying the morphological characteristics of the two
different salt marshes, we explore the spectrum of marsh conditions
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Fig. 1. Map of the study locations in the Dutch Wadden Sea in north-western Europe (A & B) where C) represents the natural island of Schiermonnikoog, and (D)
shows the artificially constructed marsh on Groningen Coast. Points represent fyke net locations and fyke ‘names’.
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available for fish in the Wadden Sea. We hypothesised fish would be
more abundant in creeks which retained water throughout a tidal cycle,
as we expected this to create more stable habitat conditions.

2. Methods
2.1. Study sites

Sixteen salt marsh creeks were studied in the Dutch Wadden Sea, the
Netherlands (Fig. 1). Two marsh areas were selected: the back-barrier
salt marsh on the Wadden Island of Schiermonnikoog (total marsh
area ~5400 ha (Schiermonnikoog info, 2024); n = 4 creeks) and the
artificially constructed mainland marsh of Groningen coast (total marsh
area ~1752 ha (Elschot et al., 2020); n = 9 creeks). Schiermonnikoog
was selected because it is a naturally developing marsh, situated in a
protected area, with low levels of livestock grazing from April-October,
and unmodified creeks. Groningen coast was selected to represent a
typical modified marsh along the Wadden Sea coast: an area of
reclaimed agricultural land in front of a dyke (approx. 40 km) with
mosaic livestock grazing from April-October. Creeks were included
from both areas to represent the breadth of creek morphologies present
in the Wadden Sea. The creeks are inundated during a standard tidal
cycle, and the greatest tidal exchange occurs during spring tides
(bimonthly), when partial flooding of the marsh surface is most likely to
occur (Friese et al., 2018). Only very rarely during storm conditions is
the marsh surface inundated entirely.

Biotic and abiotic variables were sampled at the creek mouth, where
it opened to the sea (low sites) (Fig. 1). To represent upstream habitat
missing from Groningen coast creeks, sampling occurred in the high salt
marsh vegetation in four creeks on Schiermonnikoog (high sites; mean
elevation above Normaal Amsterdams Peil (NAP): ~1.28 m) (Fig. 1C:
fyke locations ‘B’). The high sampling sites were placed 320 m, 0.9 km,
1.3 km, and 1.7 km upstream in creeks 1, 2, 3 and 4, respectively
(Fig. 1C) in the high marsh zone. Each upstream fyke was placed inland
at a distance from the mouth approximately three quarters of the total
length of the main creek to sample a different part of the creek habitat.
In these upstream areas the water was predominantly brackish and
harboured a distinct in-creek community, which was absent from the
mainland marshes where the upstream extent of the creeks is cut-off by a
sea dyke. The exact location of the upstream fykes was slightly modified
in the field to avoid nesting birds.

2.2. Creek morphology

2.2.1. Field measurements

Creek width and bank slope were measured using a laser (Leica Disto
X3) and the Trimble® R8 GNSS System (Global Navigation Satellite
System) rtk-dGPS (dGPS) with a vertical resolution of 1 mm, for all
creeks (Table 1). Three-point cross-sections were measured by taking
one point at each edge and one at the deepest point in the creek. On
average, 10 cross-sections were measured at each creek, evenly spread
out along the entire length of the main channel. Width and slope cal-
culations were subsequently made based on the field measurements
using Pythagorean Theorem, and the mean width and slope of each
creek was calculated by averaging the values across all cross-sections.

2.2.2. Digital terrain models

Creek attributes related to the properties of the larger channel
network of a creek were derived from Digital Terrain Models (DTM)
using a publicly available dataset of terrain in the Netherlands (Actueel
Hoogtebestand Nederland, AHN). This refers to a number of larger scale
variables such as tributary length, mean watershed elevation, total creek
length, creek volume, creek drainage efficiency (drainage density) and
how many smaller creeks enter the larger creek (bifurcation ratio) (see
Table 1 for full list). The latest series of data acquired between 2020 and
2022 was selected with a pixel size of 0.5 m x 0.5 m (AHN4, https:
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Table 1

Outlines the creek morphology attributes measured with dGPS, laser or that
were extracted from the digital terrain model (DTM), with a description of each
variable and how it was calculated (further information is also available in
Supplement 1: Digital Terrain Models).

Variable measured with dGPS or laser

Creek width The average horizontal distance between the two creek

banks of the main channel, measured at 10 different cross-

sections evenly spaced along the entire creek length. When

width could not be measured due to unfavourable

conditions, it was calculated from Google Earth.

The average slope (mean slope 1 + mean slope 2)/2)) of

the main channel, measured at ~ 10 different cross-

sections evenly spaced along the entire creek length. Slope

was calculated as the horizontal distance between the

lowest vegetation point (creek edge) to the deepest point

of the creek, divided by the elevation change.

Variables extracted from the DTM

Combined tributary Sum of the length of all other tributaries (not including the
length (m) main creek length) branching from the main creek.

Main creek length (m) The length of the main creek from the mouth of the creek

to the end of the longest tributary.

Sum of the combined tributary length and main creek

length.

Depth The difference between the mean channel edge elevation

and the lowest elevation within multiple cross-sections.

The combined tributary length divided by the main creek

length.

Ratio between the channel length along its centreline and

the straight-line distance between its start and end point.

Number of creeks of the next higher order, relative to the

current order (Nj,1/N;j) (Chirol et al., 2018). The stream

orders were calculated by assigning a number to a creek

segment to express the level of branching of a channel

network. Following Hack’s ordering system, the main

channel (with its mouth at the sea) has an order of 1 and

side channels are given increasingly higher orders.

*the higher it is, the higher is the degree of complexity and

branching of the creek network (enhancing connectivity

and water distribution through the network).

Mean elevation in the creek.

Mean watershed elevation; the mean elevation of the

marsh plus the within creek elevation.

Total creek volume The mean creek elevation multiplied by the creek surface
(m®) area.

Basin surface area (m?) Total area of the salt marsh surface that drains into a

creek. Computed based on the Euclidean distance between

each grid cell and the nearest channel.

Horizontal area within the creek boundaries, based on the

location of the channel edges. Calculated as the area of

each channel polygon.

The total creek length (m) divided by the basin surface

area (m?) (the drainage area).

*A higher drainage density indicates a more extensive

channel network, which generally suggests the system is

more efficient at draining water.

Creek bank slope

Total creek length (m)

Tributary dominance
Sinuosity

Bifurcation ratio

Elevation (m)
Bathymetry (m)

Creek surface area (m?)

Drainage density (m 1)

//www.arcgis.com/apps/mapviewer/index.html?layers=77da2e9eee

a8427aab2ac83b79097b1a). To extract the channel network properties,
the DTMs were analysed using the Python toolbox TidalGeoPro Version
0.4 available at https://doi.org/10.5281/zenodo.7071308 (Gourgue
etal., 2022) (see Supplement 1: digital terrain models). This toolbox first
applies a multi-window median neighbourhood analysis (Liu et al.,
2015) to identify channel pixels based on an elevation threshold with
respect to neighbouring pixels. From this, the channel edges are
retrieved as polygons, and the channel network skeleton is extracted as
the centrelines of the channel polygons and redefined at equidistant (0.5
m) points along the skeleton. At each skeleton point (equidistant points
along the skeleton) and each skeleton node (confluence point between
three or more skeleton sections), the basin surface areas are computed
based on the Euclidean distance between each grid cell and the nearest
channel (further detailed in Supplement 1: digital terrain models). For
each skeleton section (connection between two skeleton nodes), the
stream order is computed following Hack’s ordering system. The
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channel depth is calculated as the difference between the mean channel
edge elevation and the lowest elevation within a cross-section. Channel
width is measured as the distance between channel edges. Finally, the
cross-sectional area is determined as the integral of the difference be-
tween the mean channel edge elevation and the cross-section elevation.

Creek lengths are computed for each skeleton point and skeleton
node by measuring the distance along the channel to the downstream
edge of the salt marsh (defined manually in GIS as a line shapefile). The
creek length at the downstream node corresponds to the total creek
length per channel (including the tributaries). The main creek length
was measured as the total length of the channel sections classified as
Hack order 1, while tributary length is the length of channels with Hack
order >1.The creek surface area was calculated as the area of each
channel polygon, based on the location of the channel edges. Bathym-
etry was calculated directly by averaging all elevation values from the
DTM (including both the marsh platform and the creeks). Elevation was
calculated by averaging the DTM values within the channel polygons,
which delineate the channel edges. Total creek volume was obtained as
the mean creek elevation multiplied by the creek surface area.

2.3. Fish collection

Fish were captured at both sampling sites every season from March
2021 until February 2023 using fyke nets (8 mm mesh size, 7m long)
(Supplement 1: Table S1). Seasons were defined as: winter (December,
January, February), spring (March, April, May), summer (June, July,
August), and autumn (September, October, November). Fishing was
carried out during spring tides when the tidal volume was highest
(Friese et al., 2018). During spring tides, low tide occurred close to dawn
and dusk. Thus, each fyke net was set at low tide and then emptied twice,
once ~12h after initially being set, and again ~24h after the net was
first set. This allowed us to separate catches into day and night activity,
and minimised fish stress by limiting their time in the fyke nets. Fishing
occurred in blocks where 3-4 nets were set in separate creeks at the
same time. Each fyke was placed centrally in the deepest part of each
creek: at low sites the fyke opening was set at a width of 3 m
(Supplement 1: Fig. S1) and at high sites at a width of 2 m. High fykes
had a smaller opening due to the creek narrowing with distance into the
marsh. In all cases, the fyke opening faced landward, and was placed to
allow fish to swim past the net with incoming tide, and be caught in the
net with the outgoing tide. The fykes did not block off the entire width of
creeks in any of the cases.

The catch was processed in the field. When the number of organisms
in the catches were too large to count within 2 h (assessed at net lift
based on catch size), a subsample of the overall catch was processed.
Fish were identified to the lowest taxonomic level, counted and the total
length of the first 50 fish of each species were measured. Fish were
sampled randomly from the overall catch using a small scoop net to
avoid size selectivity.

2.4. Environmental variables

Organic matter and chlorophyll a content of the sediment were
sampled to investigate the relationship between organic matter accu-
mulation, biofilm biomass and creek morphology. Sediment was
sampled at each fishing event from the creek edge near the fyke using a
modified 50 mL disposable syringe as a sediment corer (diameter: 2.6
cm) (methods from van der Ouderaa et al., 2021). For organic matter
content, the sediment was sampled down to two different sediment
depths (OM1: 0-1 and OM5: 0-5 cm). For chlorophyll a, the sediment
was sampled down to 1 cm depth (0-1 cm) and immediately wrapped in
aluminium foil to prevent further photosynthetic activity. All samples
were collected in separate plastic bags and transported on ice to the
laboratory where they were stored at —20 °C until processing. Organic
matter content was calculated by measuring the Percent Loss on Ignition
(LOI) using the following equation: LOI(%) = [(W1-W2)/W2] X 100
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where W1 = dry weight (48 h at 75 °C) and W2 = dry weight after
burning (4 h at 550 °C). The OM1 and OMS5 samples were analysed
separately. Chlorophyll a was extracted from freeze dried sediment
using 90 % acetone (dark, —20 °C, 48 h) according to Jeffrey and
Humphrey (1975). Chlorophyll a concentration was then measured with
a fluorometer (Trilogy). At each fishing event we also measured salinity
(conductivity, mS/cm) and water temperature (°C) using a multi-meter
(Multi 3320®). Conductivity was converted to the practical salinity
scale using the “ec2pss” function from the “wql” package in R, at a
standardised temperature of 25 °C and pressure at sea level (0) (Jassby
et al., 2016).

