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The impacts of climate change on vegetation growth are attracting increasing global attention. While pheno-
logical changes have been extensively studied in terrestrial ecosystems, long-term temporal research on
phenology-climate feedback in coastal saltmarsh ecosystems, particularly both at the community and species
levels, remains limited. In this study, the spatial phenology of saltmarsh vegetation was studied in the Dutch
Western Scheldt estuary over three decades (1993-2022), based on the Landsat satellite-derived 2-band
enhanced vegetation index (EVI2), coupled to existing sequential maps of vegetation communities. Our results
show that saltmarsh vegetation in specific zones greens up earlier, reaches peak greenness sooner, and undergoes
a significantly extended growing season—patterns are broadly consistent with climate-driven shifts observed in
other ecosystems. However, phenological responses varied across the tidal inundation gradient, with higher
intertidal communities initiating growth earlier than lower zones, reflecting the added complexity introduced by
future sea-level rise and altered hydrological regimes. Correlations with seasonal meteorological variables
showed spatially variable effects: warmer springs advanced green-up, drier summers delayed peak growth and
senescence, and higher winter precipitation extends the growing season. Moreover, phenological asynchrony
among plant species underscores the influence of species-specific traits and adaptive strategies. Saltmarsh
vegetation shows both broad phenological responses to changes in meteorological conditions and site-specific
patterns influenced by tidal regimes. Species composition and environmental gradients drive these responses,
highlighting the need to understand these interactions for targeting vulnerable species, guiding restoration, and
maintaining key ecosystem services (such as carbon sequestration, flood risk reduction, and habitat provision)
under climate change.

1. Introduction (Richardson et al., 2013; Chmura et al., 2019; Antala et al., 2022; Meng

et al., 2024; Mo et al., 2024). Phenological shifts can directly influence

Climate change is accelerating at an unprecedented rate, with 1.5 °C
warming expected within the next decade (Lee et al., 2021; Forster et al.,
2024). Rising temperatures drives increased frequency of extreme
events, like heatwaves, droughts, and heavy rainfall (Cardell et al.,
2020; Robinson et al., 2021; Vautard et al., 2023), with cascading effects
on biodiversity and ecological community structure worldwide (Antao
etal., 2020). These changes drive plant phenology shifts—such as earlier
spring onset and delayed autumn senescence—although the shifts vary
across geographic gradients, climate zones, ecosystems and plant species

key ecosystem functions—such as biomass production (Peichl et al.,
2018), photosynthetic efficiency (Meng, et al., 2023), carbon seques-
tration (Antala et al., 2022; Ren et al., 2024) and multitrophic species
interactions (Morellato et al., 2016). These impacts emerge via altered
energy flows, nutrient cycling efficiency, and species dynamics. How-
ever, climate-driven phenological mismatches can disrupt these re-
lationships, leading to serious consequences like plant establishment
failure and resource scarcity (Morellato et al., 2016; Renner and Zohner,
2018). Thus, phenological shifts can serve as both indicators of
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environmental stress and predictors of ecosystem recovery trajectories
(Dronova and Taddeo, 2022). Historical phenological analysis reveals
ecosystem sensitivity to climate variability (Richardson et al., 2013;
Meng et al., 2024; Mo et al., 2024) while informing critical assessments
of carbon storage, habitat dynamics, and broader ecosystem services
(Miller et al., 2021; Dronova et al., 2022). Additionally, while temper-
ature is the dominant driver of phenology, other factors such as pre-
cipitation, evapotranspiration, water availability, and photoperiod also
play critical roles—particularly in modifying thermal thresholds (Fu
et al., 2014; Piao et al., 2019a) and determining the temporal distribu-
tion of phenophases (Meng et al., 2024).

Despite advances in terrestrial systems, coastal phenology—partic-
ularly saltmarsh full seasonal phenological dynamics and their re-
lationships with climatic stressors—have received far less attention
(Kromkamp and Van Engeland, 2010; Mo et al., 2015, 2017; Miller et al.,
2021). Saltmarshes are dynamic intertidal ecosystems where halophytic
plants thrive, providing key services such as carbon storage, biodiversity
support, habitat provision, wave attenuation, and shoreline protection
(Van de Koppel et al., 2005; Van der Wal et al., 2008; Laengner et al.,
2019; Temmerman et al., 2023). Unlike terrestrial ecosystems, salt-
marshes experience unique stressors such as tidal inundation and sali-
nity—that are highly sensitive to climate warming, particularly through
sea-level rise—which may lead to distinct phenological responses (Chen
and Kirwan, 2022; Zhang et al., 2024). Specifically, tidal forcing can
reshape the zonal distribution of saltmarsh plants by altering flooding
frequency, soil permeability, and soil chemistry—including the enrich-
ment of plant-growth-related compounds like COy (Wang et al., 2024).
Furthermore, the energy expended on salt regulation reduces resources
available for growth and reproduction, ultimately altering key plant life-
cycle stages, such as germination and growth rate (Gallego-Tévar et al.,
2019). By intensifying flooding and salinity stress, sea-level rise compels
saltmarshes to adapt via landward migration or vertical sediment ac-
cretion, leading to phenological shifts such as a compressed growing
season and altered reproductive timing (Mo et al., 2019). In addition,
saltmarshes, like terrestrial ecosystems, comprise multiple plant species
whose phenological responses to climate change may differ (Shen et al.,
2019). These species-specific sensitivities can interact to shape the
overall ecosystem response, where asynchronous growth dynamics may
enhance ecosystem stability under interannual climate variability—an
effect previously observed in terrestrial systems (Stevens and Carson,
2001; Dronova and Taddeo, 2022). Understanding how saltmarsh plant
species have responded to recent climatic variations can thus provide
insights into future resilience and inform adaptive coastal management
strategies (Morellato et al., 2016; Mo et al., 2017; Buffington et al.,
2018).

