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Abstract

Investigating the complex relationships among ecosystem services and be-
tween ecosystem services and land use types, and conducting ecosystem
service-oriented land use optimization, is of great significance for achieving
coordinated and sustainable development of socio-economy and ecological
protection. Taking the Guanzhong-Tianshui Economic Zone section of the
Wei River Basin (hereinafter referred to as the Guanzhong-Tianshui section)
as the study area, this study estimated three ecosystem services—biodiversity,
carbon sequestration, and water yield—at the sub-watershed scale for the
period 2000-2013, and quantitatively examined the trade-off and synergistic
relationships among them. Furthermore, the CA-Markov model was employed
to predict land use change scenarios for 2050, based on which future ecosystem
services were calculated and the Production Possibility Frontier (PPF) method
was introduced to conduct trade-off and synergistic analysis, thereby exploring
the optimal land use pattern under maximum ecosystem services for 2050.
The results indicate: =~ The total water yield in the study area showed an
increasing trend from 2000 to 2013. The Qinling Mountains and Liupan
Mountains regions exhibited higher total carbon sequestration and better
biodiversity quality, whereas the Guanzhong Plain, with dense population
and urban distribution, demonstrated poorer carbon sequestration capacity
and generally higher degrees of habitat degradation.  Carbon sequestration
and biodiversity exhibited a synergistic relationship, while water yield versus
biodiversity and water yield versus carbon sequestration both showed trade-off
relationships. The optimal Pareto efficiency curve under ecosystem services
for 2050 was delineated, and through further trade-off and synergistic analysis,
the corresponding land use optimization map was obtained. Integrating
ecosystem services and trade-off requirements into land decision-making and
optimized management processes will facilitate achieving a win-win state for
ecology, society, and economy in the study area.
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Abstract

Understanding the complex relationships between ecosystem services and land
use types, and conducting ecosystem service-oriented land use optimization, are
crucial for achieving coordinated and sustainable socioeconomic development
and ecological protection. This study examines three key ecosystem services
—biodiversity, carbon sequestration, and water yield—in the Guantian section
of the Weihe River basin from 2000 to 2013 at the sub-basin scale. Using the
CA-Markov model, we simulated land use change scenarios for 2050 and esti-
mated future ecosystem services under these scenarios. We then introduced the
Production Possibility Frontier (PPF) to generate optimal land use patterns for
maximizing ecosystem services in 2050. The results indicate: (1) From 2000
to 2013, total water yield in the study area showed an increasing trend. Total
carbon sequestration was relatively high in the Qinling and Liupan Mountains
where biodiversity quality was also high, while the Guanzhong Plain region, with
dense population and urban distribution, exhibited poor carbon sequestration
capacity and generally high habitat degradation. (2) A synergistic relationship
existed between carbon sequestration and biodiversity, whereas trade-offs were
observed between water yield and biodiversity, as well as between water yield
and carbon sequestration. (3) Optimal land use patterns for 2050 were generated
based on the Pareto efficiency frontier between ecosystem services. Integrating
ecosystem services and trade-off analyses into land system architecture and op-
timal management provides significant value for sustainable environmental and
economic development in the study area.

Keywords: biodiversity; carbon sequestration; water yield; trade-off; scenario;
optimization
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1. Study Area and Data Sources
1.1 Study Area

The Weihe River is the largest tributary of the Yellow River, flowing primarily
through Tianshui in Gansu Province and merging into the Yellow River at Tong-
guan County, Shaanxi Province. The river stretches 818 km with an average
annual runoff volume characterized by significant interannual variation. The
terrain features high elevation in the west and low elevation in the east, divisi-
ble into two parts: western loess hills and gullies, and the eastern Guanzhong
Plain. The Qinling Mountains run east-west to the south, while the Liupan
Mountains form a barrier to the north. Seasonal variation is pronounced, with
autumn flows comprising 38%-40% of annual runoff.