2.5. Data analysis

The following section details the data selection and model building
process followed in this analysis. Briefly, a subset of the overall
morphological and environmental variables were selected based on
correlation analysis, followed by a two-step model selection process to
determine which morphological and environmental variables affected
the Catch Per Unit Effort (CPUE, per 24 h) separately for each of four fish
species (Pomatoschistus sp., flatfish, three-spined stickleback, and eel)
(Table 2).

2.5.1. Selecting fish data

The study was designed to evaluate the effects of morphological and
abiotic variables on the abundance of individual fish species repre-
senting common ecological guilds found in the salt marshes. For this
analysis four of the most abundant fish species were selected from
different ecological guilds: estuarine residents, marine juveniles, and
diadromous fish (anadromous and catadromous). Gobies, which
included Pomatoschistus microps, Pomatoschistus minutus and Pomato-
schistus lozanoi in our study, are estuarine residents and were the most
common group of fish caught in both salt marshes (Supplement 1:
Fig. S2) (Elliott et al., 2007). The second most common group was
Atlantic herring (Clupea harengus), and our herring catches were domi-
nated by larval and juvenile life stages (Fig. S2). Herring typically use
the Dutch Wadden Sea as marine juveniles; spawning in the North Sea
and entering the Wadden Sea in spring as larvae (Dickey-Collas et al.,
2009), though recent evidence suggests there may still be small, local-
ised herring populations spawning in the Wadden Sea (Maathuis et al.,
2024). Anadromous fish migrate from marine conditions to brackish or
freshwater to spawn, of the species in this group the three-spined
stickleback was selected because it occurred consistently in our
catches year-round. Catadromous species migrate from brackish or
freshwater to marine conditions to spawn and were represented by eel in
our dataset. Preliminary data analyses showed little to no sticklebacks
present in August or September, herring in March, July, August, January
and February, or eels present in the period January-April at either
location. Thus, these months were excluded from the statistical analyses
and figures for the respective species but included them in F igure S2 and
F ig. 4. All catches were analysed as the total number per two tides
(summed number of a day and night catch in 24 h).

2.5.2. Selecting morphological and environmental variables

All analyses were conducted in R v4.3.0 (R Core TeamR., 2013). To
describe differences in morphological characteristics between the
different creeks and locations, a Principal Component Analysis (PCA)
was performed on all creek morphology variables using the ‘prcomp’
function from the ‘stats’ package (R Core TeamR., 2013), and the output
was plotted with the ‘fviz_pca_biplot’ function from the ‘factoextra’
package (Kassambara and Mundt, 2017). A correlation analysis was then
conducted with the ‘Pearson’ method using the ‘PerformanceAnalytics’
v2.0.4 package (Peterson et al., 2014) on all abiotic parameters
including: environmental data (water temperature and salinity), sedi-
ment properties (organic matter to 1 and 5 cm depth, and chlorophyll a
concentration to 1 cm depth), and creek morphology parameters (15
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Table 2

Overview of the data analysis process used to assess the effects of morphological

and environmental variables on species-specific CPUE.

Step  Action

Description

Rationale

1 Select fish data

2 Explore
morphological
characteristics

3 Select
environmental and
morphological
variables

4 Additive model

5 Interaction model

Choose species data
and transform raw data
where required

Use Principal
Component Analysis to
examine relationships
between creeks and
locations

Conduct a correlation
analysis and select a
subset of uncorrelated
variables

Build a base linear
additive model and
select variables based
on MuMIn. For all
species the base model
was: lm (CPUE species
#1 ~ sqrt_volume +
sqrt_sinuosity +
sqrt_slope + drainage
density + bathymetry
+ bifurcation +
elevation + salinity +
chlorophyll a +
temperature +
Location + Season,
data = df)

Test for interactions
between variables and
context (location and
season) and select
variables based on
MuMIn, e.g. Im (CPUE
species #1 ~ salinity x
Location + salinity x

Ensure data approximate
normal distribution for
linear model selection
Identify patterns and
relationships

Avoid multicollinearity

Identify key predictor
variables per species

Detect location-specific
effects because variables
were often highly
correlated with location.
Detect seasonally-specific
responses, expected
based on strong seasonal
signal in the data

Season + sqrt_volume
x Location +
sqrt_volume x Season
+ Location x Season,
data = df)

Fit species-specific
mixed effects models
which meet
assumptions of the data
(e.g. Poisson, negative
binomial), and refine
by comparing models
using Analysis of
Variance and AIC

Refine model
performance

6 Manual model
refinement

Notes: At steps 4 and 5, variable selection was guided by MuMIn (Barton and
Barton, 2015), with variables and interactions chosen from the top three models
with the lowest AIC values. At step 6, variable selection was guided by
comparing models using Analysis of Variance and AIC values, ensuring that
statistical significance (ANOVA) and model fit (AIC) informed model
refinement.

variables describing different elements, see Table 1). Highly correlated
variables (R% > 0.80) were identified, and one variable was selected to
remain for analysis (Supplement 1: Table S2). The only exception was
the morphological variable volume which remained in the analyses
although it was highly correlated with bathymetry. To compare fish
densities across areas, the general approach is to correct catch by
sampled volume to arrive at Catch Per Unit Effort (CPUE). However,
since we wanted to compare the morphological properties of different
creeks (including differences in properties relating to volume) we ana-
lysed catches as numbers per 24 h. Therefore the effect of volume
needed to be included in the model to understand the effects of other
variables. The final morphology parameters included in the models
were: bathymetry, sinuosity, bifurcation ratio, creek elevation, volume,

Estuarine, Coastal and Shelf Science 322 (2025) 109362

average slope and drainage density. Sinuosity, volume and slope were
square root transformed for analysis because of large differences in the
magnitude of values between the two salt marsh areas. For the sediment
properties, only kept chlorophyll a was kept, because it was significantly
correlated with organic matter (1 and 5 cm depth, p < 0.05) and made
the most biological sense (indicator for biofilm biomass). For the rest of
the environmental variables both temperature and salinity were
included as model parameters.

2.5.3. Model selection

The model selection and refinement process occurred in three steps.
Firstly, an additive linear ‘base’ model was constructed from the
morphological and environmental variables selected in the previous step
(Section 2.5.2), to test which variables best described the abundance (#
CPUE) for each fish species (Step 4 in Table 1). The variable ‘Location’
(Schiermonnikoog or Groningen coast) was also included in the base
model to account for any effects relating to location itself, such as the
distance from the sea or the island vs. mainland effect. ‘Season’ was also
included in the model, since there was a strong seasonal signal in the
data (Fig. S1). The raw CPUE for each fish species was cube root
transformed (sticklebacks and eel) or loglp (gobies and herring) trans-
formed, because the raw data did not fit a normal distribution. For
herring, sticklebacks and eel, data transformations were not sufficient to
achieve normality. However, running such a complicated model selec-
tion process using a non-linear model created issues with model
convergence. Thus, the linear model selection process on the most
normally transformed response was used to guide variable selection for
these species. The variables which performed best were then selected
from the top three models with the lowest AIC using the MuMIn package
(v1.47.5) (Barton and Barton, 2015).

Secondly, these variables were then incorporated into a new model
which tested for interactions between each variable and ‘Location’ and
‘Season’ (Step 5 in Table 2), because preliminary analysis revealed both
these factors to have substantial effects on fish abundance. The in-
teractions and variables which performed best were selected from the
top three models, as above.

Thirdly, once the final variables and interactions had been deter-
mined, mixed effects models or a generalised additive model (GAM)
were run for each species, with fyke code included as a random effect to
control for pseudoreplication associated with repeated sampling at the
same fyke. Independence between fykes within the same creek was
assumed since 1) high and low fykes were located relatively far from
each other, 2) had distinctly different in-creek communities, and 3) a
complete tidal cycle (12 h ‘rest’ period) passed between fishing events.
Because of the fundamental differences between the mainland and is-
land locations, salt marsh location (Schiermonnikoog or Groningen
coast) and season were always included in the final model, regardless of
whether they emerged as significant predictors during model selection,
to account for spatiotemporal effects. Where necessary, variables were
scaled at this final model selection step. The best model type for each
species was then selected based on AIC values and assumptions-testing
(overdispersion, zero-inflation, normality of the residuals). The effects
of each variable in each model (Chisq and p-values) were ascertained
using the ‘Anova’ command from the ‘car’ package for mixed effects
models (Fox and Weisberg, 2018), and the ‘anova’ command from base
R for the GAM model outputs. Relative effects of variables and in-
teractions (z-values and associated p-values) were retrieved using the
‘summary’ command from base R.

Goby abundance was best described by a linear mixed effects model
from the “Ilme4” package on the loglp transformed response (the loglp
transformed data met the assumptions of a linear model). Effects
included main effects and interactions between drainage density x
season, temperature x season, and location (Supplement 3: Goby model
selection). Herring abundance was best described by a GAM, using the
“gam” command from the “mgcv” package on raw (untransformed) data
with a negative binomial family (Wood, 2017). The final herring model
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included fixed effects of elevation, sinuosity, location, season and a
non-linear smoother for salinity (Supplement 3: Herring model selec-
tion). For sticklebacks a ‘glmmTMB’ model from the “glmmTMB”
package with a poisson family and a zero-inflated component on raw
data provided the best fit for the data (Brooks et al., 2017). The final
model included interactions between drainage density x season, and
salinity x season, fixed effects of temperature, location and chlorophyll
a, along with a zero inflated model component containing chlorophyll a,
location, and the interaction between drainage density and season
(Supplement 3: Stickleback model selection). (Bates et al., 2014; Brooks
et al., 2017)Eel abundance was best described by a ‘glmmTMB’ model
from the “glmmTMB” package with a poisson family and zero-inflated
model component (Brooks et al., 2017). The final eel model included
interactions between creek water volume x location, and temperature
x season, with salinity as a fixed effect and a constant assumption of
zero-inflation in the zero-inflated model component (Supplement 3: Eel
model selection). For each fish species the statistically significant re-
lationships from the model outputs have been presented in figures. A
detailed output of the results of each model selection step are shown in
Supplement 3: Model Selection.

3. Results
3.1. Creek morphology

The Principal Component Analysis (PCA) on all 14 morphological
variables showed a clear separation in the morphological attributes of
creeks between the natural island marsh and the modified mainland
marsh (Fig. 2). Creeks on the natural marsh tended to be longer, deeper,
wider, and more curved (higher sinuosity) relative to those of the
human-made marsh (Fig. 2; Supplement 2: Fig. S3). Conversely, the
creeks on the modified marsh were higher in elevation and drainage
density (Fig. 2; Supplement 2: Fig. S3). These two variables were posi-
tively correlated regardless of location (r = 0.50, p = 0.05; Fig. 2). This
aligned with our field observations: most creeks on the modified marsh
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retained very little water at low tide (2-57 cm; average 17 cm water
depth), while most creeks on the natural marsh retained a substantial
amount of water throughout a tidal cycle (1-115 cm; average 39 cm
water depth).