It’s necessary to address prior limitations in spatiotemporal scope,
methodological simplicity and vegetation composition analysis for
filling a critical gap in coastal ecosystem research. In particular, satellite
data (e.g., Landsat) enable landscape-scale monitoring, overcoming
field-based limitations (Dronova and Taddeo, 2022). Therefore, this
study employs advanced phenological extraction techniques (Kong
et al., 2022) to investigate the long-term impacts of climate change on
saltmarsh vegetation phenology, with a focus on the Dutch Western
Scheldt estuary (1993-2022). We focus on spatial phenological shifts,
their climate drivers, and species-specific responses. We hypothesize
that coastal phenology follows warming trends similar to terrestrial
systems, but with modulation by tidal emergence gradients. Addition-
ally, we propose that species-specific responses in saltmarshes reflect
trade-offs between meteorological and inundation stressors. Here, the
following scientific questions are addressed: 1) How has the phenology
of saltmarsh vegetation changed over time? 2) How are these pheno-
logical changes influenced by the tidal emergence gradient character-
istic of coastal saltmarshes? 3) How does historical climatic change
relate to the phenological dynamics of saltmarsh vegetation? To this
end, we quantitatively assess changing patterns in the phenological
metrics of saltmarsh vegetation in the Western Scheldt estuary and their
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responses to key climate factors.
2. Material and methods
2.1. Research area

The Western Scheldt, a tide-dominated estuary in southwest
Netherlands flowing into the North Sea, features a longitudinal salinity
gradient, numerous tidal flats, hosting diverse habitats for birds, fish,
and saltmarsh vegetation (Tavora et al., 2023), including Saeftinghe,
Europe’s largest saltmarsh area (Fig. 1). The Western Scheldt connects
the seaports of Vlissingen and Terneuzen (Netherlands); it borders the
upper estuarine Sea Scheldt in Belgium with the ports of Antwerp and
Ghent (Belgium) (Meire et al., 2005). The salinity gradient in the Dutch
part of the estuary ranges from near-marine salinity near the mouth to
brackish waters upstream. Mean annual river discharge from the rain-
fed Scheldt is between 100 and 200 m3s~! (Meire et al., 2005); river
discharge is low in summer (on average 60 m®~') and higher in winter
(on average 180 m3s™!) (Baeyens et al., 1998). During spring tides, the
tidal range is 4.45 m near the mouth and 5.67 m in the brackish section
of the Western Scheldt close to the Dutch-Belgium border
(Rijkswaterstaat, 2016). In such macrotidal systems, saltmarsh dy-
namics are predominantly governed by tidal processes, sustaining high
salinity levels within the marsh environment (Yando et al., 2023). In our
downstream estuarine study area (brackish to saline zone), elevation
dominates over salinity in structuring saltmarsh plant zonation within
the tidal gradient (Feng et al., 2025). The Western Scheldt estuary fea-
tures a temperate climate with predominantly southwesterly winds, cool
summers, mild winters, and around 900 mm of evenly distributed
annual precipitation (De Vriend et al., 2011). Based on the Royal
Netherlands Meteorological Institute (KNMI) data from the Vlissingen
monitoring station (1993-2022), the mean annual temperature was 11.3
+ 0.7 °C, with average monthly extremes of 14.1 &+ 5.9 °C (maximum)
and 8.8 + 4.9 °C (minimum). Over recent decades, an overall increase in
annual average temperature has been observed (Kromkamp and Van
Engeland, 2010). The typical pioneer plant species are the perennial
cord grass (Spartina anglica) and the annual glasswort (Salicornia spp.).
In the upper marsh, vegetation composition becomes more diverse,
including species such as common saltmarsh grass (Puccinellia maritima),
annual seablite (Suaeda maritima), sea aster (Aster tripolium), seaside
bulrush (Bolboschoenus maritimus), and common reed (Phragmites aus-
tralis) (Van der Wal et al., 2008).

