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Abstract

Optimizing public investment in urban green infrastructure under water scarcity is a core challenge
in resource economics. This study addresses the critical knowledge gap in quantifying the economic
returns on physiological adaptations of urban trees, which are central to their value as natural capital.
We integrate dual water isotopes (02H, 5'80) and leaf carbon isotope (6'*C) analysis to mechanistically
decode the water-use strategy of Machilus yunnanensis in drought-prone Kunming, China. Results
show strategic seasonal plasticity: a shift from shallow soil water (10-50 cm) in the wet season to
deeper soil sources (50-90 cm) and stem reserves in the dry season, coupled with a dynamic, diurnally
variable water-use efficiency (WUE). We then construct a transparent economic valuation model
translating these traits into three quantifiable benefit streams: (1) Operational cost savings (EV1) from
reduced irrigation demand; (2) Enhanced marginal productivity of water (EV>) in ecosystem service
generation; and (3) Climate resilience value (EV;) via mitigated mortality risk. Our “Water-Carbon-
Economy” nexus framework provides a generalizable methodology for assessing the cost-
effectiveness and risk-adjusted returns of urban forest species. It demonstrates that selecting trees
based on such eco-efficient traits is not merely an ecological choice but a sound economic investment,
offering direct implications for budget-constrained municipalities seeking to maximize the benefits
of green infrastructure under climate uncertainty.

Keywords: urban forestry; stable isotopes; water use efficiency; ecosystem service valuation; urban
water economics; climate-resilient greening

1. Introduction

Against the backdrop of global climate change and rapid urbanization, the management of
urban green spaces has evolved from an aesthetic concern to a critical socio-economic investment in
public health, climate resilience, and sustainable resource use (United Nations Environment
Programme, 2021). With over 80 major cities experiencing extreme drought in recent decades and
urban populations projected to reach 70% of the global total by 2050, the economic pressure on
municipal water budgets is intensifying. Urban trees, while providing invaluable ecosystem services
such as carbon sequestration, air purification, and urban heat island mitigation, also represent a
significant water demand (Nowak, 2023; Egerer et al., 2024). Therefore, optimizing the water-use
efficiency (WUE) of urban greenery is not merely an ecological question but a core issue of resource
economics and natural capital management, directly impacting the cost-effectiveness, risk profile,
and long-term viability of green infrastructure investments (Qi et al., 2025). This framing positions
urban forestry as a portfolio of biological assets, where selecting species with high resource-use
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efficiency is akin to choosing investments with superior risk-adjusted returns (Fenichel & Abbott,
2014).

Empirical evidence underscores this urgency, confirming that urban trees experience greater
growth decline than rural trees due to amplified water stress (Wu et al., 2025). Yet, the species-specific
physiological strategies—such as dynamic water source partitioning and efficiency adjustments—
that underpin such vulnerability or resilience remain poorly quantified. This knowledge gap
represents a critical economic analytical shortfall: it fundamentally limits the development of
evidence-based management protocols and, more specifically, hinders the quantification of the
economic returns on physiological adaptation—a key parameter for optimizing public investment in
climate-resilient natural capital.

Stable isotope techniques, particularly using dual isotopes of hydrogen and oxygen (0*H and
0'%0), have become powerful tools for tracing water movement within the Soil-Plant-Atmosphere
Continuum (SPAC), identifying plant water uptake depths, and quantifying the contribution of
different sources (Gao et al.,, 2024; Zhang et al., 2022; Han et al., 2022). Concurrently, leaf carbon
isotope composition (0°C) serves as a reliable proxy for long-term intrinsic Water Use Efficiency
(WUE). Integrating dual water isotopes with carbon isotope analysis allows a systematic
investigation of plant survival strategies from the two dimensions of water acquisition ("source") and
utilization efficiency ("sink"). This precise quantification forms the scientific basis for informed water
resource management and cost-benefit analysis (Li et al., 2024; Durodola et al., 2025). When viewed
through an economic lens, these isotopic metrics provide the essential biophysical micro-foundations
for modeling input substitution, marginal productivity of water, and adaptive capacity. Research
applications have advanced in natural ecosystems, and economic analyses have demonstrated the
cost-effectiveness of alternative irrigation sources like reclaimed water (Liu et al., 2025; Lv et al., 2021;
Santos et al., 2025).

However, critical gaps persist at the intersection of precise ecohydrological mechanism
elucidation and practical socio-economic valuation, especially for urban greening. First, targeted
research on dominant urban greening tree species in specific climatic regions—particularly in
monsoon-influenced areas with pronounced seasonal drought—remains scarce. Second, and most
pertinent to resource economics, a fundamental disconnect remains: existing ecohydrological studies
often lack formal economic integration, failing to translate physiological adaptations into
standardized economic metrics such as marginal irrigation cost savings, the enhanced marginal value
product of water in service delivery, or the option value of reduced mortality risk (Shi et al., 2021;
Salmani et al., 2025). Conversely, socio-economic assessments frequently lack the granular, species-
specific physiological data needed to justify and optimize management investments (Kudaya et al.,
2025). For example, while the socio-economic value of green spaces for mitigating waterlogging is
recognized (Yang et al., 2025), the fundamental question of how a specific tree species’ inherent water-
use strategy directly influences its cost-effectiveness and resilience dividend remains an unresolved
empirical and theoretical question in environmental investment analysis.