The creeks on the natural marsh had a wider range of morphological
attributes compared with those of the modified marsh (shown as much
larger variation within creeks in Fig. 2). Ordination axis one (PCA 1) was
largely determined by depth, volume, length and width, which was
driven by the relatively high values for the two largest natural creeks on
the island (S3 and S4). PCA axis 2 was driven by the contrast of high
sinuosity values of two smaller natural creeks (S1 and S7), and high
elevation and drainage density for the majority of the creeks along the
Groningen coast (Fig. 2; Supplement 2: Fig. S3).

3.2. Abiotics

The morphological attributes of salt marsh creeks were related to the
within-creek conditions (Supplement 1: Table S2). Salinity was the
variable most affected by creek morphology, showing strong negative
correlations with bathymetry (r = —0.51, p < 0.001), bifurcation (r =
—0.40, p < 0.001), and volume (r = —0.57, p < 0.001) (Supplement 1:
Table S2). Salinity was lower in a marsh with greater complexity
(bifurcation), greater volume and a higher mean watershed. These
characteristics were associated with the island marsh, where creeks
(except S1) were not cut-off from freshwater inputs by a dyke. Chloro-
phyll a showed weak negative correlations with sinuosity (r = —0.15, p
< 0.05) and volume (r = —0.24, p < 0.01), and positively correlated
with elevation (r = 0.33, p < 0.001) (Supplement 1: Table S2). Water
temperature was least affected by any of the morphological attributes,
only showing weak negative correlations with bathymetry (r = —0.15, p
< 0.05) and volume (r = —0.17, p < 0.05) (Supplement 1: Table S2). In
general, the creeks on the artificial mainland marsh were more saline
and had higher levels of chlorophyll a than the natural island location,
though the two areas experienced relatively similar temperatures, with
the exception of spring when the average temperature on the mainland

O
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Location
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volume e§3
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4 6

Fig. 2. PCA biplot showing the contribution (arrow length) of variables describing creek morphology to the principal components. Confidence ellipses (95 %) show
grouping of each location: Groningen coast (mainland) and Schiermonnikoog (island). Points represent individual creeks and point labels are the individual creek
names assigned in our study. Larger points represent the central value for each location.
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was higher than the island (Table 3).

3.3. Fish assemblages

In total 139,165 fish were caught over the two sampling years. The
most abundant fish species were Pomatoschistus microps, Clupea harengus,
Goby sp. (most likely Pomatoschistus lozanoi), Flatfish sp. (which in-
cludes individuals of Platichthys flesus, Solea, and Scophthalmus maximus,
and potentially Pleuronectes platessa) grouped because often they were
too small to speciate in the field) and sand goby (Pomatoschistus minutus)
(Fig. S2). Together they made up 98 % of the overall catch.

3.4. Gobies

Goby numbers were affected by season (Chisq = 102.78, p < 0.001);
they increased in abundance through the summer and peaked in the
autumn (Fig. 3A). The summer catches were characterised by larval and
juvenile life stages of gobies, which grew to larger size ranges in the
autumn (Fig. 4A). The peak in abundance on the natural island marsh
(Schiermonnikoog) in the autumn was driven by larger numbers of ju-
venile gobies growing to larger sizes (Fig. 3A; Fig. 4A). Location did not
have a significant effect on goby abundance (Chisq = 0.03, p = 0.86).
Gobies occurred in higher numbers in creeks which retained more water
throughout the tidal cycle particularly in the summer and autumn, re-
flected by the significant interaction between drainage density and
season (Chisq = 11.2, p = 0.01). The strongest effects of drainage den-
sity were seen in autumn and summer, respectively, when gobies
decreased in abundance as drainage density increased (Fig. 3B). Tem-
perature and season also interacted significantly (Chisq = 8.78, p =
0.03). Goby abundance declined with increasing temperature in summer
but increased with warmer temperatures in autumn (Fig. 3C).

3.5. Herring

Herring exhibited seasonal trends in abundance, and arrived as small
juveniles/post-larvae in spring in high numbers, before decreasing in
numbers throughout the summer (effect of season: Chisq = 27.0, p <
0.001) (Fig. 4B; Fig. 5A). Creek morphology did not emerge as an
important determinant of herring abundance. Instead, higher herring
numbers were associated with a salinity optimum (Chisq = 48.5, p <
0.001), an effect which was most pronounced at the island marsh
location (Fig. 5B). Including sinuosity and elevation in the final model
improved model fit, but both variables had a small and nonsignificant
effect on herring abundance (Chisq <3, p > 0.1).

3.6. Sticklebacks

There was a significant effect of season on stickleback abundance
(Chisq = 163.5, p < 0.001). In general, there was a spike in stickleback
numbers in the summer associated with lower size ranges at the natural
island marsh (1-3 cm), and again in winter with adult sticklebacks
arriving to the mainland coast (Fig. 6A; Fig. 4C). Drainage density and
salinity both interacted with season, and higher stickleback numbers
were associated with both lower drainage densities, and lower salinities
in summer and spring (drainage density interaction effect: Chisq = 41.6,
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<0.001; salinity interaction effect: Chisq = 65, p < 0.001) (Fig. 6B and
C). Temperature also had a significant effect on stickleback numbers,
reflecting the two ‘peaks’ occurring at warmer temperatures (typically
in summer) and cooler temperatures in spring, autumn, and winter
(Chisq = 11.4, p < 0.001) (Fig. 6A and D). In winter, stickleback (adult)
numbers were much higher on the mainland marsh than the natural
island location, though sampling did not occur in the same month and
year at each location (Groningen coast: January 2022 and February
2023; Schiermonnikoog: January 2023, not sampled in 2022 due to
logistical constraints) (Fig. 6A). During winter, higher numbers of adult
sticklebacks were associated with higher drainage densities and salin-
ities (Fig. 4C and. 6B and C). Overall, juvenile sticklebacks were more
abundant in creeks which retained water (lower drainage density) and
had lower salinities in the spring and summer, while in winter adult
sticklebacks were more abundant under the opposite conditions.

3.7. Eel

Eel abundance was affected by season (Chisq = 16.3, p < 0.001),
with lowest numbers detected in autumn (Fig. 7A). While elvers (juve-
nile eels) were not detected, a wide size range of adults was caught
(Fig. 4D). The number of eels was affected by the interaction between
location and creek volume (Chisq = 8.7, p = 0.003), with more eels
found in high volume creeks at the natural island marsh (Schiermon-
nikoog) (Fig. 7B). Conversely, fewer eels were found at higher salinities
(Chisq = 15.4, p < 0.001) (Fig. 7C). Eel abundance was affected by
seasonal changes in temperature (Chisq = 9.3, p = 0.01), increasing as
temperatures exceeded ~12 °C (Fig. 7D). Overall, eel numbers were
higher in the natural island marsh with larger creek volumes, and pre-
sent in greater abundance at lower salinities.

4. Discussion
4.1. Creek morphology

The two marsh locations in the Dutch Wadden Sea were selected to
encompass the range of marsh habitats present in this area. In our study,
the natural island marsh had larger creeks with greater variability in
morphological characteristics than the mainland marsh. This is a pattern
typical of Dutch salt marshes. Back-barrier marshes, such as those at the
island location, make up ~40 % of the salt marshes found in the
Netherlands (Esselink et al., 2017). They have developed in the shelter
of sand dunes, and these marshes are considered ‘natural’ areas (Bakker
et al., 2002). Conversely, uniformly structured drainage systems were
dug into the majority of mainland marshes (found in the north-east
Netherlands) (Bakker et al., 2002; Esselink et al., 2017), and natural
creek systems could not develop. This explains the uniform morpho-
logical creek attributes which were typical of the mainland marsh in our
study. Artificially created foreshore marshes make up 50 % of the Dutch
Wadden Sea marshscape (Esselink et al., 2017). By including this type of
marsh and a naturally occurring back-barrier salt marsh in our study, the
full breadth of creek morphologies found in the Dutch Wadden Sea were
represented. The differences observed between the larger, deeper creeks
on the island relative to the more uniformly structured creeks on the
mainland, is an artefact of how these areas have been ‘created’ or

Table 3
Values of the three environmental variables (mean + SE) measured at each sampling location per season.
Winter Spring Summer Autumn
Salinity Groningen coast 40.8 + 0.9 33.8+1.2 32.1 +£0.8 37.8 £ 0.9
Schiermonnikoog 19.4 £3.6 299+ 1.7 283+ 1.4 29.8 £1.5
Temperature (°C) Groningen coast 7.4 £ 0.6 15.3 £ 0.7 20.4 +£ 0.3 12.7 £ 0.5
Schiermonnikoog 6.9 + 0.2 10.7 £ 0.7 21.3+ 0.4 13.1 £0.2
Chlorophyll a (ug/g) Groningen coast 78.6 £ 16.3 66.4 + 8.7 97.6 +16.3 93.7 +22.2
Schiermonnikoog 17.1 £ 3.9 42.8 +£ 8.3 31.8 +£23 42.2 + 8.8
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Fig. 3. The mean number of gobies (CPUE = catch per 24 h) by season and sampling location (A). The relationships between the number of gobies and drainage
density where lines represent model fit of significant seasons (B) and temperature (C) are shown.

developed.

A key difference between the mainland and island marshes is the
presence of a dyke along the entire range of the mainland salt marsh,
severely restricting the inland marsh extent and tidal movement. The
resulting tidal restriction can result in the loss of brackish water habitats,
with negative consequences for estuarine and diadromous species (Bice
et al., 2023; Moreno-Valcarcel et al., 2016). In our study, mainland
marshes are severely tidally restricted by a dyke, and designed to drain
almost completely each tidal cycle to prevent surface flooding for live-
stock grazing (Bakker et al., 2002). The mainland creeks were higher in
salinity, muddier and exhibited greater extremes in temperature and
salinity relative to the natural island marsh (Table 2). Our observations
match those reported by other authors who have demonstrated that
in-creek marsh conditions are more variable, and can exhibit greater
extremes, in severely tidally restricted marshes (Raposa and Roman,
2003; Ritter et al., 2008). Such conditions can be unfavourable for
certain fish or fish life stages (Raposa and Roman, 2003; Ritter et al.,
2008). Furthermore, reductions in diadromous and brackish fish species,
diversity loss, and lower species richness have been associated with
increased salinity resulting from the loss of brackish habitat (Whitfield,
2005; Zampatti et al., 2010). Thus, in our study area, the dyke and high
drainage efficiency marshes that are characteristic of the mainland do
not provide an optimal brackish habitat necessary for diadromous and
brackish fish.

4.2. Fish-habitat relationships

There are a wide range of morphological conditions that can affect
fish abundance. In our study, drainage density and creek volume
emerged as the two most important morphological variables affecting
the abundance of gobies, sticklebacks and eels. The effects of
morphology on fish appear to vary with local salt marsh conditions (such
as edge modification and tidal restriction), and fish species or life stage
(Bradley et al., 2020; Cattrijsse and Hampel, 2006; Raposa and Roman,
2003; Rozas, 1995; Ziegler et al.,, 2019, 2021). For example, in a
frequently inundated marsh in the south-Eastern United States, drainage
area did not emerge as an important factor for most shrimp and fish
species, affecting the creek use of only a small subset of species (Allen
et al., 2007). Meanwhile, in the United Kingdom, researchers found a
higher number of fish and crustaceans associated with greater water
exchange volume (de la Barra et al., 2022). The complexity of salt
marshes, associated with local marsh conditions, and the resulting ef-
fects on their function for fish make it difficult to assess our findings
against other research. However, the capacity of creeks to retain water

(drainage density) emerged as a more significant predictor variable than
other morphological characteristics such as length, width and slope
(though these were correlated with volume, which was an important
predictor of eel abundance), which have emerged elsewhere as impor-
tant for fish (Gewant and Bollens, 2012; McIvor and Odum, 1988; Wil-
liams and Zedler, 1999). Thus, our study offers a new perspective on the
morphological and environmental variables which may be important for
fish species in marshes experiencing infrequent surface inundation.

