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Coastal groundwater salinization impairs
tree carbon–water balance

Check for updates

Yaling Zhang1, MinhuangWang 2 , Josep Peñuelas 3,4, Jianming Xue5, Zhiqun Huang6,
Xiaohua Gou7 & Nate G. McDowell8,9

How coastal forest productivity varies with local nutrient availability and water supply remains a
knowledge gap under climate change. In a two-decade field experiment manipulating fertilization and
density in coastal pine forests, we show that a decade of growth enhancement by simulated
sedimentary nutrient inputs has resulted in a striking reversal in growth and increasedmortality risk as
drought and sea level rise progressed. Recent groundwater salinization has further triggered a shift
fromnutrient towater limitation, causing severe stomatal closure anddecoupling of tree carbon–water
balance, which induces a negative intrinsic water use efficiency (iWUE)–growth relationship. Higher
tree iWUE predicted sharper tree growth declines, and both nutrient enrichment and high stand
density amplified this feedback, increasing the risk of hydraulic failure and mortality. These results
suggest that a transient nutrient-stimulatory effect could drive further coastal forest degradation due
to heightened belowground saltwater stress under sea-level rise.

Coastal regions harbor the Earth’smost biogeochemically active ecosystems
and nourish large populations worldwide1–3. Recent widespread vegetation
retreats (e.g., growth decline and ghost forest formation) in these areas have
emerged as a pressing concern facing coastal populations4,5, which under-
scores the acute vulnerability of coastal ecosystems to climate change6,7 and
the uncertainty of associated carbon sink capacity8–10.

Crucially, recent studies have reported widespread shifts from eco-
systemenergy towater limitation11,12 andunderlined thebenefit of enhanced
water-use efficiency for terrestrial vegetation growth11,13,14. As photosynth-
esis involves a trade-off between carbon uptake and water loss, tree
carbon–water balance is essential for trees’ growth and survival. A decrease
in tree carbon–water balance may increase forest vulnerability to atmo-
spheric or soil dryness and accelerate the risk of tree mortality once
hydraulic failure couples with progressive carbon starvation7,15. As an
indicator of this trade-off, tree intrinsic water-use efficiency (iWUE) often
increased under rising atmosphereCO2 (Ca) (13, 14) or drought events (15).
However, increased iWUEhas led to contrasting growth patterns16–20, partly
due to local water resource variability and its central role inmitigating forest
response to climate change19,21–23. Uncertain interactions between climate

and local resource availability limit our ability to predict coastal vegetation
dynamics and functions3,8,24–26.

Compared to upland terrestrial forests, water availability in low-lying
coastal forests is more influenced by shallow groundwater depth, oceanic
dynamics (e.g., oceanic evaporation and seawater–groundwater exchange),
and salinity, which are some of the key constraints to coastal forest
functioning7,10,27. The overexploitation of aquifers and recently accelerated
sea level rise4,28,29 have exposed trees to groundwater table declines or severe
inundation and saltwater intrusion6,7,30–32 inmany coastal zones. As a result,
anomalies in groundwater depth and chemistry can either subsidize tree
water use or, in turn, induce salt stresses1,5,6,15,33, leading to nonlinear influ-
ences on coastal nutrient biogeochemistry and ecosystem services7,25,34. For
instance, groundwater anomalies or salinization may induce osmotic
imbalances (e.g., lowering the soil-to-root water potential) that limit plant
transpiration and cause hydraulic failure15 from belowground10, especially
when atmospheric dryness shifts plant water use toward deeper sources35.
Climate–groundwater interactions, closely intertwined with local water
availability33, may exacerbate the impacts of atmospheric drought (e.g.,
VPD)24 on forest ecosystems; however, they have been historically
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neglected26,34. In light of regional hydrological heterogeneity and the
growing risk of drought caused by atmospheric or soil dryness1,6,27,32,36,
unraveling how climate and local water regimes interact remains imperative
to drive tree water use and growth dynamics in coastal areas7,27.

Apart from water resources, environmental harshness reflected by
other local stressors, such as nutrient availability, also interactswith climatic
factors to alter the carbon–water cycles of plants37–40. Distinct from upland
forests, nevertheless, coastal regions have receivedmarkedly increased rates
of sediment inputs in many parts of the world, supplying abundant organic
matter and nutrients for coastal vegetations, especially when sea level rise
dominates41. Although high soil fertility promotes tree growth through
adequatenutrient supply, it candecrease the hydraulic safetymarginof trees
by altering multiple hydraulic traits37 or causing structural overshoot42 that
promote hydraulic failure and forest vulnerability to episodic water deficit.
For instance, high nutrient inputs may, conversely, exacerbate salt-stress-
induced hydraulic failure (impairing transpiration, root water uptake, etc.)
and inhibit plant growth43. By contrast, resource shortages may constrain
standing biomass increments and lead to self-thinning44, i.e., density-
dependent mortality driven by local tree competition. Local tree–tree
interactions along the gradient of environmental harshness (nutrient and/or
water stress) can induce either competitive exclusion (negative) or com-
plementary facilitation (positive) to cope with resource shortages and other
environmental stressors45,46. However, the importance of tree competition
for tree growth can fall with increasing climatic/abiotic stress47, thereby
confounding the iWUEresponse to climate change and its consequences for
tree growth48–50. Besides, dependingon geomorphology and landuse change
by human activities, local coastal sediment inputs may also contribute
contaminants such as heavymetals41 that potentially impairing tree growth.
To resolve these uncertainties (e.g., emerging from variations in water,
nutrient, and resource competition), tackling the intricate interactions
among climatic and local factors in coastal areas becomes crucial when
upscaling the global carbon budget and projections9,50.

