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Abstract

Global climate change has profoundly affected agricultural ecosystems by altering the
spatiotemporal patterns of temperature and precipitation, disrupting ecological equilib-
rium, and increasing environmental variability for crop growth, thereby posing signifi-
cant challenges to food security. Based on 1 km-resolution gridded datasets of mean pre-
cipitation and temperature for Liaoning Province from 1950 to 2023, this study integrated
the Miami and Thornthwaite Memorial models with climate tendency rate analysis,
Mann-Kendall trend tests, and inverse distance weighting interpolation to assess spatio-
temporal changes in climate potential productivity (CPP) and its relationship with grain
yield dynamics. The results show that, from 1950 to 2023, annual precipitation exhibited
a fluctuating downward trend (8.5 mm/10a), while mean annual temperature increased
significantly (0.3 °C/10a). Consequently, precipitation-based climatic production potential
declined at a rate of 10.4 g'm2(10a)", whereas temperature-based, evapotranspiration-
based, and standard climate potential productivity (Yb) increased at rates of 23.3-, 6.6-,
and 5.7 g'rm=-(10a), respectively. Spatially, CPP displayed a distinct gradient character-
ized by higher values in the southeast and lower values in the northwest, with a stronger
correlation to precipitation than to temperature. Climate classification analysis indicated
that warm-humid conditions enhanced CPP, whereas cold-dry, cold-humid, and warm-
dry conditions reduced productivity. Although grain yield per unit area and climate re-
source utilization efficiency increased by 89.4 g-m=-(10a)! and 9.0% per decade, respec-
tively, the yield-increasing potential declined by 84.1 g-m-(10a)”, indicating that while
advances in agricultural technology have improved resource conversion efficiency, the
potential for further yield gains through climate-dependent strategies alone is increas-
ingly limited.

Keywords: climate change; climate potential productivity; Thornthwaite Memorial model

1. Introduction

The World Meteorological Organization (WMO) confirms that 2024 marked the
warmest year on record, with global temperatures reaching approximately 1.55 °C above
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pre-industrial levels [1]. Agriculture is one of the most climate-sensitive sectors, and cli-
mate change has exerted substantial impacts on agricultural systems and food production,
particularly through rising global temperatures [2,3]. The increasing frequency and inten-
sity of extreme weather events, along with more severe natural disasters, may lead to
structural shifts in agriculture and reductions in crop yields. Given that China’s per capita
cultivated land area is only 0.08 hm? climate change poses a serious threat to national
food security [4,5]. As a result, the impact of climate change on agricultural productivity
has become a critical issue for researchers, governments, and policymakers worldwide
[6].

Liaoning Province, situated in the southern part of Northeast China, has a temperate
monsoon climate marked by four distinct seasons and summer-concentrated precipita-
tion. This climate exhibits typical characteristics of the temperate monsoon zone while
also displaying notable regional variations. The province’s diverse topography —compris-
ing mountains, plains, hills, and coastal tidal flats—supports a rich and varied natural
ecosystem. Liaoning is recognized as one of China’s ecologically sensitive regions [7-9].
Against the backdrop of global warming, climate change not only alters the spatiotem-
poral patterns of temperature and precipitation but also influences vegetation growth and
the structure and function of ecosystems such as forests and wetlands. These changes lead
to environmental fluctuations in certain areas and have measurable impacts on agricul-
tural production. Agriculture plays a vital role in Liaoning’s economy, serving as a key
national grain production base with consistently high and stable yields. Major crops in-
clude corn, rice, and soybeans. Agricultural output in the province generally meets local
food demand and contributes significantly to national food security. Under the national
food security strategy, Liaoning has consistently prioritized agricultural development,
strengthened farmland water conservancy infrastructure, promoted the application of ag-
ricultural science and technology, and effectively responded to challenges posed by natu-
ral disasters. As a result, stable grain production in Liaoning holds substantial strategic
importance for ensuring national food security. Investigating the dynamic changes in cli-
mate potential productivity in Liaoning can provide a scientific foundation and valuable
insights for building a high-quality, high-yield, efficient agricultural system.