4.3. Fyke catchability and performance

Many factors influence the efficiency with which fyke nets sample
fish. These include tidal height (driven by diel, lunar, and seasonal cy-
cles), submersion depth (linked to creek morphology and tidal varia-
tion), and environmental conditions such as temperature and salinity,
which can affect fish behaviour and abundance (Hubert and Fabrizio,
2007; Kruse et al., 2016). To minimise variation in catchability, sam-
pling was standardised across diel, lunar, and seasonal cycles in our
study. Fixed fyke positions were maintained, and key environmental
variables were measured to further account for variation in fyke per-
formance. By incorporating a range of morphological and environ-
mental variables into the abundance models, we accounted for the
varying effects of season, fyke width, location, depth, flow, and potential
differences in net performance. While tidal height was not explicitly
included as a variable in our models, sampling was consistently con-
ducted at dawn and dusk, during spring tide cycles, and across multiple
seasons (season was included as a variable in the models). This design
helped control for effects of varying tidal height on species abundance.
Additionally, adjustments to fyke width opening accounted for creek
narrowing further into the marsh, ensuring a comparable proportion of
the creek was sampled between fyke positions in the same creek.
Overall, while differences in fyke width (between high and low fykes)
and tidal height may have influenced catchability and gear performance,
these factors were largely accounted for in the study design or incor-
porated in the statistical design as controlling factors.

4.4. Overview fish community

Similar fish species were found in the Dutch salt marshes relative to
those reported in other European and UK studies (Koutsogiannopoulou
and Wilson, 2007; Laffaille et al., 2000; Maes et al., 1998; Mathieson
etal., 2000). In terms of community composition, previous studies in the
Netherlands have described similar salt marsh fish communities, though
with slightly different dominating species. For example, in our study we
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Fig. 4. Length frequency plots for gobies (A), herring (B), sticklebacks (C) and eel (D) by location (complete dataset), where mean CPUE represents average catch per
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found herring to dominate the spring marsh assemblages instead of the
post-larval flounder which was described by Cattrijsse et al. (1994).
Given that we captured similar species to those reported by other au-
thors in the same, general, spatial area (Netherlands or Wadden Sea)
(Cattrijsse et al., 1994; Friese et al., 2021b; Hamer et al., 2022), we feel
our methods were effective at catching fish representative of the salt
marsh creek assemblages in this area, with our catches giving a measure
of true abundance and fish activity in the sampled study creeks.

4.4.1. Gobies

The ‘gobies’ group in our study was comprised of three different
species: Pomatoschistus microps (the most abundant), Pomatoschistus
minutus, and Pomatoschistus lozanoi, each with slightly different life
histories (Laffaille et al., 1999; Leitao et al., 2006). In general, Pomato-
schistus sp. are iteroparous nest-building fish, found in large numbers in
the Wadden Sea (Friese et al., 2021b; Miller, 1975). Gobies, notably the

common goby (P. microps), dominated our catches in the Dutch salt
marshes, mirroring their widespread presence in European and UK salt
marsh communities (Koutsogiannopoulou and Wilson, 2007; Mathieson
et al., 2000). Lowest abundances occurred in winter and spring, with
numbers increasing through summer to peak in autumn: a trend
observed in other Europe and UK studies (Friese et al., 2021b; Koutso-
giannopoulou and Wilson, 2007; Maes et al., 1998; Souza et al., 2014).
This seasonal pattern is linked to recruitment processes. Both common
and sand gobies reproduce from late-spring to late-summer, though the
onset and duration of spawning for each species is slightly different
(Koutsogiannopoulou and Wilson, 2007; Miller, 1975; Nellbring, 1993;
Souza et al., 2014). In summer we observed a pulse in juveniles shown
by smaller size ranges (0-3 cm) (Souza et al., 2014). In autumn, the
length-frequency peak then shifted to 3-5 cm, when we likely detected
juveniles as well as the previous year classes when males left the nests
and became easier to catch (Souza et al., 2014). During both seasons, we
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detected the presence of two age classes when both juvenile recruits
(~1.5-3 cm) and individuals from the previous year class (>3 cm)
contributed, as was demonstrated by Miller (1975). The prevalence of
juveniles in marshes through summer and autumn has been noted in
other studies in the German Wadden Sea and south-west Netherlands
(Cattrijsse et al., 1994; Friese et al., 2021b; Hampel et al., 2003). Thus,
goby abundance in the salt marshes appears to be driven by recruitment
processes, which is also affected by temperature.

Temperature had a seasonally dependent effect on goby abundance.
Numbers decreased with rising temperatures in summer and increased
with rising temperatures in autumn. Generally, temperature affects
several life-processes of gobies, such as growth and spawning success,
and the optimal temperature for the common goby is 20 °C (Fonds and
Van Buurt, 1974; Freitas et al., 2010; Nellbring, 1993). Thus, gobies
appear to have an optimal water temperature; they prefer cooler sum-
mer temperatures which are similar to the warmest temperatures in
autumn, explaining the negative and positive temperature-abundance
relationships in summer and autumn respectively.

Gobies were less abundant at higher drainage densities during the
recruitment seasons of summer and autumn. A higher drainage density
implies a more efficient water drainage system, resulting in minimal in-
creek water retention at low tide. Water retention is important for gobies
for several reasons, the most obvious being that they are an aquatic
organism, requiring water for life processes. While many goby species
can survive out of water for several hours (Graham, 1997), including the
common goby (personal observation, 2022-23), a lack of water may
have a negative influence on gobies during reproduction. Gobies build
nests and care for the eggs until hatching, and it is favourable for them to
select more stable habitats for nesting (Jones and Reynolds, 1999;
Nellbring, 1993). This is perhaps why both species build nests in areas
with consistently shallow waters (0.4-2.8 m) (Nellbring, 1993). These
depths fall within the average depth range for the island marsh
(Schiermonnikoog: 39 cm) in our study, but the water levels at low tide
on the mainland marshes (Groningen coast: 17 cm) were likely too
shallow for nest-building gobies. Thus, water retention in the creek
system appears important for goby species during months when nesting
and recruitment occur.

4.4.2. Sticklebacks

Similar to gobies, sticklebacks were more abundant at lower
drainage densities (higher in-creek water retention) in spring and
summer (recruitment seasons). As with gobies, sticklebacks are a nest-
building species, and it is more favourable for them to build nests in
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stable habitats (Chung et al., 2023; Kynard, 1978; Moodie, 1972;
Rushbrook et al., 2010)). They prefer deeper waters for nest-building, as
shallower nests are more vulnerable to wave destruction and subsequent
abandonment by guarding males (Kynard, 1978). Thus, the habitat
quality of Dutch salt marshes could be improved for sticklebacks (as
with gobies) by encouraging greater in-creek water retention
throughout a tidal cycle.

Numbers of juvenile sticklebacks increased in summer, aligning with
observations from North-Western Europe and Ireland (Friese et al.,
2021b; Koutsogiannopoulou and Wilson, 2007). Stickleback juveniles
typically have a maximum length of 2.7-3.5 cm (Bergstrom et al., 2015;
Demchuk et al.,, 2015). Only the natural island marsh, with more
brackish conditions, supported the lowest stickleback size ranges.
Sticklebacks typically do not move seaward until they are 3-4 cm in size
(Bergstrom et al., 2015; Friese et al., 2021b) and can spawn in brackish
water (Arai et al., 2003). Thus, it is likely the juveniles hatched in the
island salt marshes. We therefore infer the lower salinities and drainage
densities on the natural island marsh during spring and summer make
the island a more favourable spawning habitat, influencing recruitment
success of sticklebacks in Dutch salt marshes.

In winter, adult three-spined sticklebacks were more abundant at the
mainland compared to the island. Since sampling occurred during
different months and years between the locations, consideration was
given to whether the stochastic arrival of sticklebacks had been missed
at the island location. However, the stable stickleback numbers reported
in German Wadden Sea marshes during winter make this unlikely (Friese
et al.,, 2021b). Instead, the high stickleback numbers at the mainland
were likely driven by migratory and feeding behaviour. Migratory
sticklebacks spend their late-juvenile life stage at sea, migrating to
freshwater to spawn (Bergstrom et al., 2015; Ramesh et al., 2022).
Previous research has shown three-spined sticklebacks feed on Orchestia
flushed into the marsh creeks during winter and spring storms (Friese
et al., 2018, 2021b). The mainland location in our study occurs in close
proximity to the Ems-Dollard estuary, where the inland spring migration
of sticklebacks has been detected (M. Nicolaus, personal communica-
tion, March 5, 2024; D.R.A.H. Mathijssen, personal communication,
March 11, 2024). Thus, adult sticklebacks may forage opportunistically
in the mainland marshes as they migrate to freshwater spawning areas.
During winter, stickleback numbers were positively related to drainage
density; conditions associated with the mainland marsh location. Adult
sticklebacks likely use the marsh opportunistically in winter, where they
move between salt marsh creeks and subtidal areas with high tides, as
part of their migration to freshwater for spawning. This differed from
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their behaviour in spring and summer, when they appeared to take up
residence in salt marshes with high water retention and lower salinity,
which may provide more stable conditions for recruitment. Overall, it
appears the mainland marshes provide a ‘stopover’ area for adult
sticklebacks during cooler temperatures in winter, while low drainage
and brackish water conditions at the island marshes support recruitment
during warmer temperatures in spring and summer.

4.4.3. Herring

In spring, large numbers of post-larval herring arrived in the Dutch
salt marshes. A similar spring influx has been observed in the German
Wadden Sea salt marshes, and more generally in the Wadden Sea, when
post-larval herring typically arrive in mid-April from the Downs
spawning grounds in the southern North Sea (Dickey-Collas et al., 2009;
Friese et al., 2021b). The numbers of post-larval herring in the marshes
is largely driven by external factors, such as North Sea winter conditions
and spawning stock biomass (Dickey-Collas et al., 2009; Nash and
Dickey-Collas, 2005). Herring numbers declined in the marshes as the
summer progressed, perhaps as warmer in-creek temperatures made
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growth conditions unfavourable (Maes et al., 2005). Juvenile herring
abundance was low in autumn and winter, and we did not catch any
adult herring in any season.

While spawning and North Sea conditions likely determined the
magnitude of post-larval herring arrival in the Wadden Sea, salinity had
a local effect on herring numbers. Herring numbers were highest at mid-
range salinities; brackish conditions which were prevalent on the island.
Brackish conditions can be energetically favourable. Herring can reduce
the energetic costs of osmoregulation and buoyancy in more isotonic
conditions, such as brackish water (Berg et al., 2020; Rao, 1968; Sundby
and Kristiansen, 2015). For example, the metabolic rates of larval her-
ring were lowest at 16 PSU (Berg et al., 2020), suggesting energetic
advantages in seeking brackish waters during spring growth. Thus,
herring abundance in Wadden Sea salt marshes is driven by the influx of
larvae in the spring, with a preference for brackish water post-arrival,
emphasising estuarine advantages for larval stages.