To this end, we investigated tree annual growth rate in terms of basal
area increment (BAI) and physiological changes (reflected by tree ring δ13C
and δ18O data) of radiata pines (Pinus radiata) in a 20-year experiment
established on a barrier island in Nelson City, New Zealand (Supplementary
Fig. 1). This island, as a groundwater-dependent ecosystem, has poorly
developed sandy soil and has been increasingly exposed to seawater intrusion
in recent years29, causing a potential nutrient and water use dilemma for tree
growth. This experiment had a factorial design of repeated nutrient inputs
(Nutrient treatment, from treated biosolids that simulated continuous inputs
of eutrophic estuarine sediments in coastal areas) ×manipulated stand den-
sity levels (Density treatment), coupled with long-term monitoring of
groundwater level and chemistry, providing a great opportunity to experi-
mentally test how climate and local stressors interact to modulate
carbon–water balances during tree growth and mortality (see a conceptual
diagram in Supplementary Fig. 2). For this study, we used the field data to test
whether coastal forests can initially benefit from nutrient enrichment through
the inputs of eutrophic estuarine sediments in coastal areas and increased
atmospheric CO2 as illustrated above; nevertheless, because enhanced tree
growth is often accompanied with higher water demand, the impact of
groundwater salinization on tree growth under sea level rise could be more
pronounced in later years compared to the earlier years. Therefore, by
focusing on tree carbon–water balance, we hypothesize that (H1) mismatches
between growth enhancement and local water scarcity resulting from
groundwater salinization would cause a shift from nutrient to water limita-
tion, leading to negative iWUE-BAI feedback, particularly for trees in fertile
sites or crowded stands. We further hypothesize that (H2) such negative
iWUE-BAI feedback is linked to a strong decoupling between tree carbon and
water balance in the later period, leading to increased tree mortality rate.

Materials and methods
Study site
The experimental site was established in 1997 in a P. radiata forest plan-
tation (planted in 1991) on a flat coastal barrier island (altitude <10m)

(Supplementary Fig. 1) situated near Nelson City, Tasman Bay, New
Zealand. The soil in the area is classified as sandy raw soil with low levels of
organic material and soil fertility. This soil is permeable and provides free
rooting access to shallow groundwater 2.0–4.2m below the surface. The
coastal zones near Tasman Bay are vulnerable to seawater intrusion due to
rising sea levels (rose by 2.84 ± 0.18mm per year between 1961 and 2020,
recorded at the closest monitoring site), substantially increasing ground-
water salinity28. The field trial consisted of a split-plot, randomized block
design with four replicated main plots applied with three levels of treated
biosolids (i.e., stabilized domestic sewage sludge containing ~3% total
solids) every 3 years (1997, 2000, 2003, 2006, 2009, and 2012): (1) control
(no biosolids), (2) N300 treatment (300 kg N ha−1), and (3)N600 treatment
(600 kgN ha−1) (Supplementary Fig. 1). Each main plot consisted of three
tree stocking rates (subplots) at 300, 450, and 600 stems ha−1. There were
36 subplots, eachmeasuring 25 × 25m, plus 5-m buffer zones.We used the
basal area of each plot (plot BA) to represent tree competition intensity
when employing competition as a continuous variable, as was done in
previous studies48; however, for better graphic visualization, we also used the
stand density treatment (i.e., D300, D450, and D600) as a categorical
variable.

We intensively monitored multiple plant and soil responses to assess
the ecological impact of repeated organic and nutrient inputs from treated
biosolids. Plots were censused every year between 1997 and 2015, and tree
growth andmortality were regularlymonitored.Wemeasured the diameter
at breast height of live trees in each subplot and calculated the total live tree
BA (plot BA) and BAI for each subplot. We estimated the annual stem
density and annual stem mortality by counting the number of stems per
hectare in each census and the number of stems lost in each census interval,
respectively. We conducted a final survey in 2021 on harvesting trees at the
experimental site. We assessed leaf N concentration by sampling the
current-year needles of radiata pines in 1998–2015 (but not in 2012 and
2014) for each main plot (i.e., fertilization treatment). Leaf N is used as a
common surrogate for photosynthetic capacity; in this study, it was used to
reflect photosynthetic capacity because of the enzymatic N demand
required to have a high photosynthetic capacity51.

Tree ring chronologies and stable isotope ratio analysis (δ13C
and δ18O)
InMay 2015, we sampled wood cores and developed tree ring chronologies
(spanning 1995–2015) in the P. radiata stands by taking pith-to-bark cores
at breast height using an increment borer (bore diameter: 5 mm) from four
target trees in each of the 36 subplots (in total 144 cores, i.e., 48 cores per
fertilization treatment or per density level). To better capture the current-
year tree physiological response to climate and environmental changes, we
used only latewood for stable isotope analyses to eliminate the signal
influence from the previous year.