To address this critical gap, this study takes Machilus yunnanensis—a keystone native evergreen
broadleaf tree widely planted in drought-prone Kunming, southwestern China—as a model system.
Kunming, characterized by a subtropical plateau monsoon climate, experiences over 80% of its
annual precipitation during the wet season (May—-October), leaving a prolonged dry season (Zhu et
al., 2021). While empirically considered adaptable, a systematic, mechanistic understanding of its
water-use strategy is lacking, hindering both evidence-based planning and a clear economic
valuation of its adaptation traits. We conducted comprehensive year-round field monitoring from
July 2020 to July 2021, employing a dual-isotope (62H and 0'%0) approach to analyze various water
pools alongside leaf d3C to monitor intrinsic WUE. The objectives are threefold: (1) to quantify
seasonal shifts in water source contributions using 8H and $'#0; (2) to reveal the diurnal and seasonal
dynamics of intrinsic WUE using 0'°C; and (3) to explicitly link these physiological strategies to a
transparent economic valuation model, thereby bridging the biophysical and economic analysis of
urban natural capital. By extending the traditional "Water-Carbon" nexus to a "Water-Carbon-
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Economy" nexus, this study provides both species-specific evidence and a generalizable framework
for assessing the economic efficiency of climate-adaptive traits in urban forestry, contributing directly
to the literature on resource management and environmental investment under uncertainty.

2. Materials and Methods

2.1. Site Description

We made observation of water isotopes in precipitation, plant and soil water in July 2020 to July
2021 at the urban forestland located at the campus of Chenggong Campus of Yunnan University
(24°49'N, 102°51'E; 1990m above sea level) in Kunming, the middle of Yunnan-Guizhou Plateau,
Southwest China (Fig. 1). This region is featured with an altitude monsoon climate, with Indian
monsoon intrusion in summer and continental monsoon in winter. The average annual precipitation
is 790 mm, with distinctive seasonality of over 85 % of the annual precipitation in summer from June
to September, while little precipitation in the dry winter season from November to next April (Zhu
et al., 2021). The monthly air temperature varies from 7.7 °C in January to 20.6 °C in July, with annual
average of 14.7 °C (Bi et al., 2018). The primary soil type is red soil (Wang et al., 2016). The forest
consists primarily of urban forest, including M. yunnanensis, Pinus yunnanensis, and Photinia serrulata,
in addition to some minor components of other woodland species and shrubs, such as Bougainvillea
spectabilis, Festuca rubra, and Oxalis corniculata. In this paper, we selected M. yunnanensis as the target
tree for water sources and water use efficiency observation by using water isotope. The height of the
community varies from 3 m to 6 m in the sampling plot. In this study, the growing season is defined
as the period from May to September.
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Figure 1. The geographic sitting of the Kunming (a) and its location (marked by a green circle) in the Yunnan-

Guizhou Plateau.

2.2. Sampling and Measurement

We performed monitoring of water isotopes in soil water, xylem water, stem water, leaf water
simultaneously during July 2020 to July 2021. In each measurement, a hollow-stem auger (Haglof,
Visternorrland, Sweden) was used to collected at 13:00 with a sampling frequency of 1-2 times per
month xylem samples of three individuals of M. yunnanensis with three replications. All xylem
samples were taken at chest-height (Dawson and Ehleringer, 1993). The collected stem samples from
the base of the plant (green tissue, e.g., outer leaf) were stripped and only the white (i.e.,, non-
transpiring) tissue was used for measurement, and all stem samples individuals had leaves samples,
i.e., they were transpiring water. We measured stem and leaf samples at 9:00, 11:00, 13:00, 15:00, 17:00
and 19:00 at different sides of the tree (east, west, south, north) and from three mature trees for the
representative of the measurement. Leaf samples were separated into two parts for hydrogen and
oxygen and carbon stable isotope analysis, respectively. The leaf sample collection followed the
national standards of “Observation Methodology for Long-term Forest Ecosystem Research from
(GB/T33027-2016)". Soil samples were collected at 13:00 at depth of 5 cm, 10 cm, 20 cm, 30 cm, 40 cm,
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50cm, 60cm, 70cm, 80cm and 90 cm with three replications at each measurement, with a hand auger
at sites near the three trees and the average value was used for representative. All plant (M.
yunnanensis) and soil samples were measured by the isotope analyzer in solid mode combined with
an induction module (IM). The solid mode allowed for the simultaneous measurement of the isotopic
compositions of small solid samples and the removal of organic contamination from within the
samples in the field (Quade et al., 2019). A measurement of the plant and soil water immediately after
sampling will also reduce the influence of evaporation on water isotopes. Three laboratory standard
waters were used for calibration: S1 (0180= -2.83 %o, 0?H= -27.42 %o), Sz (080= -29.84 %o, O*H= -
222.84 %o0) and Sz (0'80=-15.29 %o, 0?H=-110.30 %o), which roughly cover the ranges of the measured
water isotope ratios. The samples were corrected for drift and memory using the procedure described
in Geldern and Barth (2012). The measured precision is + 0.20 %o for 580 and + 0.69 %o for 0?H. The
detailed measurement and calibration processes followed the protocol of Cui et al. (2017).

We also collected precipitation for isotope measurement as well during the same period nearby
on the Yunnan University of campus. Daily precipitation samples were collected at 20:00 in the
raining day using a container (Groning et al., 2012), specifically designed to avoid re-evaporation of
collected water samples. All samples were stored in plastic bottles and frozen in refrigerator before
laboratory analysis. The collected precipitation samples were analyzed in laboratory by using Picarro
L2140-i liquid water isotope analyzer for both 5'80 and 6?H. All measured results were normalized
to VSMOW (Vienna Standard Mean Ocean Water), with precision within + 0.05 %o for 8O and + 0.5 %o
for o°H.

2.3. Micrometeorological Measurements

We installed the eddy covariance (EC) instruments meteorology station in the sampling station,
including an open path infrared CO:/H20O gas analyzer (Li-7500 A, Li-Cor, USA) and a three-
dimensional sonic anemometer thermometer (CSAT3B, Campbell Scientific Inc., USA) mounted 3 m
above the ground. The data were stored in a CR6 data logger and CF storage card at a sampling
frequency of 10 Hz. The Raw data acquired at 10 Hz were processed using the postprocessing
software EdiRe, and quality control of the half-hourly flux data were conducted as described in earlier
literature (Xu et al., 2013). Micrometeorological parameters (air temperature, relative humidity, wind
speed, precipitation amount, four-component radiation, three layers of soil temperature and soil
moisture profiles, soil heat flux, etc.) were recorded under 1 Hz. Additional details concerning data
acquisition were described (Liu and Zhang. 2012). Based on measurements from the EC system, the
energy balance closure ratio was evaluated at this site, and result shows a relatively high energy
balance closure ratio of 0.88, indicating that the energy balance closure problem (Wilson et al., 2001)
is not a major concern for the site and system.