4.4.4. European eel
Eel was consistently caught at relatively low abundances throughout
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our study compared to the other fish species in the salt marshes,
reflecting findings in tidal marshes of the Netherlands and Belgium
Westerschelde (Cattrijsse et al., 1994; Hampel et al., 2003, 2004), and
broader Europe (Joyeux et al., 2017; Laffaille et al., 2000; Maes et al.,
1998; Salgado et al., 2004). Despite being catadromous, known for
migrating from freshwater to saltwater for spawning, eels exhibit plas-
ticity when selecting their ‘growth’ habitats, with some selecting
brackish coastal areas and wetlands instead of freshwater (Arai et al.,
2006; Edeline and Elie, 2004). It is likely the eels we encountered in the
Dutch salt marshes reside there for growth, a phenomenon documented
in both European and US salt marsh literature (Eberhardt et al., 2015;
Laffaille et al., 2005). Eel abundance increased with seasonal changes in
temperature, aligning with observations in other salt marsh studies
(Hampel et al, 2004; White and Knights, 1997). This
temperature-related increase was likely because eels enter hibernation
at cooler temperatures (<10 °C), which explains our inability to detect
them during the cooler months (November-March) (Riley et al., 2011;
Rohtla et al., 2022). Overall, eels were more prevalent during warmer
months.

Eels were more abundant in creeks with lower salinities and higher
water volume, conditions primarily associated with the natural island
marsh. However, both trends were consistent across the creeks on the
island marsh and remained significant when including location as a
factor in the models. This indicates the results were not driven by a
location effect, but rather that the absence of lower salinities and high
volume creeks on the mainland marsh contributed to the lower
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abundance of eels detected there. Eels are more abundant in freshwater
or brackish water marsh systems relative to truly marine areas (Hampel
et al., 2004; Maes et al., 1998; Mathieson et al., 2000; Weinstein et al.,
1980). Eel will orientate towards odourless freshwater as opposed to
seawater when given the choice (Tosi et al., 1990), emphasising the
significance of freshwater in determining elver and juvenile eel migra-
tion (Laffaille et al., 2005; White and Knights, 1997). While we did not
encounter any elvers, possibly due to our creeks lacking a connection to
a freshwater body, our results highlight the importance of brackish
habitat and freshwater input for eels.

The positive correlation between eels and higher volume creeks
raised initial concerns during model building, as we considered whether
this preference might be due to our analysis being based on fish numbers
rather than fish densities (per unit area). To address this, the models
were also trialled on CPUE corrected for creek volume. Despite this
correction, creek volume still significantly influenced eel abundance at
the island. During analysis and results interpretation, consideration was
also given to whether creek volume influenced the catchability of eel.
Given reasonable numbers of eel were still caught at relatively low water
volumes, the catchability of this species was unlikely to have been
significantly affected by creek volume. Literature searches revealed very
little information about the factors driving habitat preferences of eel in
salt marshes. However, studies like Jellyman and Ryan (1983) associ-
ated higher water volumes with peaks in elver migration, and Salgado
et al. (2004) only caught eel during spring tides (not neap tides) when
water volume was highest. While eel has been reported in European
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marshes elsewhere, these studies have also been conducted during
spring tides, as was our research (Cattrijsse et al., 1994; Hampel et al.,
2003, 2004). Notably, the highest eel catches at the island occurred in
creeks with highest volumes, which always have water in them (per obs.
2021-2023). This leads us to suspect that higher eel abundances are
more likely to occur in subtidal creeks, where the environment is more
stable and the fish are less exposed to terrestrial predators.

5. Conclusions

The artificially created mainland marsh had different morphological
and environmental conditions compared to the natural island marsh,
which in turn affected fish numbers. Brackish conditions were important
for herring, sticklebacks and eel. Potentially because brackish conditions
act as a cue for upstream migration and post-larval settlement (Bice
et al., 2023; Havel and Fuiman, 2016; O’Connor et al., 2017; Tosi et al.,
1990), and offer lower energetic costs (related to osmoregulation and
buoyancy). Lower drainage densities (greater in-creek water retention
throughout a tidal cycle) were important for juvenile sticklebacks and
gobies, and higher creek volumes (subtidal creeks on the island) sup-
ported larger numbers of eels. Increasing the water retention capacity of
mainland marsh creeks would result in favourable outcomes for these
species. While recruitment processes drove the abundance of all species
(except eels) in the salt marshes, the morphology and conditions in the
salt marsh creeks affected the quality of this habitat for fish.

CRediT authorship contribution statement

Hannah Charan-Dixon: Writing — review & editing, Writing —
original draft, Visualization, Supervision, Project administration,
Methodology, Investigation, Formal analysis, Data curation, Conceptu-
alization. Loreta Cornacchia: Writing — review & editing, Methodol-
ogy, Formal analysis. Nino van Hees: Writing — review & editing,
Investigation. Stella Bos: Writing — review & editing, Investigation.
Ingrid Tulp: Writing — review & editing, Supervision, Funding acqui-
sition. Britas Klemens Eriksson: Writing — review & editing, Visuali-
zation, Supervision, Project administration, Methodology, Investigation,
Funding acquisition, Formal analysis, Conceptualization.

Statement

During the preparation of this work the author(s) used ChatGPT in
order to improve the readability of written work and for coding solutions
in R. After using this tool/service, the author(s) reviewed and edited the
content as needed and take(s) full responsibility for the content of the
publication.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was funded by the programme Waddentools-Swimway,
with financial contributions from the Waddenfund, the Ministry of
Agriculture, Fisheries, Food Security and Nature, and the Dutch prov-
inces Noord-Holland, Groningen and Friesland. We thank Ann-Christin
Ziebell, Casey Yanos, Nadia Hijner, Senyo Kwami, Tamas Fiilep, Patri-
cia Lamker, Fetuao Nokise, Bram Nieuwenhuis, Lucia Irazabal Gonzalez,
Isabelle van der Ouderaa, Jannes Heusinkveld, Pieter Pols, Maryann
Watson, Tom Tijsma, Jarco Drent, Kasper Meijer, Katrin Rehlmeyer,
Annebelle Kok, Maarten Zwarts, Jaap Vegter, and Laura Govers for their
assistance with field research, and Annebelle Kok and Kasper Meijer for
their assistance with data analysis and presentation. We thank Julia

13

Estuarine, Coastal and Shelf Science 322 (2025) 109362

Friese and Andreas Danhardt for their assistance in initial field study
design.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ecss.2025.109362.

Data availability
Data will be made available on request.

References

Airoldi, L., Beck, M.W., 2007. Loss, status and trends for coastal marine habitats of
Europe. In: Gibson, R.N., Atkinson, R.J.A., Gordon, J.D.M. (Eds.), Oceanography and
Marine Biology, vol. 45, pp. 345-405, 45.

Allen, D.M., Haertel-Borer, S.S., Milan, B.J., Bushek, D., Dames, R.F., 2007.
Geomorphological determinants of nekton use of intertidal salt marsh creeks. Mar.
Ecol. Prog. Ser. 329, 57-71. https://doi.org/10.3354/meps329057.

Arai, T., Goto, A., Miyazaki, N., 2003. Growth history and migration of the threespine
stickleback Gasterosteus aculeatus in Otsuchi Bay, northeastern Japan. Ichthyol. Res.
50 (1), 90-93. https://doi.org/10.1007/5102280300014.

Arai, T., Kotake, A., McCarthy, T.K., 2006. Habitat use by the European eel Anguilla
anguilla in Irish waters. Estuar. Coast Shelf Sci. 67 (4), 569-578. https://doi.org/
10.1016/j.ecss.2006.01.001.

Baker, R., Taylor, M.D., Able, K.W., Beck, M.W., Cebrian, J., Colombano, D.D.,
Connolly, R.M., Currin, C., Deegan, L.A., Feller, 1.C., Gilby, B.L., Kimball, M.E.,
Minello, T.J., Rozas, L.P., Simenstad, C., Turner, R.E., Waltham, N.J., Weinstein, M.
P., Ziegler, S.L., Staver, L.W., 2020. Fisheries rely on threatened salt marshes.
Science 370 (6517), 670-671. https://doi.org/10.1126/science.abe9332.

Bakker, J.P., Esselink, P., Dijkema, K.S., van Duin, W.E., de Jong, D.J., 2002. Restoration
of salt marshes in The Netherlands. Hydrobiologia (The Hague) 478 (1-3), 29-51.
https://doi.org/10.1023/A:1021066311728.

Barbier, E.B., Hacker, S.D., Kennedy, C., Koch, E.W., Stier, A.C., Silliman, B.R., 2011. The
value of estuarine and coastal ecosystem services. Ecol. Monogr. 81 (2), 169-193.
https://doi.org/10.1890/10-1510.1.

Barton, K., Barton, M.K., 2015. Package ‘mumin’. Versiones 1 (18), 439.

Bates, D., Machler, M., Bolker, B., Walker, S., 2014. Fitting Linear Mixed-Effects Models
Using Lme4.

Beck, M.W., Heck, K.L., Able, K.W., Childers, D.L., Eggleston, D.B., Gillanders, B.M.,
Halpern, B., Hays, C.G., Hoshino, K., Minello, T.J., Orth, R.J., Sheridan, P.F.,
Weinstein, M.R., 2001. The identification, conservation, and management of
estuarine and marine nurseries for fish and invertebrates. Bioscience 51 (8),
633-641. https://doi.org/10.1641,/0006-3568(2001)051[0633:TICAMO]2.0.CO;2.

Berg, F., Andersson, L., Folkvord, A., 2020. Respiration rates of herring larvae at different
salinities, and effects of previous environmental history. Mar. Ecol. Prog. Ser. 650,
141-152. https://doi.org/10.3354/meps13318.

Bergstrom, U., Olsson, J., Casini, M., Eriksson, B.K., Fredriksson, R., Wennhage, H.,
Appelberg, M., 2015. Stickleback increase in the Baltic Sea - a thorny issue for
coastal predatory fish. Estuar. Coast Shelf Sci. 163, 134-142. https://doi.org/
10.1016/j.ecss.2015.06.017.

Bice, C.M., Huisman, J., Kimball, M.E., Mallen-Cooper, M., Zampatti, B.P., Gillanders, B.
M., 2023. Tidal barriers and fish - impacts and remediation in the face of increasing
demand for freshwater and climate change. Estuar. Coast Shelf Sci. 289. https://doi.
org/10.1016/j.ecss.2023.108376. Article 108376.

Boesch, D.F., Turner, R.E., 1984. Dependence of fishery species on salt marshes - the role
of food and refuge. Estuaries 7 (4A), 460—468. https://doi.org/10.2307/1351627.

Bradley, M., Nagelkerken, I., Baker, R., Sheaves, M., 2020. Context dependence: a
conceptual approach for understanding the habitat relationships of coastal marine
fauna. Bioscience 70 (11), 986-1004. https://doi.org/10.1093/biosci/biaal00.

Brooks, MLE., Kristensen, K., Van Benthem, K.J., Magnusson, A., Berg, C.W., Nielsen, A.,
Skaug, H.J., Machler, M., Bolker, B.M., 2017. glmmTMB balances speed and
flexibility among packages for zero-inflated generalized linear mixed modeling. The
R journal 9 (2), 378-400.