Tree-ring samples were ground and extracted for α-cellulose, and the
samples of which were then analyzed for δ13C. We applied a correction
method52 to the raw data to obtain the corrected values (δ13Ccorr) by
removing the influence of increasing Ca. We further pooled α-cellulose
samples to reduce replicates (by combining four main-plot replicates for
each biosolids × density treatment) used for δ18O analysis.

Carbon isotopic discrimination and tree iWUE calculation
The carbon isotopic discriminations (Δ) of the tree ring δ13Ccorr data were
calculated as Δ13C = (δ13Ca− δ13Cp)/(1+ δ13Cp /1000), where δ13Ca and
δ13Cp are theδ

13Cvalues of air andplant tissue, respectively.Weobtained the
δ13Ca value from the most recent records of the annual mean δ13Ca mea-
sured in Mauna Loa, Hawaii. Following Farquhar et al.53, we calculated
intrinsic water-use efficiency (iWUE) using two equations. The ratio of the
CO2 inside the leaf (ci) toCO2 in the atmosphere (ca) was derived fromΔ13C
as

Δ13C ¼ aþ ðb� aÞ× ðCi=CaÞ;
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where a is the fractionation of 13CO2 during diffusion in air through stomata
(4.4‰) and b is the net biochemical fractionation during photosynthesis
(27‰); Solving for ci and the ci/ca ratio, we then calculated the intrinsic
water use efficiency (iWUE) of the focal trees54:

iWUE ¼ A=gs ¼ ðCa � CiÞ=1:6;

where 1.6 is the ratio of diffusivities of ca to water vapor. A and gs denote
foliar stomatal conductance and C assimilation rates, respectively.

Climate, oceanic, and local environmental parameters
We obtained regional mean annual climate and sea level data, including
temperature, precipitation, and sea level rise, for the Nelson region (New
Zealand) from the website of the National Institute of Water and Atmo-
spheric Research (NIWA), New Zealand (https://niwa.co.nz). We obtained
mean annual data for oceanic evaporation and themultivariate ENSO index
(MEI) fromtheNOAAClimateDataRecord. For the entire studyperiod,we
quarterly conducted site-specific local observations of groundwater table
depth and groundwater quality via eight monitoring wells installed at our
experimental site (Supplementary Fig. 1).

Statistical analysis
Based on general additive models (GAMs), we first fit and visualized trends
in treegrowth rates, physiological traits, andbasic environmental predictors.
The use ofGAMs,with smooth spline predictor functions incorporated into
the generalized linear model (GLM) framework, helps examine the long-
termpatterns in both responsible and explanatory variables.We thenused a
changepoint analysis (segmented R package) to test whether the changes in
BAI had nonlinearly shifted over the past two decades and, if so, to identify
the transitional year in which the tipping point was reached. Using data
from all plots, we identified a tipping point from a positive to a negative
temporal trend in BAI shifts in 2005, which thus separated the time series
into two phases: the earlier (1995–2005) and later (2005–2015) periods. The
potential drivers of annual tree growth in each of the two stages were then
further analyzed. Likewise, we applied the same stage separation when
exploring the factors driving the changes in the iWUE.

To explore the potential drivers of tree growth and iWUE in these two
distinct stages, we used boosted regression trees (BRTs) implemented in the
gbm R package to overcome the complex effects of multiple predictors on
response variables. We used “Ca”, “iWUE”, “fertilization level”, “plot BA”,
“groundwater salinity”, “groundwater level”, “oceanic evaporation”,
“application replicates”, “sea level rise”, “mean annualMEI”, “SPEI”, “mean
annual temperature” and “mean annual precipitation” as explanatory
variables for BAI and iWUE (but not “iWUE” in the latter case). The BRTs
provided us with the major climatic and local predictors and their relative
importance to tree growth and iWUE. Partial dependence functions were
also calculated tobetter visualize the relationshipbetween thepredictors and
the response variables. Finally,weused the structural equationmodel (SEM)
to investigate the direct and indirect (mediated by tree physiological effects,
here refer to iWUE and δ18O) pathways by which climate and local factors
interacted to drive coastal tree growth separately for early and later periods
(a conceptual diagram inSupplementaryFig. 2). FollowingCraine et al.55,we
also conducted an overall SEMusing all observations that used residual BAI
after accounting for accounting for Year Effect and its break point at 2005.
SEMmodels were implemented in the R programming language using the
lavaan package (version 0.6.16, no customized modification indices
were used).