2.4. Data Analysis

2.4.1. Contributions of Water from Different Sources to M. yunnanensis.

The MixSIAR model is a stable isotope mixing model to calculate the contribution of different
water sources to M. yunnanensis. In this study, the direct contrast method and MixSIAR model were
used to analyze plant water sources comprehensively. The soil moisture that may be mainly used by
plants is directly judged by the method of direct comparison, and the source of plant water is
qualitatively analyzed. MixSIAR model was used to estimate the water use ratio of plants to various
water sources and the average depth of soil water use, and to quantitatively analyze the sources of
plant water. In this study, the water sources were defined as the soil waters in layers from 5cm to
90cm and stem water, and were divided into six groups according to their isotopic composition to
represent the potential water sources. Within the MixSIAR program, the increments were set at 2 %
solution and a tolerance level of + 0.05 % was counted as feasible solutions. The sensitivity was
analyzed with different fractional increments (0.5, 2 %) and at different uncertainty levels (0.1, 0.3,
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and 0.4). The results showed no significant differences in changes in fractional increment and
uncertainty level.

2.4.2. ABC (Carbon Isotope Discrimination) and Calculation of WUE

The leaf samples were ultrasonically washed with distilled water, air-dried, oven-dried at 60°C
for at least 72 h to a constant weight, then ground and finally sieved through a 1-mm mesh screen.
We used a Picarro G2201-i (Picarro Inc., Santa Clara, CA) high frequency wavelength-scanned cavity
ring-down spectroscopy (WS-CRDS) analyzer for carbon isotope measurement. According to the
PDB (belemnite from the Pee Dee Formation) standard. The precision was precision of < 0.12 %. The
leaf 13C value was determined using the following equation:

p1°C = (= — 1) x 1000 (1)

Rstandard
where Rsample and Rstandard are the 3C/2C ratios in the samples and the PDB (Pee Dee Formation)

standard, respectively. (Farquhar et al., 1989).

Isotopic effects can also be expressed by isotopic discrimination values (A). Because CO: is the
source of plant photosynthesis, its photosynthetic discrimination value can be described as follows
(Martinez-Sancho et al., 2017):

ABC = (3"°C, - 8"°C,)/(1 +8"°C,/1000) )
where 5°Ca and 03Cp represent the 83C values of air and plant samples, respectively. The 0°Ca was
assumed to be —8 %o, according to (Farquhar et al., 1989). In C3 plants, A*C is primarily determined
by the ratio of intercellular to ambient leaf CO: via the following formula:

AB3C =a+ (b —a)g 3)
a

where a (4.4 %o) represents the diffusive discrimination of *C in air through stomata, b (27%o)
represents the net discrimination associated with carboxylation, and Ca and Ci are the air and
intercellular partial pressures of CO, respectively (Farquhar et al., 1989; Maxwell et al., 2018).

In plants, leaf conductance to water vapor (gt20) is related to the leaf conductance of COz (gcoz)
as per the following equation:

8H20 = 1.68co2 (4)

where 1.6 is the ratio of water vapor to CO: diffusivity.

Further, Leaf net photosynthesis (A) is related to gteo as the following equation:

A=g (C.=GC) ()

where A is net photosynthesis, and gcoz is leaf conductance of CO:z (Pe nuelas et al., 2011).

Given equations (3)-(5), A®C can be converted to the ratio A/go (WUE) via the following
equation (Yan et al., 2016):

A b-A13C
WUE = =
gHzo  1.6(b-a)

(6)

2.5. Economic Valuation Framework

The economic value (EV) of M. yunnanensis’s adaptive strategy is disaggregated into three
components, each derived from the isotopic and physiological data. This translation from biophysical
traits to economic metrics addresses a core need in environmental accounting: moving from
qualitative descriptions of ecosystem services to quantitative, marginal analyses of resource use
efficiency (Boyd & Banzhaf, 2007).

EVi: Operational Cost Savings from Irrigation Substitution. This represents the avoided cost of
supplemental watering due to the tree’s ability to access deeper soil water and stem reserves during
drought, a direct application of the concept of input substitution in production economics.

EV, = AV_irri x P_water + AC_maint (7)
where AV_irri is the volume of irrigation water substituted, estimated from the MixSIAR-modeled
shift in water source proportions (Fig. 10) and local evapotranspiration estimates. P_water is the
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marginal price of municipal irrigation water. AC_maint encompasses saved labor and energy costs
from reduced irrigation frequency.

EV2: Value of Enhanced Water Productivity. Higher intrinsic WUE implies greater ecosystem
service output per unit of water transpired, reflecting an increase in the total factor productivity of
the water input. We focus on carbon sequestration as a representative service.

EV,=(AA /Ag_H20) x V_C (8)
where the ratio (AA / Ag_H2O) is the change in net carbon assimilation per change in water loss,
derived from the 5*C-WUE relationship (Eq. 6). V_C is the social or market value of sequestered
carbon (e.g., shadow price from integrated assessment models or local carbon trading schemes).

EVs: Climate Resilience Value. This captures the avoided loss from reduced drought-induced
mortality, modeled as a risk premium analogous to the option value of adaptation in environmental
economics.

EV; = (R_mortality x V_replacement) x (1 - 6_adapt) (10)
where R_mortality is the baseline annual mortality risk for non-adapted species under drought stress,
V_replacement is the net present cost of sapling purchase, planting, and establishment, and ©_adapt
(0<0<1) is the relative risk reduction factor attributed to the species” adaptive plasticity, inferred from
its sustained physiological function during the observed dry period.