2.2. Methods

2.2.1. Meteorological data

We used seasonal meteorological variations as a proxy for local
climate change, focusing on four key factors: temperature, precipitation,
drought conditions, and sunshine duration. Data (1993-2022) for the
monthly average temperatures, amount of precipitation and sunshine
duration were used from KNMI station Vlissingen (Fig. 1a). We chose a
drought index, the Standardized Precipitation-Evapotranspiration Index
(SPEI), which integrates precipitation and temperature-driven evapo-
transpiration, providing an effective measure of the cumulative water
balance between atmospheric supply and demand (Begueria et al.,
2014). The Global SPEI database, SPEIbase, with monthly data with a
0.5 degrees spatial resolution was used in this research. We selected for
this study the pixel (51.25°, 3.75°), which is the nearest by the Western
Scheldt estuary. The study involved the indexes “SPEI_3”, which repre-
sents a standardized index quantifying how a 3-month accumulated
surface water balance (precipitation minus potential evapotranspira-
tion) deviates from its expected value for that period (Vicente-Serrano
et al., 2010). The positive values present wet conditions while negative
values present dry conditions. To better understand the relationship
between phenological events of vegetation growth and climate change,
we recalculated the climatic data of each season for each year. Given the
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Fig. 1. (a) Location of the Western Scheldt estuary (southwest Netherlands); (b-e) the distribution of four dominant vegetation species in 2016. Note. (a) The red
boundary on the right of the subfigure shows the 2016 embanked area. Elevation data (2022) were obtained from Rijkswaterstaat (Methods 2.2.2). (b-e) Vegetation
data are derived from Rijkswaterstaat’s 2016 vegetation map (Methods 2.2.2). All backgrounds of geographical maps were generated using ArcGIS Pro (ESRI, 2023).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

lagged effects of climate factors on vegetation growth, winter refers to
three months from December the last year to February in the recent year.
Spring spans the time period from March to May. Summer includes the
time from June to August. September, October and November are
classified as Autumn. Based on these seasons, we can calculate the
corresponding seasonal data of climatic factors.

2.2.2. Changing patterns in vegetation phenology

We selected a 2-band enhanced vegetation index (EVI2) (Jiang et al.,
2008) time series to extract and process the vegetation phenology with
remote sensing. Unlike NDVI, EVI2 is better at identifying diverse land
cover and timing the greening season due to its reduced saturation in
dense vegetation (Sun et al., 2023). Therefore, we firstly collected the
time-series EVI2 for each year from the observations of satellites
(Landsat 5, 7, 8, see Table S1) during the past three decades
(1993-2022) using Google Earth engine (GEE) (Gorelick et al., 2017).
The images of Landsat 7 after 31 May 2003 were excluded due to the
failure of the scan line corrector. Here, the surface reflectance of the
near-infrared (NIR) and red bands by the Landsat images were used to
calculate EVI2:

PNIR — PRed

EVI2=25e—NIR 1F'Red
P T 2.4 0P +1

where pyr and pg,4 are the surface reflectance of the near-infrared band
and red band of the Landsat image, respectively. To reach a good bal-
ance of fidelity and smoothness, we applied a robust denoising approach
(weighted Whittaker (Eilers, 2003; Kong et al., 2019)) to reconstruct
remote sensing vegetation indices and extracted pixelwise annual
phenological metrics using the derivative method (Filippa et al., 2016;

Zhang et al., 2018; Kong et al., 2020) with the R package phenofit (Kong
et al., 2022). The detailed metrics include the start/end/peak/length of
the growing season (respectively, SOS/EOS/POS/LOS, see Fig. 2). Spe-
cifically, the derivative method calculates the first-order derivative of
the vegetation time series, where SOS and EOS are defined as the day of
maximum growth rate and senescence rate, respectively, and POS is the
peak value in the original time series (Kong et al., 2022). Additionally,
LOS is derived as the temporal difference between EOS and SOS. The