Results
Global and local environmental predictors
During the experimental period (1995–2015), global ambient atmospheric
CO2 constantly increased from 360molmol−1 to 400 μmolmol−1 (~11%
increase, data from Mauna Loa Observatory, Hawaii) (Fig. 1a). Oceanic
evaporation varied in early years, with a sharp decline since 2005 (Fig. 1b).
Mean annual temperatures (MAT) tended to increase despite considerable

high interannual variations (especially before 2005) (Fig. 1c). Regional sea
level has increased at a slower rate since the late 1990s, with a sharp rise after
2008 (Fig. 1d). Corresponding to rising sea levels, groundwater salinity, as
reflected by groundwater PC1 (the first component of PCA, representing
salt chemistry, e.g., electrical conductivity, magnesium, calcium, sodium,
etc.; see Supplementary Fig. 3), remained marginally constant until a dra-
matic increasewasnoted since 2008 (Fig. 1e).GroundwaterPC2 (the second
component of PCA, representing water level depth, nitrogen, pH; see
Supplementary Fig. 3) tended to decrease before 2008, except for a high level
of range variations in 2008; then it mainly increased in the later 3 years
(Fig. 1f). In general, the salinity level and other properties of groundwater
increased exponentiallywith rising sea levels (Supplementary Figs. 4, 5). The
long-term standardized precipitation-evapotranspiration index (SPEI),
multiple Enso index (MEI), and mean annual precipitation showed a
dynamic temporal trend during this period (Supplementary Fig. 6).

Treegrowthrates, iWUE, the iWUE–growthrelationship,and their
predictors and consequences for tree mortality
In terms ofBAI, tree growth rates in our experimental sites displayedhump-
shaped patterns, with a maximum growth-rate peak in 2008 for the control
treatment and in 2005 for the standard and high treatments, respectively
(Fig. 2a). Following these peaks, the BAI slope in the fertilized plots dropped
more significantly, and stem growth rates across the different treatments
converged to a comparable level after 2012 (Fig. 2a).While further analyzing
separated experimental phases (earlier versus later periods separated by the
year 2005), we found that atmospheric CO2 concentration and fertilization
levels ranked as the two most important drivers of BAI during the earlier
period (1995–2005). By comparison, stand density became the primary
driver of BAI in the later phase (2005–2015) (Supplementary Fig. 7).

With rising CO2, contrary to common straight positive responses, we
found that tree iWUE variedmoderately at a rate of 0.265 ± 0.06 μmol CO2

mol−1 H2O per year before 2005; however, it sharply increased at a rate of
1.88 ± 0.18 μmol CO2 mol−1 H2O per year in later years (Fig. 2b). In par-
ticular, we statistically identified the breakpoints of tree iWUE in 2005,
corresponding to the peaking point of the tree growth rate at the population
level. Following the rise of iWUEafter 2005, theNutrient treatment caused a
significantly higher iWUE increment than that in the control (Fig. 2b).
However, we observed no significant impacts of density on tree iWUE.
From 1995 to 2005, air temperature primarily determined tree iWUE,
whereas after 2005, groundwater salinity outcompeted climatic factors and
became the predominant factor positively driving tree iWUE (Supple-
mentary Fig. 8).

The opposite trend of iWUEand tree BAI after the peaking point led to
an overall negative relationship between iWUE and tree growth rate
(k =−0.387), with weak responses in control and D300 but strengthened
negative relationships in the high-N and high-density treatments (Fig. 2c).
Coinciding with the negative iWUE-BAI feedback, tree mortality sig-
nificantly increased after 2005 (Supplementary Fig. 9). Intriguingly, high
Nutrient treatment and high density significantly increased plot-level tree
mortality rates by up to twofold (control: 1.86%, N300: 2.42%, and N600:
5.61%) and fourfold (Density-300: 1.14%,Density-450: 2.76%, andDensity-
600: 6.00%), respectively (Fig. 2d and Supplementary Table 1).

Tree physiological responses
In the earlier period, the values of carbon isotope ratio (δ13C), Ci, Ci/Ca, and
oxygen isotope ratio (δ18O) variedbetweendifferent years, albeit withminor
differences across Nutrient treatments or tree density levels (Fig. 3a–d;
Supplementary Fig. 10a–d). Ci rose proportionally to Ca (0.576 ppm per
ppm of Ca), resulting in relatively constant Ci/Ca ratios (slope marginally
equal to 0, i.e.,−0.0006 ~0.0001; Fig. 3b, c).

In the later period, the rangeof variations in treephysiological plasticity
indicators decreased over the years, despite divergence across different
Nutrient treatments (Fig. 3a–d).Thevalues ofδ13C increased at a greater rate
with rising Ca by 0.91 ± 0.08 μmol CO2mol−1 H2O per ppm of Ca, whereas
Ci decreased with greater Ca: for each increase of 1 ppm of Ca, the Ci
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decreased by 0.45 ppm (Fig. 3a, b). This declining trend of Ci and Ci/Ca

ratios was significantly enhanced by theNutrient treatment; however, it was
not affected by tree density levels (Fig. 3b, c; Supplementary Fig. 10b, c) and
represented strong stomatal regulation. This strong physiological response
translated into a sharp increase in iWUE, with groundwater salinity as the
predominant factor (Supplementary Fig. 7). δ13C and δ18O data also indi-
cated that groundwater salinity played an important role in stomatal reg-
ulation. In particular, the values of the tree ring isotopes (δ13C and δ18O) are
positively correlated with rising sea levels and groundwater salinity
(reflected by electric conductivity) (Supplementary Fig. 11). Notably, we
found a significantly positive relationship between δ18O and iWUE in the
earlier period; however, this relationship was decoupled in the later period
(Fig. 3f). The δ18O values increased significantly with rising Ca by
0.090 ± 0.010‰ per ppm of Ca during the earlier period but remained
relatively constant (slope equal to 0.010 ± 0.004, Fig. 3d) during the later
period. We found no significant linear trends in leaf nitrogen (N) con-
centrations in Nutrient treatments but a concave-positive trend in the
control over the calendar years (Fig. 3e; Supplementary Fig. 12).