Climate potential productivity refers to the maximum biological or agricultural yield
per unit area of land that can be achieved under optimal conditions—such as ideal soil
quality, nutrient availability, and carbon dioxide concentration—when climate resources
including solar radiation, thermal energy, and water are fully utilized [10,11]. Agriculture
is one of the sectors most vulnerable to climate change, which profoundly alters agricul-
tural systems and food production, especially in the context of global warming [12,13].
Under a changing climate, the increasing frequency and intensity of extreme weather
events may disrupt cropping patterns and lead to reductions in grain output. Given that
China’s per capita arable land is only 0.08 hectares, climate change poses a significant
threat to national food security [14,15]. Climate potential productivity represents the up-
per limit of crop yield that a region’s climatic conditions can theoretically support, while
the gap between actual yields and this potential reveals opportunities for improvement.
By analyzing the relationship between actual and potential productivity, researchers can
assess the theoretical capacity of climate resources to support increased grain production
and identify key limiting factors—such as inadequate heat accumulation, water deficits,
and declining soil fertility —using meteorological data models and crop growth simula-
tion systems. This analysis provides a scientific basis for formulating targeted strategies
to improve agricultural technologies and optimize resource allocation, both of which are
critical for ensuring sustained increases in regional and national grain production capac-

ity.
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Numerous researchers have conducted theoretical and empirical analyses of climate
potential productivity from diverse perspectives. Constantinidou et al. [16] assessed the
impact of climate change on winter wheat yields in the eastern Mediterranean and the
Middle East. I.Y. Savin et al. [17] modeled the potential yield of winter wheat in the Euro-
pean part of Russia using GIS and the WOFOST crop growth simulation model, finding
that under current climatic conditions, overall winter wheat production in Russia could
increase by 70%. Radivoje Jevtic et al. [18] evaluated the capacity of regression models to
predict yield losses by incorporating both biotic and abiotic factors as predictors. Lu et al.
[19] analyzed the effects of mean temperature and precipitation on climatic production
potential in Heilongjiang Province and concluded that precipitation is the primary limit-
ing factor for crop productivity in the region. Du et al. [20] found that from 1961 to 2010,
the average grain production potential in the Sanjiang Plain exhibited a fluctuating up-
ward trend, albeit with low stability due to frequent and pronounced variations. Wang et
al. [21] investigated changes in climate potential productivity in the Dongting Lake Ba-
sin—a key grain-producing region —between 2000 and 2020, reporting an average annual
increase of 83.7 kg ha'a™'. Research on climate potential productivity originated in the
mid-1960s to mid-1970s [22,23], during which several mature analytical models were de-
veloped. Currently, widely used models such as the Miami model [24], Thornthwaite Me-
morial model [25,26], AEZ model [27], and Chikugo Model [28,29] have provided critical
theoretical foundations for this field of study.

The main objectives of this study are as follows: (1) to estimate the climatic produc-
tivity potentials associated with temperature, precipitation, and evapotranspiration in
Liaoning Province from 1950 to 2023, using annual average temperature and precipitation
grid data based on the Miami and Thornthwaite Memorial models; (2) to investigate the
spatiotemporal patterns of climate-related productivity potential in the region through
integrated methods including trend analysis of climatic variables, and the non-parametric
Mann-Kendall (M-K) test; and (3) to evaluate the maximum potential for agricultural
productivity and quantify the yield gap between current actual yields and estimated po-
tential yields, thereby identifying opportunities for grain production enhancement. The
findings provide a scientific foundation for assessing regional agricultural production ca-
pacity and improving grain output efficiency under changing climatic conditions, sup-
porting the development of adaptive strategies in response to climate change.

2. Materials and Methods
2.1. Study Area

Liaoning Province, located in northeastern China, covers a total area of approxi-
mately 148,700 square kilometers (Figure 1). The terrain gradually slopes from the north-
east to the southwest, forming a distinct topographic gradient. As a key grain-producing
region in China, Liaoning primarily cultivates major crops such as corn, rice, and soy-
beans, with agriculture constituting a vital component of the provincial economy. Liao-
ning Province, as one of China’s major grain-producing regions, is highly vulnerable to
extreme weather events that can significantly disrupt agricultural production. Since the
1980s, numerous areas within the province have frequently, suffered from disasters
caused by extreme climatic conditions. In 2007, an exceptional blizzard struck the region,
causing severe agriculture, fisheries, industry, transportation, and local livelihoods, with
direct economic losses amounting to approximately 14.59 billion yuan. In 2009, an unprec-
edented heatwave hit western Liaoning, where prolonged high temperatures coupled
with insufficient rainfall led to total crop failure across extensive farmland, exacerbating
regional food security concerns [30]. The province hosts diverse soil types, including
brown earth and black soil, which support a varied and resilient agricultural planting
structure. Situated within the temperate monsoon climate zone, Liaoning experiences
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strong influences from the East Asian monsoon, resulting in pronounced seasonal con-
trasts and a favorable coincidence of rainfall and heat during the growing season. This
climatic characteristic underpins the prevalence of typical rain-fed agriculture. Overall,
the climatic conditions in Liaoning are highly conducive to the cultivation of temperate
crops, providing an essential natural resource foundation for sustainable agricultural pro-

duction.
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Figure 1. Study area of Liaoning Province, China.