Cattrijsse, A., Hampel, H., 2006. European intertidal marshes: a review of their habitat
functioning and value for aquatic organisms. Mar. Ecol. Prog. Ser. 324, 293-307.
https://doi.org/10.3354/meps324293.

Cattrijsse, A., Makwaia, E.S., Dankwa, H.R., Hamerlynck, O., Hemminga, M.A., 1994.
Nekton communities of an intertidal creek of a European estuarine brackish marsh.
Mar. Ecol. Prog. Ser. 109 (2-3), 195-208. https://doi.org/10.3354/meps109195.

Chirol, C., Haigh, L.D., Pontee, N., Thompson, C.E., Gallop, S.L., 2018. Parametrizing
tidal creek morphology in mature saltmarshes using semi automated extraction from
lidar. Rem. Sens. Environ. 209, 291-311. https://doi.org/10.1016/j.
rse.2017.11.012.

Christian, R.R., Allen, D.M., 2014. Linking hydrogeomorphology and food webs in
intertidal creeks. Estuaries Coasts 37 (1), S74-S90. https://doi.org/10.1007/s12237-
013-9657-5.

Chung, M.H.J., Barber, 1., Head, M.L., 2023. Long-term environmental stability does not
erode plasticity in nest building responses to changing ambient conditions. Phil.
Trans. Biol. Sci. 378 (1884). https://doi.org/10.1098/rstb.2022.0154. Article
20220154.


https://doi.org/10.1016/j.ecss.2025.109362
https://doi.org/10.1016/j.ecss.2025.109362
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref1
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref1
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref1
https://doi.org/10.3354/meps329057
https://doi.org/10.1007/s102280300014
https://doi.org/10.1016/j.ecss.2006.01.001
https://doi.org/10.1016/j.ecss.2006.01.001
https://doi.org/10.1126/science.abe9332
https://doi.org/10.1023/A:1021066311728
https://doi.org/10.1890/10-1510.1
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref8
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref9
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref9
https://doi.org/10.1641/0006-3568(2001)051[0633:TICAMO]2.0.CO;2
https://doi.org/10.3354/meps13318
https://doi.org/10.1016/j.ecss.2015.06.017
https://doi.org/10.1016/j.ecss.2015.06.017
https://doi.org/10.1016/j.ecss.2023.108376
https://doi.org/10.1016/j.ecss.2023.108376
https://doi.org/10.2307/1351627
https://doi.org/10.1093/biosci/biaa100
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref16
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref16
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref16
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref16
https://doi.org/10.3354/meps324293
https://doi.org/10.3354/meps109195
https://doi.org/10.1016/j.rse.2017.11.012
https://doi.org/10.1016/j.rse.2017.11.012
https://doi.org/10.1007/s12237-013-9657-5
https://doi.org/10.1007/s12237-013-9657-5
https://doi.org/10.1098/rstb.2022.0154

H. Charan-Dixon et al.

Crooks, S., Herr, D., Tamelander, J., Laffoley, D., Vandever, J., 2011. Mitigating Climate
Change through Restoration and Management of Coastal Wetlands and Near-Shore
Marine Ecosystems: Challenges and Opportunities. World Bank, Washington, DC.
Environment Department Paper 121.

de la Barra, P., Skov, M.W., Lawrence, P.J., Schiaffi, J.I., Hiddink, J.G., 2022. Tidal water
exchange drives fish and crustacean abundances in salt marshes. Mar. Ecol. Prog.
Ser. 694, 61-72. https://doi.org/10.3354/meps14118.

Deegan, L., Hughes, J., Rountree, R., 2002. Salt marsh ecosystem support of marine
transient species. https://doi.org/10.1007/0-306-47534-0_16.

Deinet, S., Scott-Gatty, K., Rotton, H., Twardek, W.M., Marconi, V., McRae, L.,
Baumgartner, L.J., Brink, K., Claussen, J.E., Cooke, S.J., 2020. The Living Planet
Index (LPI) for Migratory Freshwater Fish: Technical Report.

Demchuk, A., Ivanov, M., Ivanova, T., Polyakova, N., Mas-Marti, E., Lajus, D., 2015.
Feeding patterns in seagrass beds of three-spined stickleback Gasterosteus aculeatus
juveniles at different growth stages. J. Mar. Biol. Assoc. U. K. 95 (8), 1635-1643.
https://doi.org/10.1017/50025315415000569.

Dickey-Collas, M., Bolle, L.J., van Beek, J.K.L., Erftemeijer, P.L.A., 2009. Variability in
transport of fish eggs and larvae. II. Effects of hydrodynamics on the transport of
Downs herring larvae. Mar. Ecol. Prog. Ser. 390, 183-194. https://doi.org/10.3354/
meps08172.

Drake, P., Arias, A.M., 1991. Composition and seasonal fluctuations of the
ichthyoplankton community in a shallow tidal channel of Cadiz Bay (SW Spain).
J. Fish. Biol. 39 (2), 245-263. https://doi.org/10.1111/j.1095-8649.1991.tb04360.
X.

Duarte, C.M., Dennison, W.C., Orth, R.J.W., Carruthers, T.J.B., 2008. The charisma of
coastal ecosystems: addressing the imbalance. Estuaries Coasts 31 (2), 233-238.
https://doi.org/10.1007/512237-008-9038-7.

Eberhardt, A.L., Burdick, D.M., Dionne, M., Vincent, R.E., 2015. Rethinking the
freshwater eel: salt marsh trophic support of the American eel, Anguilla rostrata.
Estuaries Coasts 38 (4), 1251-1261. https://doi.org/10.1007/s12237-015-9960-4.

Edeline, T., Elie, P., 2004. Is salinity choice related to growth in juvenile eel Anguilla
anguilla? Cybium (Paris) 28 (1), 77-82.

Elliott, M., Whitfield, A.K., Potter, 1.C., Blaber, S.J.M., Cyrus, D.P., Nordlie, F.G.,
Harrison, T.D., 2007. The guild approach to categorizing estuarine fish assemblages:
a global review. Fish Fish. 8 (3), 241-268. https://doi.org/10.1111/j.1467-
2679.2007.00253.x.

Elschot, K., Puijenbroek, M., Lagendijk, G., van der Wal, J.-T., Sonneveld, C., 2020.
Lange-termijnontwikkeling van kwelders in de Waddenzee (1960-2018), vol. 182.
Wettelijke Onderzoekstaken Natuur & Milieu. https://doi.org/10.18174/521727.

Enemark, J., 2005. The Wadden Sea protection and management scheme - towards an
integrated coastal management approach? Ocean Coast Manag. 48 (11-12),
996-1015. https://doi.org/10.1016/j.ocecoaman.2005.03.009.

Esselink, P., van Duin, W.E., Bunje, J., Cremer, J., Folmer, E.O., Frikke, J., Glahn, M., de
Groot, A.V., Hecker, N., Hellwig, U., Jensen, K., Korber, P., Petersen, J., Stock, M.,
2017. Wadden Sea quality status report salt marshes. In: Wilhelmshaven, Germany:
Common Wadden Sea Secretariat.

Fonds, M., Van Buurt, G., 1974. The influence of temperature and salinity on
development and survival of goby eggs (Pisces, Gobiidae). Hydrobiol. Bull. 8,
110-116.

Fox, J., Weisberg, S., 2018. An R Companion to Applied Regression. Sage publications.

Freitas, V., Cardoso, J., Lika, K., Peck, M.A., Campos, J., Kooijman, S., van der Veer, H.
W., 2010. Temperature tolerance and energetics: a dynamic energy budget-based
comparison of North Atlantic marine species. Phil. Trans. Biol. Sci. 365 (1557),
3553-3565. https://doi.org/10.1098/rstb.2010.0049.

Friese, J., Temming, A., Daenhardt, A., 2018. Grazing management affects fish diets in a
Wadden Sea salt marsh. Estuar. Coast Shelf Sci. 212, 341-352. https://doi.org/
10.1016/j.ecss.2018.07.014.

Friese, J.D.S., Temming, A., Danhardt, A., 2021a. Another piece of the puzzle: abiotic
habitat properties of salt-marsh creeks benefit small fishes and crustaceans. Estuar.
Coast Shelf Sci. 260. https://doi.org/10.1016/j.ecss.2021.107498. Article 107498.

Friese, J.D.S., Temming, A., Danhardt, A., 2021b. Preference, avoidance or coincidence?
How fish and crustaceans use intertidal salt-marsh creeks in the German Wadden
Sea. Estuar. Coast Shelf Sci. 255. https://doi.org/10.1016/j.ecss.2021.107297.
Article 107297.

Garbutt, A., de Groot, A., Smit, C., Pétillon, J., 2017. European salt marshes: ecology and
conservation in a changing world. J. Coast Conserv. 21 (3), 405-408. https://doi.
org/10.1007/511852-017-0524-6.

Gewant, D., Bollens, S.M., 2012. Fish assemblages of interior tidal marsh channels in
relation to environmental variables in the upper San Francisco Estuary. Environ.
Biol. Fish. 94 (2), 483-499. https://doi.org/10.1007/510641-011-9963-3.

Gourgue, O., van Belzen, J., Schwarz, C., Vandenbruwaene, W., Vanlede, J., Belliard, J.
P., Fagherazzi, S., Bouma, T.J., van de Koppel, J., Temmerman, S., 2022.
Biogeomorphic modeling to assess the resilience of tidal-marsh restoration to sea
level rise and sediment supply. Earth Surf. Dyn. 10 (3), 531-553. https://doi.org/
10.5194/esurf-10-531-2022.

Graham, J.B., 1997. Air-breathing Fishes: Evolution, Diversity, and Adaptation. Elsevier.

Green, B.C., Smith, D.J., Earley, S.E., Hepburn, L.J., Underwood, G.J.C., 2009. Seasonal
changes in community composition and trophic structure of fish populations of five
salt marshes along the Essex coastline, United Kingdom. Estuar. Coast Shelf Sci. 85
(2), 247-256. https://doi.org/10.1016/j.ecss.2009.08.008.

Hamer, A., Walles, B., van Belzen, J., Bouma, T., de Louw, P., van Dalen, J., Bax, V., van
de Langewege, W., 2022. Progress Report: Rammegors Tidal Restoration: Phase 2.

Hampel, H., Cattrijsse, A., Mees, J., 2004. Changes in marsh nekton communities along
the salinity gradient of the Schelde river, Belgium and The Netherlands.
Hydrobiologia (The Hague) 515 (1-3), 137-146. https://doi.org/10.1023/B:
HYDR.0000027325.16156.6c¢.

14

Estuarine, Coastal and Shelf Science 322 (2025) 109362

Hampel, H., Cattrijsse, A., Vincx, M., 2003. Tidal, diel and semi-lunar changes in the
faunal assemblage of an intertidal salt marsh creek. Estuar. Coast Shelf Sci. 56 (3-4),
795-805. https://doi.org/10.1016/50272-7714(02)00296-2.

Havel, L.N., Fuiman, L.A., 2016. Settlement-size larval red drum (Sciaenops ocellatus)
respond to estuarine chemical cues. Estuaries Coasts 39 (2), 560-570. https://doi.
org/10.1007/512237-015-0008-6.

Hubert, W.A., Fabrizio, M.C., 2007. Relative Abundance and Catch Per Unit Effort.
Analysis And Interpretation of Freshwater Fisheries Data. American Fisheries Society,
Bethesda, Maryland, pp. 279-325.