Structural equation modeling (Fig. 4a) further confirmed positive
direct effects of climate and nutrient availability (Nutrient treatment), but
the associated indirect paths through regulating tree iWUE and stomatal
optimality (δ18O) are not significant in the early period. At this stage, the
negative impact of groundwater anomaly on tree growth is only marginally
significant (Fig. 4a). By contrast, we found significant negative effects of
groundwater and climate on tree growth rate through indirectly regulating
iWUE, and the negative influence of groundwater on tree growth
strengthened (Fig. 4b). Notably, we found that the covariation relationship
between iWUEandδ18Odiminished in the later period, but the influences of
local factors (Nutrient treatment, groundwater, and tree density) con-
siderably enhanced in the later period compared to those in early period
(Fig. 4). In together, the total effects of local factors are comparable to climate
factors on coastal tree growth, with stronger indirect climate-stomatal

feedback whereas stronger direct effects of local factors (Supplemen-
tary Fig. 12).

Discussion
Our results uncover an emergent scenario about how climate change
indirectly impacts coastal vegetation dynamics, i.e., water/salt stress from
sea level rise-driven groundwater salinization coupled with atmospheric
dryness, with nonlinear detrimental impacts on plant transpiration and
growth34. Tree growthwas accelerated in the earlier period (before 2005) by
high nutrient availability and rising atmospheric CO2. In the later period
(after 2005), tree growth declined due to the rise of sea level rise-driven
groundwater salinization, exacerbating the increased atmospheric dryness
feedback on stomatal efficiency in carbon gains. Thereafter, the episodic
dryness strengthening by interactions between climate and local ground-
water regimes compromised tree carbon–water balance, with quick con-
sequences for coastal forest growth and mortality.

Specifically, as shown in SEMs (Fig. 4), nutrients exhibited a significant
positive direct effect on tree growth during the initial phase, while climate
and groundwater exerted direct positive and negative influences on tree
growth, respectively, with the climatic effect being more pronounced.
Although both factors impacted intrinsic water-use efficiency (iWUE),
alterations in iWUE did not correspond to growth responses; during this
period, iWUE remained closely associated with δ¹⁸O (indicating relatively
optimal carbon–water balance) and was not affected by nutrient levels,
which also induced an indirect negative effect on tree growth through stand
density, suggesting that nutrient limitation may more strongly constrain
growth than water availability. In the subsequent phase, as atmospheric
moisture availability and groundwater levels declined concurrently, the
direct effect of climate on growth became negative, and the effects of
groundwater intensified significantly. Climate and groundwater collectively
suppressed tree growth by substantiallymodulating negative iWUE-growth
relationships. The direct growth-promoting effect of nutrients also

Fig. 1 | Two-decade trends in oceanic factors and
local groundwater dynamics. Time series of (a)
atmospheric CO2 concentrations, b globally aver-
aged oceanic evaporation, c mean annual tempera-
ture (MAT), d regional sea level (a.m.s.l.), e the
PC1 scores of plot-level groundwater properties, and
f the PC2 scores of plot-level groundwater properties
are shown. Note that groundwater PC1 is primarily
contributed by magnesium, calcium, conductivity,
sodium, and chloride of groundwater, while
groundwater PC2 summarizes the variations in
water level depth, NH4

+, pH, and NO3
−.
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disappeared, accompanied by a positive nutrient effect on iWUE. Nutrients
often raise the maximum leaf photosynthetic capacity and mesophyll
conductance, so for a given stomatal conductance, leaves assimilate more
carbon, thereby increasing iWUE (A/gs) and making this effect pro-
portionally larger under water limitation when gs is constrained56,57. This
indicates thatwater limitation progressively surpassed nutrient limitation as
the primary growth-limiting factor (SupportingH1).

The positive nutrient effect on iWUE may temporarily alleviate
drought-induced growth and metabolic impairments or delay photo-
synthetic failure, as signals of short-term physiological acclimation to
environmental stress57, yet it is not by itself proof of long-term adaptation
and often fails to prevent growth declines under progressive drought. This
regime transition of resource limitations led to a marked reduction in
growth as individuals that had previously thrived under conditions of
high nutrient or stand density levels became increasingly susceptible to
progressive water stress. The heightened water limitation also disrupted the
relationship between iWUE and δ¹⁸O, thereby undermining the original
carbon–water balance, which preserves hydraulic function and sufficient
carbon for maintenance by stomatal closure, modestly reducing photo-
synthesis and water transpiration together58. However, prolonged drought
can induce hydraulic failure processes (e.g., xylem embolism, root con-
ductivity loss) or constraints on carbon transport and use (e.g., impaired
phloem transport, prolonged negative carbohydrate balance) that decouple
carbon and water supply7,58. These interacting pathways from hydraulic-
failure to carbon-starvation impaired tree carbon–water balance and ulti-
mately resulted in a significant increase in mortality (SupportingH2).