2.2. Data Source

The dataset utilized in this study comprises meteorological data, administrative
boundary data for Liaoning Province, and grain yield per unit area data for the region.
Meteorological data include annual average temperature and annual average precipita-
tion, which are reanalysis products. The original temperature data consists of monthly
average temperature grids for China with a spatial resolution of 1 km, stored in NETCDF
format (.nc files), referenced to WGS84 coordinate system, and recorded in units of 0.1 °C.
In this study, the raster calculator tool in ArcGIS 10.8 (Esri, Redlands, CA, USA) was used
to compute annual mean temperatures by averaging the 12 monthly values for each cal-
endar year, resulting in annual temperature raster datasets. These were subsequently
cropped to extract temperature data specific to Liaoning Province. Data source:
https://data.tpdc.ac.cn/zh-hans/data/71ab4677-b66c-4fd1-a004-b2a541c4d5bf.3  (accessed
on 15 September 2025). This gridded temperature dataset has been widely used in regional
climate change studies and has been applied to assess climate change trends over the Lo-
ess Plateau [31]. The original precipitation data comprise monthly precipitation totals for
China at a 1 km spatial resolution, also in NETCDF (.nc) format and referenced to the
WGS84 coordinate system. Annual precipitation accumulations were derived by sum-
ming the monthly values for each year using the Raster Calculator in ArcGIS 10.8, fol-
lowed by cropping to obtain data for Liaoning Province. Data source:
https://data.tpdc.ac.cn/zh-hans/data/faae7605-a0f2-4d18-b28f-5cee413766a2/ (accessed on
15 September 2025). Consistent with the temperature dataset, this precipitation grid data
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has also been utilized in previous studies to support climate trend analysis [31]. The ad-
ministrative boundary data for Liaoning Province were obtained from National Geomat-
ics Center of China (Beijing, China), provided in GeoJSON format, with approval number
(GS5(2024)0650, and based on the GCS_WGS_1984 coordinate system. Grain yield per unit
area data for Liaoning Province were collected from the National Bureau of Statistics of
China (Beijing, China). Source: https://data.stats.gov.cn (accessed on 25 September 2025).
Grain yield per unit area represents the actual harvest obtained from each unit of culti-
vated land, converted from the original statistical unit (kg/hm?) to g/m? using a conversion
factor of 1 kg/hm?=0.1 g/m? to ensure consistency in measurement.

2.3. Methods
2.3.1. Climate Potential Productivity Model
(1) Miami model

Based on the two key climatic factors—temperature and precipitation—that influ-
ence plant growth and biomass formation, climate potential productivity is calculated to
derive temperature-related and precipitation-related production potentials. Adams et al.
[32] provided an in-depth discussion on simulating climate potential productivity using
various methods. Among these, the Miami model is an empirical approach that estab-
lishes relationships between annual mean temperature and annual mean precipitation
[33]. The Miami model is applicable to agricultural ecosystems. The light-temperature po-
tential index is suitable for characterizing the production potential of irrigated farmland,
whereas the climate potential index better represents the production potential of rain-fed
farmland [34]. By integrating the Miami model and water-heat factors, it becomes feasible
to estimate the natural productivity distribution of both global farmland and globally suit-
able uncultivated land. Subsequently, the yield distribution of such uncultivated land can
be derived using the global average economic coefficient, followed by regional statistical
aggregation [24]. Although it lacks detailed mechanistic processes, it is valued for its sim-
plicity and relative accuracy, and has been widely applied in ecological and agricultural
studies [35]. The calculation equations are given in Equations (1) and (2).

3000
71 T o1315-0.119¢

Yt 1)

Yr = 3000(1 — e~0:0006647) )

where t denotes the annual average temperature (°C); r represents the annual precipita-
tion (mm); Yt and Yr denote the temperature-induced and precipitation-induced produc-
tion potentials [kg-hm=-a™], respectively; and 3000 refers to the maximum annual dry
matter yield (kg-hm) of natural vegetation per unit area on Earth, derived from statistical
data.

