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Abstract: Kizilirmak Delta (Samsun, Tiirkiye) comprises a fine-scale mosaic of wetlands and saline/halophytic habitats, where
strong environmental gradients may influence plant nutrient-use patterns and ecological strategies. Here, we evaluated how leaf
stoichiometry (N, P, N:P) and CSR-based strategies vary across contrasting habitats and how these traits relate to measured soil
and water chemistry. The dataset comprised 39 observations from nine terrestrial plant taxa sampled in three wetland localities
(Balik, Cernek, and Liman lakes) and one saline area dominated by halophytes. Habitat differences were tested using Welch’s t
tests; trait-environment relationships were assessed using correlations and redundancy analysis (RDA). Halophyte sites
exhibited markedly higher salinity indicators (EC, TDS) and higher soil phosphorus (P) levels. In contrast, wetlands had higher
soil pH and higher inorganic N forms (NHs and NO>+NO:s) and total soil N. Leaf N was significantly higher in wetlands. In
contrast, leaf P and community-level N:P did not differ significantly between habitats, despite significant differences in soil P.
Leaf N declined with increasing TDS and soil P. RDA separated habitats along a salinity—nutrient gradient, with environmental
predictors explaining ~19% of the variance in stoichiometric responses. Competitive categories across taxa dominated CSR
assignments. Overall, the results indicate that salinity and nutrient form/availability jointly structure habitat differences in plant
stoichiometry in Kizilirmak Delta, with nitrogen showing the strongest habitat signal.
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Ozet: Kizilirmak Deltas: (Samsun, Tiirkiye), sulak alanlar ile tuzlu/halofit habitatlarin i¢ ice gectigi ve giiclii cevresel
gradyanlarin goriildiigii bir mozaik sistemdir. Bu ¢aligmada, farkli habitatlarda yaprak stokiyometrisinin (N, P, N:P) ve CSR
temelli stratejilerin nasil degistigi ve bu biyolojik oriintiilerin toprak/su kimyasiyla nasil iliskili oldugu incelenmistir. Veri seti,
ti¢ sulak alan lokalitesi (Balik, Cernek ve Liman golleri) ile halofitlerin baskin oldugu bir tuzlu alandan 6rneklenen dokuz karasal
bitki taksonuna ait toplam 39 gézlemi icermektedir. Habitat farklar1 Welch t testi ile degerlendirilmis; 6zellik—¢evre iligkileri
korelasyonlar ve redundans analizi (RDA) ile 6zetlenmistir. Halofit habitatinda EC ve TDS degerleri ile toprak P daha yiiksek
bulunurken; sulak alanlarda toprak pH’1, inorganik N formlart (NH4 ve NO>+NO3) ve toplam toprak N daha yiiksektir. Yaprak
N sulak alanlarda anlamli bigimde daha yiiksekken, yaprak P ve topluluk diizeyinde N:P habitatlar arasinda anlamli farklilik
gostermemistir; bu durum, toprak P’daki bilyiik farkliliklara ragmen yaprak P’nin daha giiclii fizyolojik diizenleme/uyum
mekanizmalartyla kontrol edilebilecegine isaret etmektedir. Yaprak N, artan TDS ve toprak P ile azalma egilimi gostermis;
RDA, 6rnekleri tuzluluk—besin gradyani boyunca ayirmig ve ¢evresel degiskenler stokiyometrik varyansin yaklasik %19 unu
aciklamustir. Sonuglar, deltada o6zellikle azotun habitat farklilagsmasina en duyarli stokiyometrik bilesen oldugunu
goOstermektedir.

Anahtar Kelimeler: Besin elementi simirlihig, islevsel 6zellikler, habitat stizgeci, tuzluluk stresi, kiy1 sulak alani
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1. Introduction

Deltaic wetlands are dynamic landscapes that develop
through the accumulation of suspended sediments as river
flow enters a receiving basin and loses velocity (Roberts,
1997; Ameen et al., 2017). As deposition builds elevation
and hydrological conditions shift, deltas support a mosaic
of wetland and terrestrial plant communities whose
distribution is strongly controlled by geomorphology and
flooding regime (Mitsch and Gosselink, 1993; Cahoon et
al., 2011). Such strong gradients create sharp transitions in
salinity, nutrient availability, and disturbance regimes,
which in turn shape plant functional composition.