Jassby, A.D., Cloern, J.E., Jassby, M.A., 2016. Package ‘wq’. In: Citeseer.

Jeffrey, S.W., Humphrey, G.F., 1975. New spectrophotometric equations for determining
chlorophylls a, b, c1 and c2 in higher-plants, algae and natural phytoplankton.
Biochem. Physiol. Pflanz. (BPP) 167 (2), 191-194. https://doi.org/10.1016/s0015-
3796(17)30778-3.

Jellyman, D.J., Ryan, C.M., 1983. Seasonal migration of elvers (Anguilla spp) into Lake
Pounui, New Zealand, 1974-1978. N. Z. J. Mar. Freshw. Res. 17 (1), 1-15.

Jin, B., Xu, W., Guo, L., Chen, J., Fu, C., 2014. The impact of geomorphology of marsh
creeks on fish assemblage in Changjiang River estuary. Chin. J. Oceanol. Limnol. 32
(2), 469-479. https://doi.org/10.1007/500343-014-3002-0.

Jones, J.C., Reynolds, J.D., 1999. The influence of oxygen stress on female choice for
male nest structure in the common goby. Anim. Behav. 57, 189-196. https://doi.
org/10.1006/anbe.1998.0940.

Joyeux, E., Carpentier, A., Corre, F., Haie, S., Petillon, J., 2017. Impact of salt-marsh
management on fish nursery function in the bay of Aiguillon (French Atlantic coast),
with a focus on European sea bass diet. J. Coast Conserv. 21 (3), 435-444. https://
doi.org/10.1007/s11852-017-0501-0.

Kassambara, A., Mundt, F., 2017. Package ‘factoextra’. Extract and visualize the results
of multivariate data analyses 76 (2), 18637, 10.

Kneib, R.T., 1997. The role of tidal marshes in the ecology of estuarine nekton. Oceanogr.
Mar. Biol. 35, 154.

Koutsogiannopoulou, V., Wilson, J.G., 2007. The fish assemblage of the intertidal salt
marsh creeks in North Bull Island, Dublin Bay: seasonal and tidal changes in
composition, distribution and abundance. Hydrobiologia (The Hague) 588, 213-224.
https://doi.org/10.1007/510750-007-0664-z.

Kruse, M., Taylor, M., Muhando, C.A., Reuter, H., 2016. Lunar, diel, and tidal changes in
fish assemblages in an East African marine reserve. Regional Studies in Marine
Science 3, 49-57. https://doi.org/10.1016/j.rsma.2015.05.001.

Kynard, B.E., 1978. Breeding behavior of a lacustrine population of threespine
sticklebacks (Gasterosteus aculeatus L.). Behaviour 67 (3/4), 178-207. http://www.
jstor.org.proxy-ub.rug.nl/stable/4533929.

Laffaille, P., Acou, A., Guillouet, J., Legault, A., 2005. Temporal changes in European eel,
Anguilla anguilla, stocks in a small catchment after installation of fish passes. Fish.
Manag. Ecol. 12 (2), 123-129. https://doi.org/10.1111/j.1365-2400.2004.00433.x.

Laffaille, P., Feunteun, E., Lefeuvre, J.C., 1999. Feeding competition between two goby
species, Pomatoschistus lozanoi and P-minutus in a macrotidal saltmarsh. Comptes
Rendus De L Academie Des Sciences Serie Iii-Sciences De La Vie-Life Sciences 322
(10), 897-906. https://doi.org/10.1016/50764-4469(00)86656-1.

Laffaille, P., Feunteun, E., Lefeuvre, J.C., 2000. Composition of fish communities in a
European macrotidal salt marsh (the Mont Saint-Michel Bay, France). Estuar. Coast
Shelf Sci. 51 (4), 429-438. https://doi.org/10.1006/ecss.2000.0675.

Lechene, A., Boet, P., Laffaille, P., Lobry, J., 2018. Nekton communities of tidally
restored marshes: a whole-estuary approach. Estuar. Coast Shelf Sci. 207, 368-382.
https://doi.org/10.1016/j.ecss.2017.08.038.

Leitao, R., Martinho, E., Neto, J.M., Cabral, H., Marques, J.C., Pardal, M.A., 2006.
Feeding ecology, population structure and distribution of Pomatoschistus microps
(Kroyer, 1838) and Pomatoschistus minutus (Pallas, 1770) in a temperate estuary,
Portugal. Estuar. Coast Shelf Sci. 66 (1-2), 231-239. https://doi.org/10.1016/j.
ecss.2005.08.012.

Lesser, J.S., Bechtold, C.A., Deegan, L.A., Nelson, J.A., 2020. Habitat decoupling via
saltmarsh creek geomorphology alters connection between spatially-coupled food
webs. Estuar. Coast Shelf Sci. 241, 106825. https://doi.org/10.1016/j.
ecss.2020.106825.

Liu, Y.X., Zhou, M.X., Zhao, S.S., Zhan, W.F., Yang, K., Li, M.C., 2015. Automated
extraction of tidal creeks from airborne laser altimetry data. J. Hydrol. 527,
1006-1020. https://doi.org/10.1016/j.jhydrol.2015.05.058.

Maathuis, M.A.M., Berg, F., Couperus, B., Poos, J.J., Tulp, 1., 2024. The function of the
Wadden Sea in the life cycle of small pelagic fish. Estuar. Coast Shelf Sci., 109043

Maes, J., Limburg, K.E., Van de Putte, A., Ollevier, F., 2005. A spatially explicit,
individual-based model to assess the role of estuarine nurseries in the early life
history of North Sea herring, Clupea harengus. Fish. Oceanogr. 14 (1), 17-31. https://
doi.org/10.1111/§.1365-2419.2004.00300.x.

Maes, J., van Damme, P.A., Taillieu, A., Ollevier, F., 1998. Fish communities along an
oxygen-poor salinity gradient (Zeeschelde Estuary, Belgium). J. Fish. Biol. 52 (3),
534-546. https://doi.org/10.1111/j.1095-8649.1998.tb02015.x.

Mathieson, S., Cattrijsse, A., Costa, M.J., Drake, P., Elliott, M., Gardner, J., Marchand, J.,
2000. Fish assemblages of European tidal marshes: a comparison based on species,
families and functional guilds. Mar. Ecol. Prog. Ser. 204, 225-242. https://doi.org/
10.3354/meps204225.

Mclvor, C.C., Odum, W.E., 1988. Food, predation risk, and microhabitat selection in a
marsh fish assemblage. Ecology 69 (5), 1341-1351. https://doi.org/10.2307/
1941632.

Miller, P., 1975. Age-structure and life-span in the common goby, Pomatoschistus microps.
J. Zool. 177 (3), 425-448.

Moodie, G.E.E., 1972. Morphology, life history, and ecology of an unusual stickleback
(Gasterosteus aculeatus) in Queen Charlotte Islands, Canada. Can. J. Zool. 50 (6), 721.
https://doi.org/10.1139/272-099.


http://refhub.elsevier.com/S0272-7714(25)00240-9/sref22
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref22
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref22
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref22
https://doi.org/10.3354/meps14118
https://doi.org/10.1007/0-306-47534-0_16
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref25
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref25
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref25
https://doi.org/10.1017/s0025315415000569
https://doi.org/10.3354/meps08172
https://doi.org/10.3354/meps08172
https://doi.org/10.1111/j.1095-8649.1991.tb04360.x
https://doi.org/10.1111/j.1095-8649.1991.tb04360.x
https://doi.org/10.1007/s12237-008-9038-7
https://doi.org/10.1007/s12237-015-9960-4
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref31
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref31
https://doi.org/10.1111/j.1467-2679.2007.00253.x
https://doi.org/10.1111/j.1467-2679.2007.00253.x
https://doi.org/10.18174/521727
https://doi.org/10.1016/j.ocecoaman.2005.03.009
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref35
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref35
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref35
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref35
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref36
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref36
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref36
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref37
https://doi.org/10.1098/rstb.2010.0049
https://doi.org/10.1016/j.ecss.2018.07.014
https://doi.org/10.1016/j.ecss.2018.07.014
https://doi.org/10.1016/j.ecss.2021.107498
https://doi.org/10.1016/j.ecss.2021.107297
https://doi.org/10.1007/s11852-017-0524-6
https://doi.org/10.1007/s11852-017-0524-6
https://doi.org/10.1007/s10641-011-9963-3
https://doi.org/10.5194/esurf-10-531-2022
https://doi.org/10.5194/esurf-10-531-2022
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref45
https://doi.org/10.1016/j.ecss.2009.08.008
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref47
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref47
https://doi.org/10.1023/B:HYDR.0000027325.16156.6c
https://doi.org/10.1023/B:HYDR.0000027325.16156.6c
https://doi.org/10.1016/S0272-7714(02)00296-2
https://doi.org/10.1007/s12237-015-0008-6
https://doi.org/10.1007/s12237-015-0008-6
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref51
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref51
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref51
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref52
https://doi.org/10.1016/s0015-3796(17)30778-3
https://doi.org/10.1016/s0015-3796(17)30778-3
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref54
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref54
https://doi.org/10.1007/s00343-014-3002-0
https://doi.org/10.1006/anbe.1998.0940
https://doi.org/10.1006/anbe.1998.0940
https://doi.org/10.1007/s11852-017-0501-0
https://doi.org/10.1007/s11852-017-0501-0
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref58
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref58
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref59
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref59
https://doi.org/10.1007/s10750-007-0664-z
https://doi.org/10.1016/j.rsma.2015.05.001
http://www.jstor.org.proxy-ub.rug.nl/stable/4533929
http://www.jstor.org.proxy-ub.rug.nl/stable/4533929
https://doi.org/10.1111/j.1365-2400.2004.00433.x
https://doi.org/10.1016/s0764-4469(00)86656-1
https://doi.org/10.1006/ecss.2000.0675
https://doi.org/10.1016/j.ecss.2017.08.038
https://doi.org/10.1016/j.ecss.2005.08.012
https://doi.org/10.1016/j.ecss.2005.08.012
https://doi.org/10.1016/j.ecss.2020.106825
https://doi.org/10.1016/j.ecss.2020.106825
https://doi.org/10.1016/j.jhydrol.2015.05.058
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref69
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref69
https://doi.org/10.1111/j.1365-2419.2004.00300.x
https://doi.org/10.1111/j.1365-2419.2004.00300.x
https://doi.org/10.1111/j.1095-8649.1998.tb02015.x
https://doi.org/10.3354/meps204225
https://doi.org/10.3354/meps204225
https://doi.org/10.2307/1941632
https://doi.org/10.2307/1941632
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref74
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref74
https://doi.org/10.1139/z72-099

H. Charan-Dixon et al.

Moreno-Valcarcel, R., Oliva-Paterna, F.J., Bevilacqua, S., Terlizzi, A., Fernandez-
Delgado, C., 2016. Long-term effects of tidal restriction on fish assemblages in east
Atlantic coastal marshlands. Mar. Ecol. Prog. Ser. 543, 209-222. https://doi.org/
10.3354/meps11578.

Nash, R.D.M., Dickey-Collas, M., 2005. The influence of life history dynamics and
environment on the determination of year class strength in North Sea herring (Clupea
harengus L.). Fish. Oceanogr. 14 (4), 279-291. https://doi.org/10.1111/j.1365-
2419.2005.00336.x.