I
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Greenness
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D>
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Fig. 2. Conceptual diagram of key parameters concerning remote sensed
vegetation phenology. Note. SOS/POS/EOS/LOS represents the Start/Peak/
End/Length of vegetation growing Season.
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Theil-Sen estimator was employed to analyze pixel-wise temporal trends
in the phenological parameters (SOS, POS, EOS and LOS) over the past
three decades (Sen, 1968). Additionally, the Mann-Kendall test was
applied to the entire time series to determine the significance of these
trends at each pixel (Mann, 1945). In our study, to minimize tidal
change effects and reduce the impact of abrupt land-use changes,
thereby ensuring more representative long-term phenological data, we
selected pixels that were classified as saltmarsh (vegetated status) for at
least half the study period (>15 years), with valid phenological metrics
(non-NA values) for at least one-third of the time (>10 years), as indi-
cated by our sensitivity analysis (See Table S2 and S3). To define the
saltmarsh extent for each year, we used ecotope maps (1996, 2001,
2004, 2008, 2010, 2011, 2012, 2015, 2016, 2018, 2020, 2022) and
vegetation maps (1993, 1998), available from the Ministry of Infra-
structure and Water Management of the Netherlands—Rijkswaterstaat
(https://rijkswaterstaatdata.nl/). Rijkswaterstaat regularly classifies the
Western Scheldt into ecotopes—distinct ecomorphological units—based
on criteria such as elevation, depth, flow velocity, inundation duration,
salinity, and sediment composition. Vegetation maps from 1993 (Von
Asmuth et al., 1996), 1998 (Koppejan, 2000), 2004 (Reitsma, 2006),
2010 (Pranger and Tolman, 2012), and 2016 (Reitsma and de Jong,
2018), derived from Rijkswaterstaat, were created by manually delin-
eating homogeneous areas as vector polygons from 1:5000 or 1:10000
aerial photographs, supported by field surveys conducted at plot sites.
All above data were used to map the saltmarsh extent in each year.
Satellite remote sensing images can estimate extents for unmapped
years, provided there are sufficient cloud-free, low tide observations
(Laengner et al., 2019; Laengner and Van der Wal, 2022), albeit with a
lower spatial resolution. Our analysis relied exclusively on existing
ecotope and vegetation maps based on aerial photographs for saltmarsh
delineation. The intersecting saltmarsh boundaries from the nearest two
mapped years were used to estimate extent for unmapped years (Fig.S1).
Meanwhile, spatial distributions of averaged phenological metrics were
also detected. To clarify phenological distribution trends, emersion
duration and elevation maps (1996, 2001, 2004, 2008, 2010, 2011,
2012, 2015, 2016, 2018, 2020, 2022) with a 20 m x 20 m resolution
from Rijkswaterstaat were also utilized. The elevation dataset was
generated by integrating airborne LIDAR topography with shipborne
multibeam and single-beam bathymetry, both standardized to meters
relative to NAP (the Dutch ordnance datum). Furthermore, emersion
duration maps were derived from 20 m x 20 m elevation data and water
level measurements relative to m NAP. The water level data, recorded
every 10 min by Rijkswaterstaat at five tide gauge stations along the
Western Scheldt, covered the preceding three years. Emersion duration
was calculated based on the dominant M2 tidal component (Kers et al.,
2013). We applied reduced major axis regression (Harper, 2016) to
examine correlations between average phenological metrics and both
average elevation and emersion duration respectively.

2.2.3. The response of vegetation phenology to climate change

Spatially, the Pearson correlation method and Bonferroni correction
were used to analyze the correlations between average vegetation
phenology and environmental drivers for each pixel. To account for
temporal variations and mitigate potential multicollinearity among cli-
matic variables, partial correlation analysis (Legendre, 2000; Meng,
et al., 2023; Bao et al., 2024; Xu et al., 2024) was employed to examine
the seasonal effects of each primary climatic factor on vegetation
phenology, controlling for the influence of other variables over the past
three decades. The partial correlation analysis involved 16 climatic
drivers consisting of four seasons of temperature, precipitation, drought
index (i.e. SPEI) and sunshine duration over past 30 years. The dominant
factor for each phenological metric is identified as the variable that has
the highest number of pixels with significant partial correlation co-
efficients, after accounting for the influence of other variables. As for the
LOS, we listed top four dominant climatic factors considering similar
amount. To better compare responding differences among different
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plant species, vegetation distribution maps from 1993 (Von Asmuth
et al.,, 1996), 1998 (Koppejan, 2000), 2004 (Reitsma, 2006), 2010
(Pranger and Tolman, 2012), and 2016 (Reitsma and de Jong, 2018)
were used to illuminate the sensitivities of abundant plant species
phenology to climate change. The four most abundant plant species
were determined by their total cover across all five sequential vegetation
maps (Feng et al., 2025). These include the annual species: (1) Salicornia
spec. (specifically Salicornia europaea and Salicornia procumbens), and the
perennial species: (2) Spartina spec. (including Spartina anglica and
Spartina townsendii), (3) Bolboschoenus maritimus, and (4) Phragmites
australis (Fig. 1b—e). Based on the vegetation maps, we selected the
pixels meeting the following conditions to represent each individual
abundant plant species: (1) total cover in a certain year is greater than
50 %; (2) the proportion of a certain plant species is greater than 50 %.
We assumed the above selected pixels are vegetated and dominated by
certain plant species. To assess how vegetation composition influences
phenological shifts, we analyzed the four most abundant species from
the latest available vegetation map (2016). For each vegetated pixel, we
designated the species with highest coverage as dominant to assess
composition-related phenological changes. We then adding the density
plots demonstrating the distribution of different vegetation communities
across the tidal emergence gradient. Furthermore, we added pie charts
showing area proportions of pixels with dominant trends, highlighting
significant positive or negative slopes or correlations in each map. All
relevant spatial and statistical analyses were implemented in ArcGIS Pro
(ESRI, 2023) and R v.4.3.2 (R Core Team, 2023).