Kizilirmak Delta (Samsun, Tiirkiye) is among the most
important delta plains in Trkiye, recognized for its large
extent and habitat diversity (Ozhatay et al., 2005). The delta

includes lagoon systems and associated wetlands as well as
saline/halophytic zones influenced by drainage and salinity
dynamics (Arslan, 2012), providing an ideal setting for
comparing plant strategies and nutrient-use patterns across
contrasting habitats.

Trait-based frameworks interpret plant ecological strategies
as outcomes of trade-offs among growth, persistence under
stress, and reproduction under disturbance. Grime’s CSR
theory describes this as a continuum among competitors
(C), stress-tolerators (S), and ruderals (R) (Grime, 1977).
Operational CSR allocation approaches enable comparative
assessment of species and communities along stress-
disturbance gradients (Hodgson et al., 1999; Pierce et al.,
2017), and have already been applied in Kizilirmak Delta
habitats (Babur et al., 2021; Stirmen, 2021).
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In parallel, ecological stoichiometry - particularly leaf
nitrogen (N), phosphorus (P), and their ratios - provides a
complementary lens for understanding nutrient status and
potential limitation across habitats. Leaf N:P ratios have
been widely used as indicators of nutrient limitation in
wetlands and related ecosystems (Koerselman and
Meuleman, 1996; Gusewell, 2004; 2005). Linking
stoichiometry with CSR strategies offers a mechanistic
perspective on how plants balance resource acquisition and
stress tolerance across environments.

Moreover, foliar nutrient composition is not only a
reflection of habitat nutrient pools but also of species-
specific regulation, uptake costs, and allocation patterns
under environmental stress (Aerts and Chapin, 2000;
Sardans and Pefiuelas, 2013). In wetlands, plant tissue
nutrient “signatures” have been shown to respond
predictably to nutrient availability, making stoichiometric
traits informative for diagnosing habitat-level differences
(Willby et al., 2001). Likewise, variability in N:P ratios
across wetland vegetation has been linked to shifts in
nutrient limitation and community structure (Glsewell et
al.,, 2003; Gusewell, 2004). Under saline conditions,
physiological constraints associated with salinity stress
may further modify nutrient acquisition and internal
balance, potentially decoupling leaf nutrient patterns from
soil nutrient pools (Akcin and Yalcin, 2016). Despite the
importance of these mechanisms, integrated assessments
that combine stoichiometric patterns with plant strategy
frameworks across fine-scale delta habitat mosaics remain
comparatively limited.

Building on earlier delta-based strategy and habitat
comparisons (Babur, 2018; Surmen, 2021), this study
compares plant stoichiometric patterns and CSR-based
strategies across wetland and halophytic habitats in
Kizilirmak Delta and relates these biological patterns to
measured soil and water chemistry.

2. Materials and Method

The study was conducted in the Kizilirmak Delta (Samsun,
Turkiye), using four localities that represent two habitat
categories: Balik Lake, Cernek Lake, and Liman Lake
(wetland), and a saline area dominated by halophytic
vegetation (Fig. 1).

The dataset comprised 39 observations for nine plant taxa
sampled across four localities (wetland, n = 24; halophyte,
n = 15). For each observation, leaf N, leaf P, and leaf N:P
were recorded, together with environmental variables
including electrical conductivity (EC), total dissolved
solids (TDS), soil pH, soil NH4, soil NO2+NO3, soil total
N, and soil P.

Soil and water chemical measurements followed standard
protocols as applied in the previous delta study context
(Rainwater and Thakcher, 1960; Tuziner, 1990; Babur et
al., 2021). Phosphorus determinations were consistent with
commonly used soil extraction and assessment approaches
(Bray and Kurtz, 1945), and N determinations followed
established Kjeldahl-based workflows used in comparable
studies (Allen et al., 1976).

Habitat differences in environmental and stoichiometric
variables were evaluated using Welch’s two-sample t-tests.
Relationships ~ between  leaf  stoichiometry  and
environmental variables were assessed using Pearson
correlation.

To summarize multivariate trait-environment structure,
redundancy analysis (RDA) was computed by regressing
standardized leaf stoichiometric variables (N, P, N:P) on
standardized environmental predictors (EC, soil pH, NH4,
NO2+NO3, soil total N, and soil P), followed by principal
component analysis of fitted values; results were visualized
as an RDA biplot.

Figure 1. General views of studied habitats
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3. Results

Across the 39 samples, habitat categories showed clear
differentiation in environmental chemistry (Fig. 2; Table
1). Halophyte sites displayed higher salinity-related
metrics: EC increased from 4.04 £ 1.41 ms (wetland) to
7.34 £ 0.67 ms (halophyte) and TDS from 1696 + 815 to
4597 + 1168 (both Welch’s t-tests p < 0.001).