Sensitivity & Uncertainty: Key parameters (P_water, V_C, R_mortality) are assigned plausible
ranges based on local market data and literature. A Monte Carlo simulation is recommended for full
implementation to propagate uncertainty from both isotopic and economic parameters. The primary
contribution of this section is the development of a transparent, replicable valuation model that
parameterizes economic value directly with biophysical measurements, providing a concrete method
for assessing urban trees as productive natural capital assets (Fenichel & Abbott, 2014).

3. Results

3.1. Seasonal Variation of Environmental Variables

Detailed information on the seasonality of the environmental variables is essential to assess
seasonal variations in quantifying water sources and water use efficiency. Fig. 2 shows the seasonal
variations of daily air temperature (Ta), relative humidity (RH), vapor pressure deficit (VPD), wind
speed (u), daily sum of precipitation amount (P) and volumetric soil water content (0) at different
depth from the in-situ flux observation. As Fig. 2(a) shows the seasonal variation of Ta and RH during
monitoring period. Daily air temperature was 17.0 in the monitoring period, varying from -1.9 to -
24.5°C. RH was 64.9 in the monitoring period, varying from 24.8 to 97.2. The seasonal variation of
VPD and u during monitoring period (Fig. 2b). Daily wind speed was 0.6 m s in the monitoring
period, varying from 0.1 to 1.7 m s™'. Mean vapor pressure deficit varied between 0.1 and 2.2 Kpa. Fig.
2(c) exhibits the seasonal variations of daily average precipitation and soil moisture content. Daily
average precipitation was 2.4 mm d-. Although we only have the observation of soil moisture at
shallow surface, it can reflect the root zone moisture as well. Daily averaged 0 at the was maintained
at a high level during the observation period. The large fluctuation of soil moisture content at a depth
of 5 cm is caused by rapid evaporation and precipitation replenishment. While the soil moisture
content is quite constant in 40 cm depth, and slight variations is in response to precipitation events
but with lag of a couple of days.
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Figure 2. Seasonal variations in (a) daily mean temperature (Ta) and relative humidity (RH); (b) vapor pressure
deficit (VPD) and wind speed (u); and (c) daily sum of precipitation amount (P) and volumetric soil water content
(0) at 5 cm depth (blue line), 20 cm depth (red line) and 40 cm depth (black line) during the observations. The
volumetric soil water content data were unavailable from 5 January to 24 March 2021, from 4 to 9 June 2021, and

from 9 July to 13 August 2021 due to soil moisture monitoring probe failure.

3.2. Relationship Between 630 and 6?H of Different Water Pools

The dual-isotope plot (02H-0'80) reveals distinct fractionation patterns across ecosystem water
pools, reflecting their respective hydrological processes (Good et al., 2015). The local meteoric water
line (LMWL), defined as 02H = 8.22 5180 + 11.52 (R? = 0.99, p < 0.001, n=145) (Fig. 3), is consistent with
the Global Meteoric Water Line (GMWL; Craig, 1961; Rozanski et al., 1993). In contrast, soil water
samples (0'80: -14.10 to -4.72%o; 0?H: -117.91 to -42.24%o) deviate below the LMWL, forming a soil
water line (SWL: 02H = 7.520180 - 7.15; R2 = 0.65, p < 0.001, n=109). This lower slope and intercept
indicate significant evaporative enrichment post-infiltration, despite some moderation by vegetation
cover (Dubbert et al., 2013). Plant water isotopes demonstrate a progressive enrichment sequence.
The xylem water line (XWL: 8?H = 5.956'80 — 26.67; R? = 0.81, p < 0.001, n=41) plots intermediately
between soil and stem water. Further isotopic enrichment is observed in stem water (STWL: 8?H =
4.775'%0 - 40.76; R2=0.65, p < 0.001, n=216) and culminates in leaf water (LWL: 02H = 3.218'80 - 55.30;
R?=0.70, p <0.001, n=216). The successively lower slopes and more negative intercepts from the SWL
to the LWL quantitatively trace the strong gradient of evaporative fractionation through the Soil-
Plant-Atmosphere Continuum, with leaf water exhibiting the most pronounced isotopic enrichment
during transpiration.
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Figure 3. 0'®0 versus 6?H in precipitation (open black circles), soil water (red black circles), xylem water (open
green circles), stem water (open purple circles) and leaf water (open blue circles). (a) and (b) are the 5'%0O and
0%H of different water bodies, respectively, and (c) is the linear regression line of 5'®0 and d°H in different water
pools. The box indicates the 25th and 75th percentiles with the median as thick black line and the average as

square. The error bars indicate the minimum and maximum values. The circles indicate outliers (3/2 times the

central box).

3.3. Seasonal Variation of Precipitation Isotopes in the Forest Ecosystem

Since the seasonal variations of hydrogen and oxygen stable isotopes are mainly consistent,
using 080 solely to identify the seasonal variations of the stable isotopic composition is reasonable.
We presented the daily precipitation 'O and d-excess and precipitation amount from Kunming (Fig.
4). The daily isotopic composition of the precipitation samples ranges from -21.6 to 2.7 %o for 580
(9.0 %o in average) and from -6.9 to 22.4 %o for d-excess (9.5 %o in average). Precipitation 580 shows
a seasonal shift from the higher value in the earlier summer of January-June to the lower 580 period
of the raining season until to October. This seasonal precipitation is consistent with the seasonal
feature of monsoon type precipitation signal. The seasonal variation of precipitation d-excess shows
an opposite trend to 0O changes, likely a signal of enhancing evaporation enrichment of
precipitation, precipitation during the dry season in spring and early summer. Slight lower
precipitation d-excess in less rainfall days are probably related to the reevaporation of falling
raindrops, which lowered d-excess in the left rainfall.
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Figure 4. Daily precipitation 5'%0 and d-excess as comparison with precipitation amount in Kunming during

July 2020-September 2021.