3. Results
3.1. Changes in saltmarsh vegetation phenology

Most saltmarshes in our study showed no significant phenological
changes. However, pixels with significant change were spatially clus-
tered: in some areas, we observed an earlier onset and an earlier peak of
the season, causing an extended growing season as time progressed
(Fig. 3). Specifically, spring phenology shifted significantly in 11.75 %
of the saltmarsh areas, with most regions—particularly in Saeftinghe,
intertidal shoals, and some coastal zones—showing earlier onset
(Fig. 3a). An exception to this trend was observed at some of the higher
elevations within Saeftinghe, where SOS occurred later (Fig. 3a). Similar
changing patterns of POS were also detected at these elevated locations
(Fig. 3b). The timing of vegetation senescence varied spatially, with
significantly delayed EOS primarily occurring in the eastern high-lying
zones of Saeftinghe, while advanced EOS was detected in some other
parts of the saltmarsh (e.g. in Zuidgors and some areas of Saeftinghe,
EOS seemed mostly earlier, not later) (Fig. 3c). The significantly
extended LOS were prevalent across most intertidal areas including
Saeftinghe, Walsoorden and Hooge Platen (Fig. 1 and Fig. 3d). In terms
of vegetation succession, communities dominated by B. maritimus are
associated with earlier SOS and POS, contributing to a longer growing
season. Meanwhile, delayed EOS is notably linked to the expansion of
P. australis (see pie charts in Fig. 3). Additionally, although significant
phenological changes were detected only in limited areas, these findings
remain ecologically meaningful given the high heterogeneity of the
system—particularly for high marsh vegetation communities (Fig.S3),
which are more sensitive to meteorological dynamics than to hydro-
logical variations. Specifically, pixels with a significantly earlier SOS
accounted for 12.03 % of Salicornia spec. (SalSp)-, 15.20 % of Spartina
spec. (SpaSp)-, 10.72 % of B. maritimus (BolMa)-, and 3.88 % of
P. australis (PhrAu)-dominated communities; pixels with a significantly
earlier POS represented 10.67 % of SalSp-, 15.33 % of SpaSp-, and 7.94
% of PhrAu-dominated communities; pixels with a significantly delayed
EOS comprised 11.16 % of PhrAu-dominated communities; pixels with a
significantly longer LOS covered 15.26 % of BolMa- and 16.47 % of
PhrAu-dominated communities (Table S4).
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Fig. 3. Spatial distribution of the temporal trend in phenological metrics ((a) SOS; (b) POS; (c) EOS; (d) LOS) in the saltmarshes of the Western Scheldt. Note. Spatial
patterns of long-term average phenological metrics can be found in Fig. S2. The histogram on the top of each map shows the quantity distribution of the pixels with
significant change (p < 0.05). The colors of bars in each histogram are consistent with the ones of each map legend. Grey filled pixels indicate non-significant
changing trend (p > 0.05). The red pie chart corresponds to the red section of the histogram (delay in the season or longer growing season), while the greenish
pie chart corresponds to the blue section of the histogram (earlier in the year or shorter growing season). SpaSp means Spartina spec., SalSp means Salicornia spec.,
BolMa means B. maritimus and PhrAu means P. australis in the pie chart. See also Table S4 and Fig. S3 for complementary information of the pie charts. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.2. Vegetation phenology patterns across the tidal emergence gradient

We observed weak, negative relationships between SOS, POS, EOS,
and emersion time. Vegetation growth in higher intertidal zones with
greater tidal emergence generally began and peaked earlier than in the
mid and lower intertidal zone (Fig. 4 and Fig. S4). With increasing
elevation, the growing season length tends to extend (Fig. S4d). We
found that B. maritimus and P. australis dominated the high-lying areas
(top density plots in Fig. 4).

3.3. Meteorological drivers of vegetation phenology

Overall, no significant correlations were found between the timing of
phenological events and seasonal average water availability or tem-
perature in saltmarshes after applying the Bonferroni correction
(Fig. S6). However, spatially, spring temperatures are significantly
linked to green-up in 8.61 % of the saltmarsh, with most areas showing a
correlation between warmer springs and an earlier SOS (Fig. 5a). Spring
water availability or drought conditions (SPEI) significantly impact the
timing of the growing season peak (POS) in 9.07 % of the saltmarsh,
with most areas showing wetter springs associated with a delayed POS
(Fig. 5b). Summer water availability significantly influences the EOS
timing in 12.37 % of the saltmarsh, with most areas exhibiting a nega-
tive partial correlation, indicating that wetter summers delay the EOS