The Guantian section (Guanzhong-Tianshui Economic Zone section) serves as
Shaanxi Province’ s administrative center and economic hub, encompassing Xi’
an, Xianyang, Baoji, Weinan, the Yangling Demonstration Zone, and parts of
Shangluo. This region exhibits high population density and urbanization levels.
The Weihe River supports production, domestic water use, and ecological water
supplementation for the economic zone. [Figure 1: see original paper]| shows the
location of the Guantian section in the Weihe River basin.

1.2 Data and Processing

This study utilized base geographic information data, land use data (2000, 2005,
2010, 2013), field sampling and survey data, and meteorological data for the
Guantian section of the Weihe River basin. We collected 150 soil sample data
points along routes encircling the study area. Soil organic carbon content was
measured using the potassium dichromate oxidation external heating method
[15] and validated against soil organic carbon content calculated from a carbon
cycle model inversion, achieving a correlation coefficient of 0.7391. Land use
type maps interpreted from remote sensing were verified and corrected using
Google Earth imagery and field surveys.

2. Methods
2.1 Carbon Sequestration Estimation

Carbon sequestration in this study comprises above-ground and below-ground
components. The above-ground component was estimated using Net Primary
Productivity (NPP) calculated via the CASA (Carnegie-Ames-Stanford Ap-
proach) model:

NPP(z,t) = APAR(z,t) X e(x,t)

where = represents spatial location, ¢ represents time, APAR(z,t) denotes
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photosynthetically active radiation absorbed at location z in month ¢ (MJ
m 2 month '), and e(z,t) represents light use efficiency at pixel  in month
t (gC/MJ). Each kilogram of dry matter corresponds to 1.63 kg of carbon.

The below-ground component focused on soil organic carbon, using an improved
carbon cycle process model from Zhou et al. [17] to invert soil basal respiration.
Regression analysis with soil survey data yielded the relationship between soil
respiration and soil organic carbon content. The carbon cycle process model
calculates:

A i=bxTxy

where Aij represents soil basal respiration, b is a temperature-sensitive constant
factor, T' is temperature, and y is net primary productivity.

2.2 Biodiversity Estimation

We applied the biodiversity module of InVEST software to calculate habitat
quality index, with results ranging from 0 to 1, where higher values indicate
better habitat quality and biodiversity. The habitat quality calculation follows:

where @, ; is the habitat quality of pixel x in land use type j, H; is the habitat
suitability of land use type j, D,; is the habitat threat level for pixel z in land
use type 7, k is a scaling parameter, and z is a normalization parameter. The
threat level D is determined by:

R Y.

r=1 y=1 r—=1 wr

where 7, is the threat factor, w, is the weight of threat factor r, g, is the
accessibility level of pixel z, and S;, is the sensitivity of land use type j to
threat factor r.

2.3 Water Yield Estimation

Water yield service was calculated using the SWAT model’ s water yield module
[18] with a catchment area threshold of 15,000 hm?2. The formula is:

WYLD = SURQ + LATQ + GWQ — TLOSS — PA

where WY LD is total water yield (mm), representing total water entering the
main river channel during the time step; SURQ is surface runoff contribution
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(mm); LATQ is lateral flow contribution (mm); GWQ is groundwater con-
tribution (mm); TLOSS is channel transmission loss (mm); and PA is pond
abstractions (mm).

Model accuracy was validated using measured runoff data from the Xianyang
hydrological station. The calibration period (1990-1999) achieved R? = 0.78
and NES = 0.71, while the validation period (2000, 2005, 2010, 2013) showed
good agreement with R? = 0.73, demonstrating the model’ s strong applicability
in the Weihe River basin. [Figure 2: see original paper| compares simulated and
measured monthly runoff during calibration and validation.

2.4 Land Use Scenario Prediction

Based on historical land use transition patterns and future development plans,
we constructed three land use development scenarios for 2050 using the CA-
Markov model in IDRISI [19]:

1. Development Scenario: Prioritizes urbanization, converting farmland
and sparse shrubland at urban edges to construction land.