3.4. Isotopic Composition of Soil Water at Different Depths

The isotopic composition of soil water revealed distinct vertical stratification and contrasting
seasonal dynamics between shallow and deep layers (Fig. 5). Soil water 60 values ranged from
—14.1%o0 to —4.7%o. A clear depth gradient was observed: values in the upper 60 cm were most
depleted in August (—14.1%0) and became progressively enriched, reaching their maximum (—4.7%o)
by the following May. This pattern reflects direct infiltration and subsequent evaporation of monsoon
rainfall. In contrast, soil water below 60-90 cm exhibited markedly dampened seasonal fluctuations,
with values varying only between —11.52%0 (May) and —8.37%o (July). This attenuation indicates a
transition zone where precipitation signals are mixed and buffered. The depth profile of mean 5%0O
further highlights this shift, showing greater variability (-10.32 + 1.95 %o) in the active 0-70 cm layer
relative to the homogeneous deep layer below 70 cm (-9.69 = 0.76 %o).
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Figure 5. Variation characteristics of 5'%0 isotopes of soil water depth profiles for eight sampling campaigns at

the same location from 2020 to 2021.
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The d-excess, an indicator of secondary evaporation, provided complementary insights. In the
shallow zone (0-70 cm), the mean d-excess increased with depth (e.g., from —8.3 + 9.3%o at 5 cm to 0.2
+ 8.8%o at 60 cm) while its variability decreased, robustly evidencing strong kinetic fractionation at
the soil-atmosphere interface. Conversely, in the deep zone (70-90 cm), the mean d-excess showed a
slight decreasing trend with relatively low variability (e.g., 0.8 = 8.2%o at 70 cm to —1.2 + 6.0%. at 90
cm). This dichotomy confirms that shallow soil is dominated by rapid, evaporation-influenced
turnover of seasonal precipitation, whereas deep soil constitutes a stable reservoir with a longer
residence time, integrating precipitation signals over extended periods. These processes create a
stratified water source landscape critical for understanding plant uptake strategies.

3.5. Seasonal Variations of Plant Xylem, Stem and Leaf Water Isotopes

The seasonal variations of the 880 and d-excess as comparison with xylem and stem water
during the observation period are shown in Fig. 6. There is a pronounced seasonal variation of 5'0
in xylem water (5'0x) and stem water (0'¥Os) and they are synchronized, the correlation coefficients
(R) of d80x with 8'80s is 0.71(p < 0.001). In the raining season, the 5'80x and d'8Os for M. yunnanensis
rapidly decreased, while they gradually increased in the raining season, and keep a high value (Fig.
6a). The 880x and 8'8Os was the lowest at August (Fig. 6a). Thereafter, they became more enriched
as the time progressed. The 5'80x and 0'80s ranges from —11.5 %o to —6.92 %o (-9.2 + 1.3 %o in average)
and ranges from —10.5 %o to —4.5 %o (-7.8 = 1.5 %o in average), respectively. Average monthly 55O of
soil water samples were —10.1+1.71 %o. The 0"Ox is very close to soil water 5'8O, but has a certain
degree of enrichment compared to soil water. The 880x for M. yunnanensis significantly lower than
stem water (p<0.001, n=216). The seasonal pattern of xylem and stem water was similar to 8’H during
the observations (Fig. Al). This indicates a close hydraulic linkage between xylem water and stem
water within the interval. The seasonal variation of d-excess in xylem water and stem water is not
significant and they are not synchronized, the correlation coefficients (R) of d-excess in xylem water
with stem water is 0.1. This is because their evaporation enrichment mechanism is different (Fig. 6b).

e Slgox —_—— Slgos

3130 (%o0)

____________________________________

(a)

—e— d-excessy, —*— d-excessg

mean value
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(b)
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Time series

Figure 6. Seasonal variation of xylem and stem water isotopes from July 2020 to September 2021 at Kunming: (a)
0180, (b) d-excess.

The seasonal variations of the 080 and d-excess of leaf water as comparison with leaf water
enrichment during the observation period are shown in Fig. A2. Leaf water becomes enriched in
heavy isotopes during transpiration due to equilibrium and kinetic effects (Flanagan et al., 1991). In
general, in the rainy season (June-October), the 6'8OL decreased rapidly, and after the dry season
(October—June), the d180P increased gradually. The seasonal variations of d'¥OL of leaf water are in
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phase with leaf water enrichment, but d-excess of leaf water is the opposite. The seasonal pattern of
leaf water enrichment was similar to d2Hr of leaf water during the observations (Fig. A3).

3.6. Daily and Seasonal Variations of Carbon Isotope Composition (613C) and Water Use Efficiency (WUE) in
M. yunnanensis

Daily and seasonal variations dynamics of WUE reflect water requirements at different
developmental stages. Here, we show daily and seasonal changes of plant 8*C and WUE of M.
yunnanensis (Fig. 7), in order to identify of its potentially driving mechanisms. The daily variation of
WUE shows a "v"-shape. The low WUE value was observed from 11:00 to 17:00 (noon), the high value
was observed at 9:00 and 19:00 (morning and evening), and WUE was significantly lower at 15:00
than at the other times (Fig. 7a). In a seasonal variation, the trends of WUE were rapidly increased
first from July to August, from August to October (rainy season) less variable in magnitude, and then
no significant decreased from October to March next (dry season), rapidly decreased from March
(Fig. 7b). The seasonal variation of plant 5'*C is similar to WUE. The plant 8*C and WUE were lowest
in June under dryer atmospheric conditions of the year (Fig. 7b). Our finding that the lowest plant
013C and WUE under dryer atmospheric conditions (i.e., June), indicating that water availability is
the most important limiting factors for plant growth and have been observed to affect WUE.
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Figure 7. Daily and seasonal variation in 8*C and water use efficiency (WUE) in M. yunnanensis.