(Fig. 5c). Winter precipitation is the main seasonal factor influencing
growing season length, with 16.85 % of saltmarsh areas showing a sig-
nificant correlation, most exhibiting a positive link between higher
winter precipitation and longer growing seasons (Fig. 5d). In terms of
vegetation composition, B. maritimus is the dominant species, indicating
that vegetation communities led by B. maritimus are sensitive to varia-
tions in spring temperature, summer water availability, and winter
precipitation. Additionally, vegetation communities dominated by
P. australis respond to increased winter precipitation, contributing to an
extended growing season (Fig. 5). In particular, four abundant saltmarsh
plant species exhibit asynchronous phenological characteristics. The
engineer species Salicornia spec. exhibits later green-up and senescence,
whereas B. maritimus is featured as earlier occurrence of SOS and POS;
Spartina spec. has the shortest growing season due to its early senes-
cence, while Salicornia spec. and B. maritimus exhibit the longest growing
seasons (Fig. 6 and Fig. S8).

4. Discussion

In this study, we demonstrated the phenological dynamics of salt-
marsh vegetation marked by spatial variations. First, our case study
reveals an earlier onset of greening and a longer growing season in part
of the saltmarshes in the Western Scheldt. This tendency aligns with
global observed seasonal phenology changes (Piao et al., 2019b; Meng
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Fig. 4. Relationships between key phenological metrics and emersion duration gradients: (a) SOS; (b) POS; (c) EOS; (d) LOS. Note. Using the 2016 vegetation map,
we identified the species with the maximum cover among the four dominant species to classify vegetation community types and analyze their contributions to the
distribution of phenological characteristics (See methods 2.2.3). SpaSp means Spartina spec., SalSp means Salicornia spec., BolMa means B. maritimus and PhrAu
means P. australis. The symbol r denotes the Pearson correlation coefficient calculated using reduced major axis regression. Species-specific regression results are

presented in Fig. S5.

et al., 2024), documented widely in mid- to high-latitude terrestrial
ecosystems of the Northern Hemisphere (Jeong et al., 2011; Jiang et al.,
2023), as well for saltmarsh-specific phenological patterns (Buffington
et al.,, 2018; Mo et al., 2019), and phytoplankton responses in marine
ecosystems (Kromkamp and Van Engeland, 2010). This consistent
phenological change may reflect a broad coherence in vegetation
response to climate change. However, saltmarshes, as unique ecosys-
tems shaped by tidal inundation, exhibit distinct species compositions
and less clear phenological patterns. The interaction between tidal dy-
namics and local environmental conditions contributes to considerable
spatial variability in vegetation distribution (Feng et al., 2025).
Following our prior research (Feng et al., 2025), four key species
dominate distinct zones along the elevation or emersion duration
gradient: Salicornia spec., Spartina spec., B. maritimus, and P. australis. We
found that communities in elevated intertidal areas green up earlier than
those in lower or mid elevated zones (Fig. S4), likely due to the distri-
bution of species along the tidal emergence and salinity gradients, where
the onset and peak of some pioneer, low and mid marsh species (e.g.,

Salicornia spec.) lag behind those of high marsh species (e.g., B. maritimus
and P. australis) (Fig. 6). As sea-level rise alters inundation regimes, it
may further complicate the phenological responses of saltmarsh vege-
tation to climate change, introducing additional variability and uncer-
tainty. Our findings highlight the importance of incorporating
inundation-dependent phenological responses into the planning and
management of coastal ecosystem and climate adaptation strategies.
Our results show that seasonal meteorological variation partially
influences the phenological patterns of saltmarsh vegetation. In general,
spring warming is known to advance leaf unfolding (Piao et al., 2015; Fu
et al., 2020), while summer soil moisture deficits can delay peak growth
or trigger early senescence, depending on species and regions (Park
et al., 2019; Lian et al., 2020). Additionally, winter precipitation may
modulate thermal requirements for spring green-up (Fu et al., 2014).
Warmer temperatures enhance respiration and photosynthesis, poten-
tially increasing biomass production. For example, spring warming is
closely linked to spring leaf onset, as plants in cold and temperate re-
gions typically require a specific accumulation of heat to initiate this
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Fig. 6. Phenological metrics of the four abundant plant species, i.e. Spartina
spec. (SpaSp), Salicornia spec. (SalSp), B. maritimus (BolMa) and P. australis
(PhrAu). Different colors represent various phenological metrics, showing av-
erages (symbol) and standard errors (lines). Each set of lowercase letters of the
same color denotes significant differences in the corresponding metric with the
same color among the four abundant plant species, based on Tukey’s HSD and
compact letter display, at a 95 % confidence level (p < 0.05). Matching letters
denote no significant difference in a phenological metric between species, while
different letters indicate a significant difference. See also the boxplots in Fig. S8.