2. Conservation Scenario: Restricts urban development, prioritizes eco-
logical protection, implements returning farmland to forest/grassland on
slopes >15°, and strictly limits industrial land encroachment on farmland.

3. Planning Scenario: Continues existing land use trends, referencing the
Weihe River basin land use master plan to adjust future land type areas
and distributions.

Different parameters and weights were assigned for driving and limiting factors
(e.g., water systems) under each scenario.

2.5 Ecosystem Service Optimization

We applied the Production Possibility Frontier (PPF), also known as the Pareto
frontier, to optimize future ecosystem services [20]. PPF represents the max-
imum possible output combination of products given fixed resources. Mathe-
matically expressed as a curve, it reflects potential and excess—points below the
curve indicate underutilized resources with optimization potential, points on
the curve represent optimal allocation, and points beyond are unattainable.

To construct the Pareto efficiency curve between biodiversity and water yield:
1. Divide the biodiversity raster by the water yield raster to create a ratio
layer 2. Sort cells by ratio in ascending order 3. Calculate cumulative sums
of biodiversity quality and water yield along the sorted sequence 4. Plot these
cumulative values to generate the Pareto efficiency curve
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3. Results
3.1 Spatiotemporal Changes in Ecosystem Services

Using relevant models, we mapped water yield, carbon sequestration, and biodi-
versity in the Guantian section from 2000 to 2013. [Figure 4: see original paper]
shows the spatial distribution.

Water Yield: Showed an increasing trend, with average sub-basin water yield
of 110.847 mm in 2000, 247.91 mm in 2005, and 275.42 mm in 2013. The
increase was primarily driven by higher precipitation and intense rainfall events.
Spatially, downstream areas showed the highest yields, followed by midstream
and upstream regions.

Carbon Sequestration: Spatial patterns remained relatively stable, with the
highest average carbon sequestration (27.6 t/hm?) in sub-basins of the Qinling
Mountains (sub-basins 1-3) due to extensive forest cover. The Guanzhong Plain
showed lower sequestration capacity. Local variations were influenced by pre-
cipitation changes and land use conversions.

Biodiversity: Habitat quality scores ranged from 0.29 to 0.73, declining overall
from 2000 to 2013. The Qinling Mountains maintained high scores due to low
ecological threat intensity and distance from disturbance factors. Guanzhong
Plain scores were lower (0.29-0.45), reflecting habitat fragmentation and in-
creased ecological vulnerability from urbanization. [Figure 3: see original paper]
shows land use patterns for 2000, 2010, and 2050.

3.2 Correlations Between Ecosystem Services

Using R and Python programming, we analyzed correlations between ecosystem
services at the sub-basin scale. [Figure 5: see original paper| visualizes these rela-
tionships through scatter plots and pie charts, where pie chart fill size represents
correlation magnitude and color intensity represents value strength. Clockwise
filling indicates positive correlation (pink for negative, blue for positive).

Carbon Sequestration vs. Biodiversity: Consistently positive correlation
(synergy), with correlation coefficients of 0.63 (2000), 0.26 (2005), 0.78 (2010),
and 0.13 (2013). When cumulative carbon sequestration increased by 50x10 t,
biodiversity increased by 0.63x10 units, demonstrating mutual benefits.

Carbon Sequestration vs. Water Yield: Consistently negative correlation
(trade-off), with coefficients of -0.45 (2000) and -0.08 (2005). The PPF curve
shows increasing slope from right to left, indicating that gaining 50x10 t of
carbon sequestration costs 204.7x10 m? of water yield initially, but 541.1x10
m? at higher levels—demonstrating varying opportunity costs.

Biodiversity vs. Water Yield: Negative correlation (trade-off), with the
Pareto efficiency curve slope also increasing from right to left, showing similar
trade-off dynamics.
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[Figure 6: see original paper] illustrates the PPF between carbon sequestration,
biodiversity, and water yield.