4. Discussion

4.1. Water Source Dynamics: Creating a Stratified Resource Landscape

Soil water 90O dynamics are governed by precipitation recharge and soil evaporation,
exhibiting a clear depth-dependent response to precipitation inputs (Fig. 8). Following isotopically
depleted monsoon rainfall, a significant decrease in 5'®0 in the upper 0-40 cm soil layer indicates
direct infiltration and mixing, suggesting preferential flow pathways (Schwinning et al., 2004; Egge-
meyer et al., 2009). During the pre-monsoon season, higher precipitation d'%0 and strong surface
evaporation lead to enriched isotopic values in shallow soil. The depth of the evaporative front,
identified per methods in Allison (1998), varied between 20-40 cm and 40-60 cm across seasons.
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Figure 8. The monthly variation of precipitation and different depth soil water isotopes at Kunming from July
2021to August 2021.

The temporal variability of soil water 5'0 decreased markedly with depth. Shallow soil (0-10
cm) showed high fluctuations, tracking individual precipitation events and experiencing strong
kinetic fractionation from evaporation. In contrast, soil water below 60-90 cm exhibited a significantly
dampened isotopic signal, indicating the mixing of precipitation over longer timescales and
dominance of liquid-phase transport (Barnes and Allison, 1983; Kendall and McDonnell, 1998). This
pattern, where deeper soil acts as a buffer with a stable isotopic signature, aligns with findings in
other semi-arid ecosystems (Yu et al., 2012; Dubbert et al., 2013). The stratified water source landscape
created by these processes—a dynamic shallow reservoir and a stable deep reserve—forms the
physical basis for plant water foraging and has direct implications for managing irrigation as an
economic input, as it delineates the naturally available versus human-supplied water zones.

4.2. Water Source and Relative Contribution Proportion of M. yunnanensis

4.2.1. Qualitative Analysis of Plant Water Sources

The dual-isotope plot reveals pronounced seasonal plasticity in water uptake by M. yunnanensis
(Fig. 9). During the wet season (July to September), xylem water 5'®0 values closely aligned with soil
water at 20-50 cm depth, indicating predominant use of shallow-to-middle soil layers. Conversely, in
the dry season (October to June), xylem water isotopes matched contributions from very shallow (0-
10 cm) and deeper (50-90 cm) soil sources. This adaptive strategy of shifting uptake depths in
response to soil moisture availability is a well-documented drought tolerance mechanism (Rothfuss
and Javaux, 2017; Zhou et al., 2015), potentially driven by root growth into deeper layers (Schwarzel
et al., 2020) or reduced shallow root activity under dry conditions (Wang et al., 2021), as seen in other
species (Schwendenmann et al., 2015; Kong et al., 2022). From an economic perspective, this plasticity
represents a form of intrinsic resource arbitrage, allowing the tree to substitute costly irrigation with
freely available soil water during drought, thereby generating direct cost savings. Occasional
mismatches between xylem and soil water 50 suggest ecohydrologic separation between mobile
and immobile water pools may occur even in urban settings (Brooks et al., 2010; Evaristo and
McDonnell, 2017; Chen et al., 2020; Penna et al., 2022; Zhou et al., 2023), highlighting the complexity
of water availability.
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Figure 9. The relationships of 5’0 among soil water, xylem water and stem water from 2020-2021 at Kunming,.

Red line represents d'80 of xylem water and blue line represents 5'30 of stem water.

4.2.2. Quantitative Analysis of Plant Water Sources Based on IsoSource Model

Significant isotopic differences between water pools allowed for quantitative source
apportionment using a linear mixing model based on isotope mass balance (Javaux et al., 2016;
Dawson et al., 1991; Rothfuss et al., 2017; Sprenger et al., 2017; Zhou et al., 2015; Schwendenmann et
al., 2015). The IsoSource model output (Fig. 10) quantified that shallow soil (0-40 cm), deep soil (40-
90 c¢m), and stem water contributed on average 30%, 40%, and 30%, respectively, over the entire
period. A clear seasonal shift was quantified: deep soil water contribution increased to 40-70% in the
dry season, while stem water uses also rose (mean contribution 0.35 vs. 0.23 in wet season). This shift
from shallow to deep sources as soil moisture declines is a common adaptive strategy (Evaristo et al.,
2019; Yang et al., 2015; Kong et al., 2022). These quantitative contributions (e.g., deep soil providing
40-70% of dry-season water) are critical for economic translation. They provide the coefficients to
calculate the volume of irrigation water substituted (AV_irri), forming the basis for estimating
operational cost savings (EVy).
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Figure 10. Relative contributions of water sources with the IsoSource model.

4.3. Water Use Strategies of M. yunnanensis: Linking Physiological Adaptations to Economic Value

The isotopic analyses delineate how M. yunnanensis copes with water variability. For urban
resource management, the critical question is how these adaptive traits translate into measurable
economic benefits. This requires reframing physiological plasticity —seasonal water source switching
and dynamic WUE —within resource economics. We explicitly link the quantified ecohydrological
strategies to three key economic dimensions: operational cost reduction, enhanced ecosystem service
productivity, and climate resilience. This translation underscores the species' utility as “natural
capital” and provides a replicable framework for cost-benefit evaluation of urban greening projects.
The water foraging plasticity identified here represents a key adaptive trait that may interact with
other resource acquisition strategies. For instance, recent evidence suggests a decoupling between
leaf and topsoil elements in street trees, indicating complex, depth-dependent nutrient uptake (He et
al., 2025). Therefore, integrating the management of water-use efficiency with nutrient dynamics
within a broader “water-nutrient-carbon” framework could further optimize multiple ecosystem
services simultaneously, an important direction for future urban ecological research.