process (Piao et al., 2015). However, in salt marshes, warming also el-
evates porewater salinity through evapotranspiration (Buffington et al.,
2018), thereby inducing osmotic stress and impairing water uptake
(Flowers and Colmer, 2015). These interactions can alter redox-active
biogeochemical processes (Noyce et al., 2023) and vegetation zona-
tion shifts through differential species tolerance (Moffett et al., 2010).
The spatial variability in phenological responses likely reflects key plant
functional traits, particularly adaptations to flooding regimes and
salinity gradients (Mo et al., 2015, 2019). Traits such as root aeration,
leaf area, plant height, and salinity tolerance define how plants interact
with their environment (Pérez-Harguindeguy et al., 2013). These in-
teractions shape species-specific phenological patterns by influencing
sensitivity and resilience (Cleland and Wolkovich, 2024). For instance,
shallow rooting can mitigate root hypoxia under waterlogged conditions
(Davy et al.,, 2001), while a low specific leaf area enhances stress
tolerance and supports prolonged growth in resource-poor environ-
ments (Knight and Ackerly, 2003), as seen in Salicornia species. In
contrast, deep-rooted species may exhibit delayed flowering and greater
drought resilience (Berrached et al., 2017). Such trait-based trade-offs
align with distinct ecological strategies—competitive, stress-tolerant, or
ruderal (Grime, 1977)—which underlie the timing and duration of
phenophases across gradients (Cleland and Wolkovich, 2024).
Competitive species such as P. australis are tall and form dense stands
with well-developed root aeration (Packer et al., 2017), allowing them
to capitalize on both early season growth and a prolonged growing
period. In contrast, stress-tolerant species like Salicornia are short and
accumulate salt (Davy et al., 2001), showing delayed green-up and
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flexible growth periods. Opportunistic species—particularly the inva-
sive Spartina—exhibit rapid early growth but have a shorter growing
season.

Our study showed mostly weak or non-significant correlations be-
tween phenology and meteorological variables, highlighting the spatial
heterogeneity and complexity of these relationships. The few significant
partial correlations mainly were detected on the eastern part of the es-
tuary, especially in the saltmarsh of Saeftinghe. Contradictory fin-
dings—such as opposite correlations between LOS and winter
precipitation (Fig. S7d) versus LOS and winter SPEI (Fig. S7f)
—illustrate the nonlinear and multidimensional nature of climate-
phenology interactions (Piao et al., 2019b). These discrepancies may
have been affected by spatial autocorrelation and covarying factors,
which can bias phenology-meteorology relationships. Specially, the
relationship between water and temperature is not straightforward.
Temperature, radiation, and water may act as co-limiting factors,
imposing region-specific constraints on vegetation activity, while
temperature-precipitation interactions drive complex, non-linear
growth responses across temporal and spatial scales (Dieleman et al.,
2012; Wu et al., 2015).

In saltmarshes, precipitation and drought conditions can directly
affect soil salinity and waterlogging, thereby influencing plant stress,
survival, and biomass production (Buffington et al., 2018). Elevated
areas are particularly vulnerable, as salinity varies significantly with
elevation. Consequently, rainwater significantly impacts the ground-
water and root zone dynamics of more elevated, thus less inundated
areas. Building on this, it is vital to note that different responses are also
related to distinct growth requirements, such as freshwater availability
and photoperiod, at species level (Zeng et al., 2024). More importantly,
considering the complex mechanisms or uncertainties in saltmarshes,
the oversimplified indicator selection could overlook some essential
ecological processes. For example, preseason warming can affect SOS
through two competing mechanisms: (1) accelerated heat accumulation
promotes earlier SOS, while (2) reduced winter chilling increases ther-
mal requirements, potentially delaying it (Wang et al., 2022). In salt-
marshes, however, winter inundation may contra-act this relationship,
with water temperature superseding air temperature as the dominant
phenological driver. Nevertheless, we recommend future studies incor-
porate these interacting factors with improved indicator selection.

Saltmarsh plant specific sensitivities to environmental stress play a
key role in reshaping vegetation phenological patterns, as evidenced by
phenological asynchrony among four dominant species. In high and
middle marsh communities, climatic sensitivities of the halophyte
B. maritimus contribute to an extended growing season with earlier
green-up, while P. australis exhibits delayed growth onset primarily
regulated by humidity and soil nutrient variations (Cleland et al., 2006;
Sun et al., 2023). The observed differences may arise from distinct
ecological strategies—B. maritimus exemplifies a stress-tolerant strate-
gist through its anaerobic adaptations to waterlogged soils (Hroudova
et al., 2014), whereas P. australis developed as a competitive specialist
optimized for stable, less saline, and nutrient-rich habitats (Eller et al.,
2017). In low marsh communities, the pioneer species Salicornia spec.
reaches peak growth in early-to-mid summer, driven by temperature
and precipitation. Its spatial distribution controlled by elevation-
dependent tidal exposure duration and proximity to nutrient-rich tidal
channels (Fivash et al., 2023), while its temporal growth dynamics
reflect synergistic regulation by tidal inundation (e.g. via flood/salt-
tolerant adaptations) and meteorological factors (Zhu et al.,, 2019).
Drought frequency and severity are also reported to significantly affect
its growth (O’'Donnell and Schalles, 2016). This is particularly relevant
given the cascading effects of changing water content and inundation
patterns on the seed productivity of saltmarsh plant species (Zhao et al.,
2023). These findings suggest that saltmarsh resilience is governed by
species-specific phenological responses to climatic stressors, with
distinct tolerance ranges shaping spatial heterogeneity in climate
sensitivity. This knowledge can inform predictions of future vegetation
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dynamics and support adaptive management strategies in coastal
ecosystems.