In contrast, wetland sites had higher soil pH (8.38 + 0.60
vs. 7.77 £ 0.15; p < 0.001) and higher inorganic N forms,
with NH4 (1.49 + 1.29 vs. 0.14 + 0.21; p < 0.001) and
NO2+NO3 (0.506 + 0.75 vs. 0.055 = 0.01; p = 0.007). Soil

(a) EC (ms)

(b) TDS
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total N was also higher in wetland samples (1.39 £ 1.11 vs
0.165 + 0.04; p < 0.001), whereas soil P was markedly
higher in halophyte samples (4.13 + 0.60 vs 0.157 + 0.24;
p <0.001) (Table 1).

Leaf stoichiometric traits differed between habitats
primarily in nitrogen content (Fig.3; Table 1). Leaf N was
higher in wetland samples (3.74 £+ 1.71) than in halophyte
samples (2.44 + 0.77) (p = 0.0026). Leaf P showed no
significant habitat-level difference (0.37 £ 0.14 vs 0.27 +
0.21; p = 0.131), and leaf N:P was also not significantly
different between habitats (p = 0.530) (Fig. 3).

(c) Soil pH
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Figure 2. Environmental variables by habitat category (combined panel): (a) EC, (b) TDS, (c) soil pH, (d) soil NH4, (e) soil NO2+NO3.

Boxplots show median, interquartile range and whiskers

At the species level (Table 2), wetland taxa spanned a broad
range of N and N:P values. Apium nodiflorum had the
highest mean leaf N (7.57 + 0.15) and N:P (32.87 + 6.03),
whereas Samolus valerandi showed relatively low N (2.06
+ 0.08) and low N:P (6.75 £ 2.15). Among halophytes,
Artemisia santonicum had the highest mean leaf P (0.61 +
0.02) and the lowest N:P (6.01 + 0.37), while Spergularia
media showed a comparatively high N:P (22.49 + 8.09)
despite low leaf N (1.79 £ 0.04). CSR strategy assignments
were dominated by competitive types: halophyte taxa were
classified as C, while wetland taxa included C and
competitive subtypes (C/CR; C/CSR) (Table 2).

Trait-environment relationships supported the dominance
of the salinity-nutrient gradient (Table 3; Fig. 4). Leaf N
was negatively correlated with TDS (r =-0.334, p = 0.0378)

and Soil P (r = -0.386, p = 0.0151), while leaf P was
positively correlated with Soil NH4 (r = 0.391, p = 0.0139)
(Table 3). In standardized multiple regression models, Soil
P remained a significant predictor of leaf N (standardized
beta = -0.691, p = 0.043), whereas overall model fit was
modest (R2 = 0.19).

The RDA indicated that environmental predictors
explained 19.2% of the wvariance in standardized
stoichiometric responses; RDAL and RDA2 accounted for
62.2% and 36.1% of the constrained component,
respectively. Samples tended to separate by habitat
category, with halophyte samples aligning with higher EC
and soil P, and wetland samples aligning with higher soil
pH and nitrogen variables (Fig. 4).

Table 1. Habitat-level summary of environmental variables (mean + SD; min-max)

EC (ms) TDS (PPT) Soil_pH Soil_NH, Soil_NO,-NOs Soil_N Soil_P
Habitat (meanzSD;  (meanxSD; min- (meanxSD; (mean+SD; (meanzSD; min—  (meanzSD; (meanxSD; min-
min-max) max) min-max) min-max) max) min—-max) max)
Haloovhte 7.34+£0.67; 4596 + 1167, 7.77 £0.15; 0.14 +£0.21; 0.06 +0.01; 0.17 £ 0.04; 4.13 + 0.60;
Py 6.66-8.25 3401-6143 7.57-8.00 0.030-0.550 0.05-0.06 0.11-0.20 3.59-5.11
Wetlands 4.04 +1.41, 1696 + 815; 8.38 £0.59; 1.50 £ 1.29; 0.51 +£0.75; 1.39 £ 1.11; 0.16 + 0.24;
2.00-6.13 3.10-2835 6.99-9.72 0.20-4.22 0.00-2.41 0.31-4.21 0.01-0.90
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(a) Leaf N (b) Leaf P (c) Leaf N:P