Nellbring, S., 1993. Spawning of 2 Pomatoschistus species (Gobiidae) in relation to nest
availability and depth - a field experiment. Neth. J. Sea Res. 31 (2), 173-179.
https://doi.org/10.1016,/0077-7579(93)90007-f.

O’Connor, J.J., Booth, D.J., Swearer, S.E., Fielder, D.S., Leis, J.M., 2017. Ontogenetic
milestones of chemotactic behaviour reflect innate species-specific response to
habitat cues in larval fish. Anim. Behav. 132, 61-71. https://doi.org/10.1016/j.
anbehav.2017.07.026.

Peterson, B.G., Carl, P., Boudt, K., Bennett, R., Ulrich, J., Zivot, E., Lestel, M.,
Balkissoon, K., Wuertz, D., 2014. PerformanceAnalytics: econometric tools for
performance and risk analysis. R package version 1 (3).

R Core Team, R., 2013. R: A Language and Environment for Statistical Computing.

Ramesh, A., Groothuis, T.G.G., Weissing, F.J., Nicolaus, M., 2022. Habitat fragmentation
induces rapid divergence of migratory and isolated sticklebacks. Behav. Ecol. 33 (1),
167-177.

Rao, G.M.M., 1968. Oxygen consumption of rainbow trout (Salmo gairdneri) in relation to
activity and salinity. Can. J. Zool. 46 (4), 781. https://doi.org/10.1139/268-108.

Raposa, K.B., Roman, C.T., 2003. Using gradients in tidal restriction to evaluate nekton
community responses to salt marsh restoration. Estuaries 26 (1), 98-105. https://
doi.org/10.1007/bf02691697.

Riley, W.D., Walker, A.M., Bendall, B., Ives, M.J., 2011. Movements of the European eel
(Anguilla anguilla) in a chalk stream. Ecol. Freshw. Fish 20 (4), 628-635. https://doi.
org/10.1111/j.1600-0633.2011.00513.x.

Ritter, A.F., Wasson, K., Lonhart, S.I., Preisler, R.K., Woolfolk, A., Griffith, K.A.,
Connors, S., Heiman, K.W., 2008. Ecological signatures of anthropogenically altered
tidal exchange in estuarine ecosystems. Estuaries Coasts 31 (3), 554-571. https://
doi.org/10.1007/512237-008-9044-9.

Rohtla, M., Moland, E., Skiftesvik, A.B., Thorstad, E.B., Bosgraaf, S., Olsen, E.M.,
Browman, H.I, Durif, C.M.F., 2022. Overwintering behaviour of yellow-stage
European eel (Anguilla anguilla) in a natural marine fjord system. Estuar. Coast Shelf
Sci. 276. https://doi.org/10.1016/j.ecss.2022.108016. Article 108016.

Rozas, L.P., 1992. Comparison of nekton habitats associated with pipeline canals and
natural channels in Louisiana salt marshes. Wetlands 12 (2), 136-146. https://doi.
org/10.1007/BF03160594.

Rozas, L.P., 1995. Hydroperiod and its influence on nekton use of the salt-marsh - a
pulsing ecosystem. Estuaries 18 (4), 579-590. https://doi.org/10.2307/1352378.

Rozas, L.P., Mclvor, C.C., Odum, W.E., 1988. Intertidal rivulets and creekbanks -
corridors between tidal creeks and marshes. Mar. Ecol. Prog. Ser. 47 (3), 303-307.
https://doi.org/10.3354/meps047303.

Rushbrook, B.J., Head, M.L., Katsiadaki, I., Barber, 1., 2010. Flow regime affects building
behaviour and nest structure in sticklebacks. Behav. Ecol. Sociobiol. 64 (12),
1927-1935. https://doi.org/10.1007/s00265-010-1003-3.

15

Estuarine, Coastal and Shelf Science 322 (2025) 109362

Salgado, J.P., Cabral, H.N., Costa, M.J., Deegan, L., 2004. Nekton use of salt marsh creeks
in the upper Tejo estuary. Estuaries 27 (5), 818-825. https://doi.org/10.1007/
bf02912043.

Schiermonnikoog info. Retrieved 26-06-2024 from. https://schiermonnikoog.info/e
n/national-park.php.

Souza, A.T., Dias, E., Campos, J., Marques, J.C., Martins, 1., 2014. Structure, growth and
production of a remarkably abundant population of the common goby,
Pomatoschistus microps (Actinopterygii: gobiidae). Environ. Biol. Fish. 97 (6),
701-715. https://doi.org/10.1007/510641-013-0172-0.

Sundby, S., Kristiansen, T., 2015. The principles of buoyancy in marine fish eggs and
their vertical distributions across the world oceans. PLoS One 10 (10). https://doi.
org/10.1371/journal.pone.0138821. Article e0138821.

Tosi, L., Spampanato, A., Sola, C., Tongiorgi, P., 1990. Relation of water odor, salinity
and temperature to ascent of glass eels, Anguilla anguilla - a laboratory study. J. Fish.
Biol. 36 (3), 327-340. https://doi.org/10.1111/j.1095-8649.1990.tb05613.x.

van der Ouderaa, 1.B.C., Claassen, J.R., van de Koppel, J., Bishop, M.J., Eriksson, B.K.,
2021. Bioengineering promotes habitat heterogeneity and biodiversity on mussel
reefs. J. Exp. Mar. Biol. Ecol. 540. https://doi.org/10.1016/j.jembe.2021.151561.
Article 151561.

Visintainer, T.A., Bollens, S.M., Simenstad, C., 2006. Community composition and diet of
fishes as a function of tidal channel geomorphology. Mar. Ecol. Prog. Ser. 321,
227-243. https://doi.org/10.3354/meps321227.

Vos, P.C., Knol, E., 2015. Holocene landscape reconstruction of the Wadden Sea area
between marsdiep and weser. Netherlands Journal of Geosciences-Geologie En
Mijnbouw 94 (2). https://doi.org/10.1017/njg.2015.4.

Weinstein, M.P., Weiss, S.L., Walters, M.F., 1980. Multiple determinants of community
structure in shallow marsh habitats, cape fear river estuary, north-carolina, USA.
Mar. Biol. 58 (3), 227-243. https://doi.org/10.1007/BF00391880.

White, E.M., Knights, B., 1997. Environmental factors affecting migration of the
European eel in the rivers severn and avon, england. J. Fish. Biol. 50 (5), 1104-1116.
https://doi.org/10.1111/j.1095-8649.1997.tb01634.x.

Whitfield, A.K., 2005. Fishes and freshwater in southern African estuaries - a review.
Aquat. Living Resour. 18 (3), 275-289. https://doi.org/10.1051/alr:2005032.

Williams, G.D., Zedler, J.B., 1999. Fish assemblage composition in constructed and
natural tidal marshes of San Diego Bay: relative influence of channel morphology
and restoration history. Estuaries 22 (3A), 702-716. https://doi.org/10.2307/
1353057.

Wood, S.N., 2017. Generalized Additive Models: an Introduction with R. chapman and
hall/CRC.

Zampatti, B.P., Bice, C.M., Jennings, P.R., 2010. Temporal variability in fish assemblage
structure and recruitment in a freshwater-deprived estuary: the Coorong, Australia.
Mar. Freshw. Res. 61 (11), 1298-1312. https://doi.org/10.1071/mf10024.

Ziegler, S.L., Able, K.W., Fodrie, F.J., 2019. Dietary shifts across biogeographic scales
alter spatial subsidy dynamics. Ecosphere 10 (12), e02980. https://doi.org/
10.1002/ecs2.2980.

Ziegler, S.L., Baker, R., Crosby, S.C., Colombano, D.D., Barbeau, M.A., Cebrian, J.,
Connolly, R.M., Deegan, L.A., Gilby, B., Mallick, D., Martin, C.W., Nelson, J.A.,
Reinhardt, J.F., Simenstad, C.A., Waltham, N.J., Worthington, T.A., Rozas, L.P.,
2021. Geographic variation in salt marsh structure and function for nekton: a guide
to finding commonality across multiple scales. Estuaries Coasts 44 (6), 1497-1507.
https://doi.org/10.1007/512237-020-00894-y.


https://doi.org/10.3354/meps11578
https://doi.org/10.3354/meps11578
https://doi.org/10.1111/j.1365-2419.2005.00336.x
https://doi.org/10.1111/j.1365-2419.2005.00336.x
https://doi.org/10.1016/0077-7579(93)90007-f
https://doi.org/10.1016/j.anbehav.2017.07.026
https://doi.org/10.1016/j.anbehav.2017.07.026
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref80
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref80
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref80
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref81
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref82
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref82
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref82
https://doi.org/10.1139/z68-108
https://doi.org/10.1007/bf02691697
https://doi.org/10.1007/bf02691697
https://doi.org/10.1111/j.1600-0633.2011.00513.x
https://doi.org/10.1111/j.1600-0633.2011.00513.x
https://doi.org/10.1007/s12237-008-9044-9
https://doi.org/10.1007/s12237-008-9044-9
https://doi.org/10.1016/j.ecss.2022.108016
https://doi.org/10.1007/BF03160594
https://doi.org/10.1007/BF03160594
https://doi.org/10.2307/1352378
https://doi.org/10.3354/meps047303
https://doi.org/10.1007/s00265-010-1003-3
https://doi.org/10.1007/bf02912043
https://doi.org/10.1007/bf02912043
https://schiermonnikoog.info/en/national-park.php
https://schiermonnikoog.info/en/national-park.php
https://doi.org/10.1007/s10641-013-0172-0
https://doi.org/10.1371/journal.pone.0138821
https://doi.org/10.1371/journal.pone.0138821
https://doi.org/10.1111/j.1095-8649.1990.tb05613.x
https://doi.org/10.1016/j.jembe.2021.151561
https://doi.org/10.3354/meps321227
https://doi.org/10.1017/njg.2015.4
https://doi.org/10.1007/BF00391880
https://doi.org/10.1111/j.1095-8649.1997.tb01634.x
https://doi.org/10.1051/alr:2005032
https://doi.org/10.2307/1353057
https://doi.org/10.2307/1353057
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref104
http://refhub.elsevier.com/S0272-7714(25)00240-9/sref104
https://doi.org/10.1071/mf10024
https://doi.org/10.1002/ecs2.2980
https://doi.org/10.1002/ecs2.2980
https://doi.org/10.1007/s12237-020-00894-y

	Fish are more abundant in salt marsh creeks with a salinity gradient and low drainage capacity
	1 Introduction
	2 Methods
	2.1 Study sites
	2.2 Creek morphology
	2.2.1 Field measurements
	2.2.2 Digital terrain models

	2.3 Fish collection
	2.4 Environmental variables
	2.5 Data analysis
	2.5.1 Selecting fish data
	2.5.2 Selecting morphological and environmental variables
	2.5.3 Model selection


	3 Results
	3.1 Creek morphology
	3.2 Abiotics
	3.3 Fish assemblages
	3.4 Gobies
	3.5 Herring
	3.6 Sticklebacks
	3.7 Eel

	4 Discussion
	4.1 Creek morphology
	4.2 Fish-habitat relationships
	4.3 Fyke catchability and performance
	4.4 Overview fish community
	4.4.1 Gobies
	4.4.2 Sticklebacks
	4.4.3 Herring
	4.4.4 European eel


	5 Conclusions
	CRediT authorship contribution statement
	Statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	Data availability
	References