The mechanistic understanding of salt marsh responses to climate
change can provide hierarchical and targeted conservation strategies.
For example, at the species level, to maintain the biodiversity and
counteract climate change impacts on plant-pollinator synchrony, we
can plant climate-adapted genotypes (e.g., delayed flowering ecotypes)
and design engineering microhabitats (e.g., creating topographic vari-
ation to buffer temperature extremes (Suggitt et al., 2018)) in some
hotspots or restoration sites. At the habitat scale, by identifying
vulnerable species and regions through long-term phenological trends,
managers can prioritize habitats critical for ecosystem services. For
instance, preserving vegetation patches during critical phenophases
safeguards essential stopover forage opportunities for migratory bird
populations (Zou et al., 2016). Furthermore, adaptive measures based
on the phenological patterns of vegetation communities can enhance
primary productivity and carbon sequestration (Mo et al., 2019).
Consequently, phenological indices demonstrate strong potential for
integration into environmental assessment frameworks, like Wetland
Mitigation Banking and blue carbon certification schemes, given their
capacity to quantitatively evaluate the functional resilience of ecosys-
tems (Morellato et al., 2016). This approach—spanning species traits,
habitat management, and policy frameworks—operationalizes pheno-
logical insights for climate-adaptive governance.

Remote sensing overcomes critical limitations of field-based salt
marsh monitoring by enabling continuous observation despite recurring
tidal influences that disrupt ground surveys. While satellite-derived in-
dicators efficiently track phenological patterns across scales, challenges
remain in quantifying interannual variability due to limitations
including cloud contamination, sensor resolution constraints, and
environmental noise (Piao et al., 2019b). This case study assumes uni-
formity among the three sensors (Landsat 5, 7, and 8), disregarding their
inherent differences. However, tidal marsh surface characteristics, plant
composition (Vrieling et al., 2018), and the influence of non-
photosynthetic matter on canopy structure, radiative transfer, and
microclimate can lead to heterogeneity in phenological metrics from a
point of remote sensors (Dronova and Taddeo, 2016). Additionally,
unclear stressor-response relationships and uncertain interactions be-
tween multiple factors complicate ecosystem assessments (Chmura
et al., 2019) and hinder causal inference regarding phenological varia-
tions (Dronova and Taddeo, 2022). While our study focuses on the in-
fluence of seasonal meteorological variations on saltmarsh vegetation
phenology, the impact of extreme climate events remains unknown and
warrants further investigation in future studies (Mo et al., 2015; Lian
et al.,, 2020). In particular, weak and inconsistent correlations with
meteorological variables in our findings complicate the assessment of
interacting stressors such as salinity, inundation dynamics, and tem-
perature, which vary across spatial and temporal scales. To disentangle
these effects and identify causal mechanisms, controlled mesocosm ex-
periments are essential. Such experiments can isolate specific climatic
drivers and provide mechanistic insight into species-specific responses
under changing environmental conditions. Furthermore, our case study
overlooks the role of vegetation succession, with changes in plant
composition also leading to observed phenology change of the vegeta-
tion, which could bias the apparent effects of meteorological changes on
phenology. Meanwhile, remote sensing provides a robust approach to
address the complexities and need of long-term time series of phenology
and interpretation in dynamic ecosystems like saltmarshes, enabling
more effective conservation strategies in a changing climate.

5. Conclusion

This study shows that saltmarsh vegetation phenology varies among
plant species and communities, shaped by tidal emergence and diverse
meteorological conditions. We present evidence of an advancing green-
up and an extended growing season in some saltmarshes in response to
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meteorological conditions. The growing season starts earlier for vege-
tation communities in higher intertidal areas compared to vegetation in
lower elevated areas. Saltmarsh vegetation phenology is shaped by
seasonal temperature and freshwater conditions with varying effects
spatially. Furthermore, the phenological asynchrony was detected
among four studied species. This study highlights the complex in-
teractions between saltmarsh vegetation and meteorological conditions,
providing valuable insights for predicting the resilience of saltmarsh
ecosystem services and informing targeted conservation strategies at the
regional estuarine scale.
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