4.5 4 1 0.6 1 30 4

407 0.5 251

351 0.4 20 1

3.0 0.3 \T‘ 15 A ’L

2.5 :|' 0.2 104

2.01 |T| 0.14 \T‘ 5 4 \T‘ ITl

Wetiand Halopl)hyte Wetiand Ha\oéhyte Wetiand Han;IJhyte

Figure 3. Leaf stoichiometry by habitat category (combined panel): (a) leaf N, (b) leaf P, (c) leaf N:P. Boxplots show median, interquartile

range and whiskers

Table 2. Species list with habitat affiliation and CSR category, and species-level leaf N, P and N:P (mean + SD)

Species Habitat CSR N (meanSD) P (meanzSD) N:P (meanzSD)
Apium nodiflorum Lag. Wetland CICR 7.57£0.16 0.236 +0.05 32.87 £6.02
Artemisia santonicum L. Halophyte (¢} 3.67+0.12 0.612 £ 0.02 6.01 +0.37
Calystegia sepium (L.) R.Br. Wetland CICR 453 +0.04 0.431 £ 0.09 10.80+2.14
Euphorbia villosa Willd. Wetland CICSR 3.68+0.61 0.513+£0.13 7.73+2.89
Geranium robertianum L. Wetland CICR 3.19+0.26 0.275+0.06 12.09 £ 2.91
Salicornia prostrata Pall. subsp. prostrata Halophyte C 2.02+0.10 0.199 + 0.02 10.16 £ 0.31
Samolus valerandi L. Wetland CICR 2.06 £ 0.08 0.338+0.13 6.75+2.15
Spergularia media (L.) C.Presl Halophyte (¢} 1.79£0.04 0.090 £ 0.04 22.49 +8.09
Suaeda maritima (L.) Dumort. Halophyte (¢} 2.94 +0.06 0.356 £ 0.09 8.60 +2.14

4. Discussions

This study shows that terrestrial plant assemblages within
Kizilirmak Delta are structured along a strong habitat
gradient that links salinity-related conditions to nutrient
forms and availability. Halophyte sites exhibited higher EC
and TDS and higher soil P, whereas wetland sites had
higher pH and higher inorganic N (NH4 and NO2+NO3) as
well as higher soil total N (Fig. 2; Table 1). Deltaic
wetlands often exhibit such coupled gradients because
sediment deposition, inundation frequency, and freshwater-
saltwater mixing control soil chemistry and plant
establishment (Mitsch and Gosselink, 1993; Cahoon et al.,
2011). Vegetation development on delta-splay surfaces can
also be closely linked to physical conditions and sediment
dynamics (Ameen et al., 2017). In the coastal plain adjacent
to the delta, groundwater salinity varies spatially and
temporally, providing an additional mechanism that can
reinforce habitat differentiation (Arslan, 2012).

Leaf stoichiometric responses mirrored this environmental
differentiation mainly through nitrogen. Leaf N was
significantly higher in wetland samples than in the
halophyte habitat (Fig. 3a), consistent with higher soil
inorganic and total N in wetlands (Table 2) and indicating
that N uptake and assimilation are more strongly supported
under wetland conditions. Because foliar nutrient
concentrations reflect both external supply and plant-level
regulation (Aerts and Chapin, 2000), higher wetland leaf N
likely reflects both greater N availability and differences in
species-level nutrient-use strategies. In contrast, leaf P did
not differ significantly between habitats, despite the much
higher soil P levels in the halophyte habitat (Table 2). This
pattern suggests that foliar P is buffered by physiological
control and internal allocation and that stressful conditions

associated with salinity may constrain nutrient acquisition
or alter allocation priorities (Akcin and Yalcin, 2016;
Sardans and Pefiuelas, 2013).

Table 3. Pearson correlation summary and standardized regression
coefficients linking leaf stoichiometric traits to environmental