3.3 Optimal Ecosystem Service Allocation

We simulated 2050 land use scenarios and plotted the three ecosystem service
combinations under each scenario. All points fell below the optimal Pareto
frontier, indicating optimization potential.

Taking carbon sequestration and biodiversity as an example, the optimal Pareto
frontier represents the best achievable ecosystem service combinations. To reach
the frontier from current conditions, two extreme pathways exist: 1. Vertical
shift: Increase biodiversity while maintaining carbon sequestration (moving to
point b: 150, 2.16) 2. Horizontal shift: Increase carbon sequestration while
maintaining biodiversity (moving to point d: 132, 1.88)

The corresponding optimal land use patterns show significant spatial differences.
For instance, point b features 9.51x10 hm? forest and 1.02x10 hm? water area,
while point d has 5.19x10 hm? forest and 1.01x10 hm? urban land. [Figure 8:
see original paper| displays land use distributions under optimal Pareto frontier
points. Any land use transformation moving service combinations closer to the
frontier constitutes optimization.

4. Discussion

This study introduces the Production Possibility Frontier to quantitatively ana-
lyze dynamic trade-offs and synergies among carbon sequestration, biodiversity,
and water yield. Python programming enables more intuitive visualization of
these relationships beyond simple correlation analysis.

From a scientific perspective, the complex relationships between multiple ecosys-
tem services and geographic environments require further investigation. Fu-
ture research should explore driving mechanisms of dynamic changes in trade-
off /synergy relationships and examine scale effects under spatial heterogeneity.

From a practical decision-making standpoint, land use/cover change is the pri-
mary driver altering ecosystem service relationships [23-24]. Our results show
trade-offs between water yield and carbon sequestration. Notably, 2005 exhib-
ited significant correlation changes due to a ~70 mm precipitation increase and
marked land use changes: forest area decreased by 62,214 hm? while urban land
increased by 18,504 hm?. Reduced vegetation directly impacted carbon fixation,
while urbanization accelerated carbon emissions and runoff rates.

For sustainable development, balancing economic growth and ecological pro-
tection requires strengthened trade-off analysis to inform regional development
decisions. At the application level, ecosystem service scenario simulation and
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trade-off analysis effectively address land management challenges, providing sci-
entific support for territorial planning, biodiversity conservation, and ecological
compensation [25-26]. While afforestation enhances biodiversity and climate
regulation, it may increase evapotranspiration and reduce water yield [27-28],
affecting agricultural production [29].

Our scenario analysis (development priority, conservation priority, and bal-
anced approaches) quantitatively simulates future ecosystem service patterns.
However, future land use development faces multiple constraints and uncertain-
ties [30-31], potentially requiring dozens of scenarios to approximate reality.
Strengthening uncertainty quantification and spatial mapping will improve sim-
ulation precision and reduce trade-off analysis uncertainty.

5. Conclusions

This study examined the Guantian section of the Weihe River basin, estimating
biodiversity, carbon sequestration, and water yield from 2000-2013 at the sub-
basin scale. Through land use scenario prediction and optimal Pareto frontier
analysis, we optimized land use patterns for maximum ecosystem services in
2050.

1. Temporal Trends (2000-2013): Total water yield increased signifi-
cantly, concentrated in downstream areas. Carbon sequestration was high
in the Qinling and Liupan Mountains with high vegetation cover, while
the urbanized Guanzhong Plain showed low sequestration. Biodiversity
quality declined overall, with high quality in the Qinling Mountains but
low quality in the Guanzhong Plain due to human disturbance.

2. Trade-off/Synergy Relationships: Carbon sequestration and biodiver-
sity showed synergistic but slightly weakening correlations over time. Wa-
ter yield vs. carbon sequestration and water yield vs. biodiversity both ex-
hibited trade-off relationships that strengthened initially then weakened.

3. Optimization: The optimal Pareto frontier and corresponding land use
optimization maps provide a scientific basis for land resource manage-
ment and sustainable development in the Weihe River basin. Land use
transformation can maximize ecosystem service value by moving service
combinations toward the Pareto frontier.
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