The observed growth decline and accelerated mortality generally cor-
roborate the declining land carbon sinks globally20 and specifically in New

Zealand when confronted with a warmer and drier environment. The early
growth peak in fertile sites in turn led to faster feedback in growth decline,
with relatively high mortality similar to crowded sites, which supported a
local resource-driven asynchrony of regional carbon sink saturation59.
Moreover, climate-boosted coastal tree growth may have encountered a
specific resource or ontogenetic threshold60 other than soil fertility61. Par-
ticularly, mismatches between (fresh) water demand and saline ground-
water supply in these areas have decoupled positive feedback between tree
carbon andwater balance and thus increase the risk of hydraulic failure and
mortality. Thesefindings advance current observational-level knowledge on
how local water regimes may counteract climate change to determine
coastal forest dynamics9,34 and their carbon sink capacity8.

Local resource- and stage-dependent growth responses to
climate change
Coastal pine forests in these areas faced no severe air drought (no significant
decline trend in oceanic evaporation) before 2005 (Fig. 1b), and sea level
rise-driven groundwater levels and salinity also varied at minimal rates,
indicating marginal water/salt stress from groundwater salinization
(Fig. 1d–f; Supplementary Fig. 5). Therefore, water availability is not likely a
primary limiting factor for growth (SupplementaryFig. 7); in support of this,
the intrinsic water-use efficiency (iWUE) of the pine forests only slightly
increased, with air temperature being themain driver in this period (Fig. 2b;
Supplementary Fig. 7). Instead, we documented strong stimulation of tree
growth by high nutrient availability in the earlier period under elevated
atmospheric CO2 and temperature (Fig. 2a). The is consistent with previous
studies noting that temperature variability62 and nutrient availability exert
strong control over trees’ photosynthetic responses to elevated CO2

63,64,

Fig. 2 | Tree growth, water use efficiency, andmortality rate across different levels
of Nutrient treatment and tree density. In the (a) hump-shaped patterns of annual
basal area increment (BAI) and (b) nonlinear trends of tree iWUE across different
Nutrient × density treatments over two decades are shown. In (c), the relationship
between BAI and iWUE (both of which are fitted with standardized data, i.e., Z-
scores) is separately predicted for the Nutrient input treatment and stand density

using linear mixed effect models with block as a random effect; and (d) plot-level
mean mortality rates in different Nutrient treatments and in different density levels
are shown. GAM regressions (k = 4) are fitted for the BAI and iWUE data, while the
trend and the significance of treatment effects on tree mortality rates are predicted
from hurdle GLMM models (see Supplementary Table 1).
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suggesting that nutrient limitations in these infertile coastal sandy soils
could prevent the full expression of the increasing CO2 effect on tree
growth61,65,66.

After 2005, a sharp decline of oceanic evaporation indicated acceler-
ated atmospheric dryness in these areas (Fig. 1b) and may compel coastal
trees to rely on deeper soil water35. The steeper increase in groundwater
levels and salinity after 2008 implies a turning point of intensified seawater
intrusion (Fig. 1d–f; Supplementary Fig. 5), posing a water-use dilemma for
coastal trees. Prolonged salinity stress, akin to aridity67, limits plant tran-
spiration and causes physiological dysfunction, being more instantaneous
than other climatic drivers (Supplementary Fig. 7d) due to osmotic stress
and direct inhibition of root water uptake7. A previous study has shown that
seawater intrusion can constrain tree growth and gas exchange in coastal
forests30. Groundwater over-extraction and climate change effects, parti-
cularly the continuing drought and rises in sea levels (Fig. 1c, d), have
increased both the risk and the intensity of seawater intrusion in many of
NewZealand’s coastal aquifers28,29. The coastalmargin of theWaimeaPlains
that lie inland from our experimental site on a barrier island has become
vulnerable to seawater intrusion in recent years29; hence, it is likely to cause a
long-lasting decline in tree radial growth (Fig. 2a). According to a con-
ceptual model based on tree-ring proxies68, continuous growth declines can
entail tree mortality due to carbon starvation and carbon-mediated
hydraulic failure, as supported by the significantly enhanced mortality in
the later period (Supplementary Fig. 9). However, research often overlooks

local-specific disturbances23, such as seawater exposure in low-lying
areas15,21, and the potential impact of groundwater/soil porewater
salinity15 on coastal vegetation declines. Therefore, we stress the episodic
interplay of climatic and local factors in predicting coastal vegetation
dynamics, emphasizing the developmental local factors, such as ground-
water anomaly, as a neglected dimension.