4.3.1. Seasonal Water Source Plasticity for Operational Cost Mitigation

This study explicitly quantified a seasonal switching strategy (Fig.s 9, 10). During the wet season,
M. yunnanensis primarily utilized shallow-to-middle soil water (10-50 c¢m), reducing reliance on
supplemental irrigation. This plasticity is a well-documented strategy (Rothfuss and Javaux, 2017).
In the dry season, dependence shifted to deep soil water (50-90 cm) and stem water reserves.
Economically, this shift substitutes costly irrigation with naturally stored soil water (Ehleringer &
Dawson, 1992), implying a substantial reduction in dry-season irrigation demand in cities like
Kunming. The economic value (EV,) is: EVy = (AV_irri x P_water) + AC_maint, where AV_irri is
irrigation water saved, P_water is the unit water price, and AC_maint represents saved maintenance
costs (Lv et al., 2021). This positions M. yunnanensis as a "low-maintenance asset" that reduces long-
term operational expenditures.

4.3.2. Dynamic Water-Use Efficiency Enhancing Resource Productivity

Regarding water use efficiency, 013C data revealed complex spatiotemporal dynamics (Figure 7).
Diurnally, WUE showed a "V"-shaped pattern, being lower at midday (11:00-17:00) and higher in the
early morning and late afternoon. This suggests that for precision irrigation scheduling, applications
recommend avoid periods of lowest WUE (midday) to minimize unproductive transpirational losses
and enhance the actual productivity of each unit of irrigation water (Pefiuelas et al., 2011). Seasonally,
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WUE increased rapidly at the beginning of the wet season (July-August) and remained relatively
high throughout the dry season. The notably higher WUE in the early dry season indicates more
efficient carbon assimilation per unit of water transpired under scarcity (Farquhar et al., 1989).
Integrating this physiological metric into economic assessments, its value (EV,) manifests as an
increased marginal productivity of the water input. Within ecosystem service valuation frameworks,
a higher WUE directly translates to greater per-tree carbon sequestration value and cooling benefits
per unit of water consumed (Nowak, 2023).

In synthesis, the coordinated strategy of seasonal water source switching and enhanced WUE
confers significant drought resilience, which carries intrinsic ‘risk mitigation value” (EVs), a key
benefit of urban green infrastructure for climate adaptation (Escobedo et al., 2021; Baro¢ et al., 2021).
By mitigating drought-induced mortality, this strategy directly reduces tree replacement capital costs
and safeguards continuous ecosystem service delivery. This value can be estimated using
replacement cost methods or factored into long-term analyses as a reduced ‘risk premium’ (Groot et
al., 2012). Therefore, selecting M. yunnanensis is not only an ecological decision but also a sound
investment in resilient urban green infrastructure.

4.3.3. Water Use Strategies and Economic Translation

The isotopic analyses delineate how M. yunnanensis copes with water variability. We explicitly
link these strategies to three economic dimensions.

Seasonal Water Source Plasticity for Cost Mitigation (EV1): The quantified shift from shallow to
deep soil water in the dry season substitutes costly irrigation with naturally stored water. An
illustrative calculation demonstrates this logic: assuming a mature tree substitute ~1.08 m3 of
irrigation water per dry season (based on a 60% uptake shift from isotopic data and estimated
transpiration) at a local water price of 6.2 CNY m=, the direct annual saving (EV;) is approximately
6.7 CNY per tree. Scaled to a municipal planting of 10,000 trees, aggregate savings approach 67,000
CNY annually, concretizing the fiscal logic of investing in species with such plasticity.

Dynamic WUE Enhancing Resource Productivity (EV,): The observed diurnal “V”-shaped WUE
pattern and seasonal WUE enhancement indicate more efficient carbon assimilation per unit of water
under scarcity. Within ecosystem service valuation frameworks, this higher WUE directly translates
to greater per-tree carbon sequestration and cooling benefits per unit of water consumed (Nowak,
2023), representing an increased marginal value product of the water input (EV>).

Coordinated Strategy for Resilience Value (EVs): The combined strategy of source switching and
enhanced WUE confers significant drought resilience. This carries intrinsic ‘risk mitigation value’
(EVs) by reducing the probability and expected cost of drought-induced mortality, thereby
safeguarding continuous ecosystem service delivery and avoiding replacement capital costs—a key
benefit for climate adaptation planning.

4.4. Implications for Environmental and Resource Economic Theory

Beyond the specific case of M. yunnanensis, our integrated approach and findings offer several
broader implications for environmental and resource economic theory and practice.

First, we operationalize the concept of “natural capital” at the organismal level, showing how a
tree’s physiological traits function as a risk-mitigating asset that generates direct financial savings
(EV41) and enhances factor productivity (EV;). This moves valuation beyond static stock-and-flow
models toward dynamic, trait-based asset pricing for urban ecosystems (Fenichel & Abbott, 2014).

Second, our framework informs the design of efficient public spending and policy instruments.
By quantifying EV; (resilience value), it provides a rationale for “resilience premiums” in public
procurement or subsidies for climate-adapted species. Furthermore, the quantified water savings
(AV_irri) could be integrated into local water rights markets or offset schemes, creating a direct
market signal for investing in water-efficient urban forests. This aligns with the theory of co-benefits
internalization in environmental policy design (Shobe & Burtraw 2020).
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Finally, our interdisciplinary method—using isotopic data to parameterize an economic
model —exemplifies a next-generation approach to non-market valuation. It reduces reliance on
stated preference methods for complex biophysical processes, instead building value estimates on
observable, engineering-style measurements of resource use efficiency. This enhances the objectivity
and transferability of economic assessments for green infrastructure across different institutional and
climatic settings, contributing to the broader goal of integrating ecology and economics for
sustainability (Polasky et al., 2019).