variables

Species Habitat CSR

N EC (ms) -0.268 (p=0.0992, n=39)
N Soil_N +0.141 (p=0.392, n=39)
N Soil_NH4 +0.130 (p=0.431, n=39)
N Soil_NO2-NOs +0.101 (p=0.541, n=39)
N Soil_P -0.386 (p=0.0151, n=39)
N Soil_pH +0.065 (p=0.696, n=39)
N TDS (PPT) -0.334 (p=0.0378, n=39)
N:P EC (ms) +0.133 (p=0.42, n=39)
N:P Soil_N -0.192 (p=0.242, n=39)
N:P Soil_NH4 -0.290 (p=0.0731, n=39)
N:P Soil_NO2-NO3 -0.124 (p=0.453, n=39)
N:P Soil_P +0.096 (p=0.56, n=39)
N:P Soil_pH -0.263 (p=0.106, n=39)
N:P TDS (PPT) -0.041 (p=0.803, n=39)
P EC (ms) -0.270 (p=0.097, n=39)
P Soil_N +0.160 (p=0.331, n=39)
P Soil_NHa +0.391 (p=0.0139, n=39)
P Soil_NO2-NOs +0.100 (p=0.544, n=39)
P Soil_P -0.238 (p=0.144, n=39)
P Soil_pH +0.281 (p=0.0828, n=39)
P TDS (PPT) -0.061 (p=0.711, n=39)
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Figure 4. RDA biplot relating leaf stoichiometry (N, P, N:P) to environmental variables (EC, soil pH, NH4, NO2+NO3, Soil N, Soil P).
Points represent samples (symbol = habitat category) and arrows indicate standardized environmental gradients

Although community-level leaf N:P did not differ
significantly between habitats (Fig. 3c), species means
revealed substantial stoichiometric spread (Table 2). N:P is
widely used as a comparative indicator of relative nutrient
balance and potential limitation in wetlands and related
ecosystems (Koerselman and Meuleman, 1996; Gusewell,
2004; 2005). Additionally, biomass N:P ratios have been
proposed as indicators of nutrient limitation in wetland
plant populations (Gusewell et al., 2003). Species-level
contrasts in N:P observed here, therefore, likely reflect
differences in nutrient acquisition and allocation.
Comparable work has shown that tissue nutrient signatures
can predict herbaceous wetland community responses to
nutrient availability (Willby et al., 2001).

CSR strategy assignments were dominated by competitive
types, with halophyte taxa classified as C and wetland taxa
spanning competitive subtypes (C/CR; C/CSR) (Table 2).
Within the CSR framework, competitive strategies are
expected where resource capture and growth remain
advantageous and where stress and disturbance do not
overwhelmingly constrain biomass accumulation (Grime,
1977; 2002). Because CSR allocation depends on trait
syndromes and is sensitive to the trait set used,
interpretation is strengthened when based on standardized
allocation approaches (Hodgson et al., 1999; Pierce et al.,
2017). The dominance of competitive categories in both
habitats reflects the particular taxa included and the
relatively stable microsites sampled within each habitat.

Trait-environment statistics reinforced the importance of
the salinity-nutrient gradient. Leaf N decreased with
increasing TDS and soil P in bivariate correlations and
remained negatively associated with soil P in the
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multivariate model (Table 3). The RDA biplot summarized
these relationships by positioning halophyte samples closer
to the EC and soil P vectors and wetland samples closer to
soil pH and nitrogen variables (Fig. 4). The constrained
ordination explained a modest fraction of the total variance,
which is consistent with evidence that plant responses to
similar soil conditions can vary among regions and that
local resource gradients interact with broader-scale context
(Seidling and Rohner, 1993; Cornwell and Grubb, 2003).
Moreover, deviations in nitrogen-related indicator
expectations can be linked to atmospheric inputs and other
external sources of N, potentially adding noise to soil-plant
relationships (Seidling and Fischer, 2008).

From an applied perspective, the results suggest that shifts
in hydrology and salinity - driven by drainage, canal
leakage, or changes in freshwater inflow - may alter not
only species composition but also community nutrient
balances in the delta. Hydrological processes underpin
wetland functioning and biogeochemical cycling (Mitsch
and Gosselink, 1993), while salinity dynamics in the Bafra
Plain can influence the spatial distribution of saline
conditions (Arslan, 2012). Deltaic wetland accretion and
sediment redistribution can further modify habitat
chemistry and vegetation patterns (Cahoon et al., 2011,
Ameen et al., 2017). Therefore, maintaining hydrological
heterogeneity and limiting salinization of wetland zones are
likely important for sustaining both biodiversity and
functional diversity across the habitat mosaic.

A limitation of the present analysis is that it is based on a
relatively small set of species and observations with
unbalanced habitat sample sizes. In addition, the dataset
represents a single sampling context and does not explicitly



Yilmaz & Siirmen — Ecological stoichiometry and ...

address seasonal variability, which can be substantial in
wetland systems (Mitsch and Gosselink, 1993). Future
studies would benefit from replicated sampling across
seasons and years, the inclusion of additional functional
traits (e.g., SLA, leaf dry matter content, and tissue ion
concentrations), and the explicit quantification of the
hydrological regime. These expansions help clarify
whether the observed patterns reflect persistent habitat
filtering or short-term environmental conditions during the
sampling period.
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