Nonlinear physiological responses to interactions between cli-
mate and local factors
We further demonstrate physiological evidence pointing to a nonlinear
detrimental effect of groundwater salinity on the integrity of tree
carbon–water relations, evolving along with accelerated sea level rise and
rising atmospheric aridity12,36. Guided by the least-cost ecological optimality
hypothesis, trees strategically balance investments in transpiration capacity
and maximum carbon assimilation rate to optimize photosynthesis at the
lowest total cost, encompassing growth and maintenance respiration69,70.
Physiological signals gleaned from tree-ring chronologies provide insights
into carbon–water balances in low-lying coastal forests amid intricate
soil–plant–atmosphere interactions3,4. Trees strategically regulate their
stomatal aperture to ensure optimal intercellular CO2 concentrations (Ci) in
photosynthesizing tissues, causing carbon and oxygen isotope discrimina-
tion (reflected by δ13C and δ18O data) when optimizing Ci

71. In the earlier
period, we observed highly variable patterns of δ13C, Ci, Ci/Ca ratios and
δ18O across years but not of Nutrient treatments (Fig. 3a–d), suggesting

Fig. 3 | Tree physiology, leaf N content and the
δ18O-iWUE coupling relationship. Temporal var-
iation in the annual values of (a) carbon isotope
ratios (δ13C), b intracellular CO2 concentrations,
c the ratio of intracellular [CO2] (Ci) to atmospheric
[CO2] (Ca), and d oxygen isotope ratios (δ18O) in
response to rising atmospheric CO2 concentrations
(Ca) during the tree ring chronological period
(1995–2015). Lines of different colors represent
annual mean values for different biosolid treat-
ments, and smooth lines are fitted by GAM regres-
sions (Ca equals around 380 μmol mol−1 in the year
2005); e Temporal changes in leaf N content across
the nutrient input treatments; f Relationships
between tree ring oxygen isotopic ratio (δ18O) and
iWUE of radiata pine trees at our study site in early
(gray-solid points) and later periods (blank points).
Early period: the solid purple line represents one
significant slope of a theoretical, positive relation-
ship between δ18O and iWUE if stomatal con-
ductance was a greater determinant of Ci (CO2

concentration in the intercellular spaces of leaves)
than photosynthetic capacity; Later Period: the
dashed purple line represents a nonsignificant
association. Bars are 1.0 SE.
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loose stomatal regulation tomaximize carbon uptake and copewith climate
fluctuations16,72. Evidence from tree-ring δ18O at our experimental site
supports this interpretation. According to dual-isotope theory, the 18O
composition of tree rings is unaffected by photosynthetic activity and
reflects only variability in transpiration and stomatal conductance (gs)

71.
Hence, the highly variable patterns in tree ring δ18O indicate flexible sto-
matal regulation in the early period.

With coupled atmospheric and groundwater-related aridity in the later
period, these coastal pines should optimize their priority between water
savings and photosynthetic capacity51,70,73, and we witnessed a shift toward
severe stomatal closure (i.e., substantial reduction in gs) and photosynthetic
inhibition. Uncommon declines in Ci/Ca ratios and constant δ18O values,
with lower interannual variation (Fig. 3b–d), suggested tighter stomatal
regulation and potential losses in stomatal sensitivity and photosynthetic
flexibility to climate fluctuations. The decreased trend in Ci reported here

implies even greater physiological responses than those inwhichCi remains
constant, which is strongly associated with increasing water stress16,72,74.
Increased water limitation typically triggers stomatal closure and ultimately
leads to increased δ13C (Fig. 3a), indicating a relationship between plant
stress responses and local water availability74. δ13C increased significantly in
the later period, a process observed in other coastal forests after seawater
exposure30,31.

Notably, severe reductions in gs were expected to theoretically increase
the δ18O71, yet we observed slightly lower and constant δ18O in the later
period (Fig. 3d). Similar constant δ18O values have also been reported in
Japanese coastal freshwater ecosystems following tsunami-induced sea-
water intrusion31 and post-drought pine forests (Pinus. sylvestris and Pinus.
nigra) in Spain. Given the overall positive relations between tree ring δ18O
and tree growth rate (Fig. 4), on the one hand, the relatively constant lower
overall δ18O values in these pines suggest that such an exchange may have

Fig. 4 | The relationship between climate, local factors (nutrient level, stand
density, groundwater properties), tree physiology (iWUE/ δ18O), and tree
growth rate. The final SEMs disentangling the direct and indirect iWUE/
δ18O-mediated effects of climate or local controls on tree growth rates for (a) the
early period and (b) the later period. For simplicity, we grouped the effects of climate

drivers and groundwater properties on tree growth, respectively, but it does not
represent latent variables (see Supplementary Tables 2, 3 for summary details of the
full SEMs). The arrow thickness of different pathways represents the magnitude of
the standardized regression coefficient (see estimates shown adjacent to arrows). R2

for modulators and the final component is also given.
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reached carbon–water equilibrium75. On the other hand, constant δ18O
values indicated that they probably reached the minimum stomatal con-
ductance to lower water loss and maintenance cost73, corroborating the
least-cost optimality hypothesis69,70. Herein, however, the later uncoupling
between iWUE and δ18O (Fig. 3f) indicated that the carbon sink process is
mainly driven by photosynthetic capacity rather than by stomatal
regulation76, positing a potential loss of stomatal flexibility or reliance on
deeper soil water sources. The slightly decreased δ18O has been attributed to
the increased contribution of 18O-depleted xylem water with salinity com-
pared to leaf water75 to the post-photosynthetic exchange of carbonyl oxy-
gens during cellulose synthesis77. The 18O-depleted xylem water often
requires substantial subsidies from deeper water resources, which are more
depleted in terms of δ18O than topsoil water due to lower exposure to
evaporative isotopic enrichment78.