5. Conclusions and Policy Implications

5.1. Conclusions

This study integrated dual-water isotope (02H, 6'®0) and carbon isotope (6'*C) techniques to
mechanistically quantify the adaptive water-use strategy of M. yunnanensis and, crucially, its direct
economic implications—thus bridging a critical gap between ecohydrology and resource economics
in urban forestry. First, isotopic evidence reveals significant seasonal plasticity in water acquisition:
the species primarily utilizes shallow-to-middle soil water (10-50 cm) during the wet season but
strategically shifts to deeper soil water (50-90 cm) and stem water reserves during the prolonged dry
season, demonstrating a facultative foraging strategy that minimizes dependency on surface
moisture. Second, analysis of 81°C shows distinct diurnal and seasonal dynamics in intrinsic water-
use efficiency (WUE). The characteristic diurnal “V”-shaped pattern (with lower midday WUE) and
the seasonally elevated WUE during the dry period together indicate a physiological capacity for
efficient carbon assimilation under water scarcity. Third, and central to our thesis, we explicitly link
these physiological adaptations to a framework of tangible economic value: (1) operational cost
reduction through irrigation savings enabled by source substitution; (2) enhanced resource
productivity as higher WUE increases the ecosystem service output per unit of water consumed; and
(3) increased resilience value by mitigating drought-induced mortality risk, thereby safeguarding
public green assets. This tripartite value proposition provides a quantifiable, physiologically-
grounded basis for appraising urban trees as “natural capital.”

5.2. Economic Policy Recommendations

5.2.1. Develop Differentiated Precision Irrigation Schedules

Municipal greening departments should implement "seasonally differentiated irrigation” that
mirrors the plastic water-use patterns of M. yunnanensis. This involves significantly reducing or
suspending irrigation during the wet season and its immediate aftermath. Crucially, daily irrigation
should be scheduled to avoid periods of lowest plant WUE (e.g., midday) to enhance application
efficiency and reduce unproductive water losses (Dinar & Zilberman, 2020). This approach leverages
the economic principle of optimizing input use (water) to match the temporal productivity of the
biological asset (the tree), thereby maximizing the return on each unit of water invested.
Implementation can be achieved by integrating the phenological and water-source phase diagrams
from this study into the decision-support modules of existing urban smart irrigation systems. This
integration, supported by a sensor network monitoring soil moisture and meteorological conditions,
enables automated, data-driven irrigation that aligns with real-time plant physiological needs. The
resulting water savings translate directly into reduced operational costs and enhanced drought
resilience, providing a clear cost-benefit rationale for upfront investments in sensor and control
technologies.

5.2.2. Establish a "Water Productivity"-Centric Tree Species Selection and Evaluation System

Urban planning and forestry departments should formally introduce “water use efficiency
(WUE)” and “water source plasticity” as mandatory screening criteria, prioritizing native, drought-
adapted species with high water-economic productivity, such as M. yunnanensis. For project
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appraisal, the “ecosystem service value per unit of water consumption” over a species’ life cycle
should be calculated to inform cost-benefit analyses (Kudaya et al., 2025; McPhearson et al., 2021).
The implementation pathway requires creating an open-access urban tree species eco-economic
database. This database should archive key species-specific parameters (including isotopic indicators
of WUE and water uptake depth, established management costs, and modeled ecosystem service
values) and be coupled with user-friendly assessment tools for planners. Adopting such a
physiology-informed selection system is critical. It directly addresses the widespread growth
suppression in urban trees driven by water stress (Wu et al., 2025), thereby transforming green
infrastructure from a water-sensitive cost center into a drought-resilient, value-generating asset.

5.2.3. Explicitly Incorporate Water-Saving Benefits into Urban Green Space Ecosystem Service
Accounting

When assessing and monetizing the benefits of urban forests (e.g., carbon sequestration,
cooling), the “water savings” and corresponding “water-saving value” achieved through a plant’s
inherent adaptive strategies must be concurrently accounted for (Song et al., 2018). This requires
integrating the economic valuation framework (EV;, EV;) developed in this study with widely used
urban forest assessment tools (e.g., i-Tree). Developing localized model modules that embed these
water-saving co-benefits will make them a standard, quantifiable component of return-on-investment
(RQOI) analysis for green infrastructure projects, thereby strengthening the economic rationale for
fiscal support and improving the accuracy of project valuations.

5.2.4. Design Incentive-Compatible Fiscal and Market Mechanisms

Governments and municipal authorities could explore establishing a “Water-Smart Green
Space” certification and linked subsidy or incentive scheme. Projects that utilize certified low-water-
consumption, high-resilience species (like M. yunnanensis) and implement precision irrigation could
receive grants, tax benefits, or preferential scoring in public tenders. Furthermore, the volume of
water sustainably saved by such green spaces could be quantified and potentially included in
regional water rights trading or ecological compensation frameworks, transforming documented
ecological performance into direct economic incentives. Implementation requires proactive
collaboration between water utilities, greening departments, and finance agencies to formulate robust
technical standards, verification protocols, and certification procedures.

5.2.5. Promote Cross-Sectoral Collaborative Governance and Capacity Building

The effective implementation of the above integrated policies hinges on breaking down
administrative silos. We recommend establishing a permanent inter-departmental collaborative
mechanism—such as an “Urban Water-Green Resource Synergy Management Group”—that
includes representatives from water resource management, urban greening, public finance, and
climate adaptation departments. This body should co-develop essential protocols for data sharing,
joint planning guidelines, and integrated performance metrics for green infrastructure. This
governance effort must be complemented by regular cross-disciplinary training and workshops to
enhance mutual understanding among policymakers and practitioners of the critical links between
plant physiology, hydrology, and resource economics.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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Figure A1. Seasonal variation of xylem and stem water isotopes from July 2020 to September 2021 at Kunming;:
(a) OH, (b) d-excess.
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Figure A2. Seasonal variation of leaf water isotopes from July 2020 to September 2021 at Kunming: (a) 5'*OL, (b)
leaf water enrichment, (c) d-excess.
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