Besides, we found evidence that the positive effect of nutrient inputs on
tree growth rate diminished or even negatively affected tree growth rate
through iWUE paths in the later period (Fig. 4b). Nutrient-induced struc-
tural overshoot42 may be the primary factor that enhanced forest vulner-
ability to episodic water deficit accompanied by shaper growth decline in
more fertile sites (Fig. 2c). However, although previous assessment showed
no detrimental impacts on biological activities as we applied class-A bio-
solids withminimum levels of heavymetals79, the accumulation ofmetals in
soil may reduce stomata conductance and disturb plant water status from
root to canopy through permeating calcium channels80, potentially inten-
sifying hydraulic failure. Such environmental issues may be pronounced in
coastal regions of developing areas with increasing contaminated sedi-
mentary inputs, implying that regional inequality of local stressors tends to
complicate the global change scenario.

The iWUE-growth relationship, predictors, and consequences
for tree mortality
Higher leaf N content can allow trees to have a higher investment in
RuBisCO and other proteins involved in photosynthesis51 for achieving a
given carbon assimilation rate (A) with lower stomatal conductance under
dry environmental conditions81. We observed unchanged leaf N for
nutrient-enriched sites (Fig. 3e and Supplementary Fig. 12), suggesting an
unchanged carbon assimilation rate (A), and thus, increased iWUE in these
sites could bemainly ascribed to a tighter stomatal regulation. Instead, trees
not exposed tonutrient enrichment exhibiting concave-positive shifts in leaf
N and iWUE (Fig. 3e) may indicate a more flexible stomatal regulation due
to less extensive water shortage. The initial decline of leaf Nmay be ascribed
to a dilution of N in leaf tissues by increased photosynthetic compounds
during a fast-growing period and a shortage of root N uptake82, while the
later increase of leaf Nmay be ascribed to a shift fromN to water limitation
with rising water deficit (Fig. 4). For fertile sites, nutrient enrichment likely
diminished this dilution effect, however, severe reductions in stomatal
conductance (gs) could substantially enhance iWUE in the later period,with
groundwater salinity emerging as the predominant factor (Fig. 4 and Sup-
plementary Fig. 7). Declining net carbon gains despite rising iWUE ulti-
mately dampens the positive coupling of iWUE and tree annual growth
rates (BAI) (Fig. 3f)74, as also observed in other coastal forests following
seawater exposure30,31. Ultimately, a decrease in tree carbon–water coordi-
nationmay increase forest vulnerability to air dryness and accelerate the risk
of tree mortality once hydraulic failure couples with progressive carbon
starvation7,15, as shown by the significantly enhanced mortality in the later
period (Supplementary Fig. 9).

Because of the disproportionately high influence of local factors than
climates with regard to the proposed physiological framework (Fig. 4c),
declines in tree growth rate could potentially increase their susceptibility to
mortality risk. Particularly, the negative impact of mismatches between
water demand and supply on tree growth can be exacerbated by tree
competition. Trees under high competition levels often have increased
negative water potential and lower soil-to-leaf hydraulic conductance and
stomatal conductance83. In line with the aforementioned, we observed
stronger negative iWUE-BAI feedback under high stand density (Fig. 2c).

Elevated nutrient availability can initially result in a series of shifts in plant
hydraulic traits, such as increased leaf area and transpiration rates but
reduced carbon (C) investment in roots, resulting in an overall decline in
root biomass and mycorrhizal association43, as observed in our previous
studies in this experimental trial84,85. These changes can induce greaterwater
requirements but progressively hamper theirwater uptake capacity37–39, thus
exacerbating the coupled atmospheric and groundwater-related aridity in
the later period and resulting in stronger negative iWUE-BAI feedback
(Fig. 2c; Fig. 4). Consistent with this, although nutrient inputs promote
annual tree growth during the whole experiment period (Figs. 1 and 4),
fertile sites and high stand density exhibited high rates of tree mortal-
ity (Fig. 2d).

Taken together, to achieve optimal carbon–water balance and ensure
hydraulic safety, photosynthetic regulation and shifts to deeper water
resources may serve as acclimation strategies to the recent acceleration of
atmospheric drought scenarios in coastal areas. Nevertheless, by leveraging
the negative impacts of ongoing atmospheric dryness, prolonged sea level
rise accompanied by groundwater salinization would substantially accel-
erate coastal forest degradation, particularly in formerly crowded and fertile
areas.Thesefindingsuncover theoverlooked leverage effect of local stressors
and belowground drivers10 that would outcompete climate factors to
accelerate future coastal vegetation transitions4 and compromise global
carbon sink capacity8,9.

Data availability
All data that supports the findings of this study are publicly available at the
Figshare data repository (https://doi.org/10.6084/m9.figshare.30415954)86.

Code availability
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are available from corresponding author upon request.
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