(2) Thornthwaite Memorial model

The potential for evapotranspiration is estimated through a functional relationship
with key environmental factors such as temperature, precipitation, and vegetation cover
[36]. Compared to the Miami model, which accounts solely for temperature and precipi-
tation, the core advantage of this model is its incorporation of the key variable “actual
evapotranspiration.” By simultaneously calculating both potential and actual evapotran-
spiration, the model integrates multiple climatic factors—such as solar radiation, temper-
ature, precipitation, saturation deficit, and wind speed —thereby providing a more accu-
rate representation of the actual process of crop water consumption and yield formation
[37]. The corresponding calculation formulas are provided in Equations (3)—(5).
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where t denotes the annual average temperature (°C); r represents the annual precipita-
tion (mm); Ye indicates the evapotranspiration production potential [kg-hm2a-]; V
stands for the actual annual average evapotranspiration (mm), L refers to the annual max-
imum evapotranspiration (mm), 1.05 is a correction coefficient accounting for precipita-
tion-evapotranspiration relationship, while the constants 300, 25, and 0.05 are empirical
parameters used to estimate maximum evapotranspiration based on temperature.

2.3.2. Standard Climate Potential Productivity (Yb)

The standard climate potential productivity is defined as the minimum value among
temperature-based, precipitation-based, and evapotranspiration-based climatic potential
productivities. According to Liebig’s Law of the Minimum, the climatic potential produc-
tivity of a region is determined by the lowest value among the calculated temperature
production potential, precipitation production potential, and evapotranspiration produc-
tion potential [38]. The corresponding calculation formula is presented in Equation (6).

Y, = min(Y;, Y, Y,) (6)

2.3.3. Climate Resource Utilization Efficiency

Climate resource utilization efficiency refers to the ratio of the actual grain yield per
unit area in a given region to the climate potential productivity, expressed as a percentage
[39]. The calculation formula is presented in Equation (7).

CRUE =100% x Agp/CPP @)

where CRUE represents climate resource utilization efficiency (expressed as a percent-
age), Agp is actual grain yield per unit area, calculated from field survey data and from
statistical yearbook records; and CPP represents climate potential productivity, estimated
using the Miami model and the Thornthwaite Memorial Model described in Section 2.3.

2.3.4. Estimation of Potential for Grain Production Increase

A better understanding of the potential for increased production and its spatial dis-
tribution can help government agencies, policymakers, farmers, and other stakeholders
effectively guide agricultural production. Climate potential productivity refers to the
maximum yield per unit area that cultivated land can achieve under optimal conditions,
through the full utilization of resources such as sunlight, water, and soil as well as favor-
able terrain conditions [40,41]. This study estimates the potential for grain production in-
crease by calculating the difference between climate potential productivity and actual
yield [42,43]. The specific formula is presented in Equation (8):

Y = CPP — AP (8)

where Y represents the total potential for increased production (in g:-m=2); CPP denotes
climate potential productivity (ing-m2); and AP refers to the actual productivity.

2.3.5. Mann-Kendall Trend Analysis
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The Mann-Kendall (MK) trend analysis is appropriate for detecting continuous in-
creasing or decreasing trends in time series data. It is robust against a small number of
outliers and applicable to datasets that do not conform to a specific distribution, such as
those in hydrology and meteorology. Additionally, it is computationally straightforward
[44,45]. The MK test has been extensively employed by researchers to examine temporal
trends in various climatic and hydrological variables [46,47], and can be computed using
Equations (9)-(11).

n-1 n

S=>> Sen(X,-X,) )

k=1 j=k+1

+1 (X, -X,)>0

Sgn(X,-X,)=40 (X,-X,)=0 (10)
-1 (X, -X,)<0
I el BRI
JVar(S)
7= G (11)
il §<0

\ Var(8)

where S represents the Mann-Kendall test statistic for trend; # denotes the number of data
points in the time series; k and j are indices used to iterate over the data points (j > k to
ensure each pair is compared once); X; and Xi refer to the data values at positions j and k
in the time series, respectively; Z represents the standardized Mann-Kendall test statistic
used to assess trend significance.

To avoid inflated significance due to serial correlation in annual climate/CPP series,
we applied Trend-Free Pre-Whitening (TFPW) prior to Mann-Kendall (MK) tests. Auto-
correlation was first assessed using the autocorrelation function (ACF) and Ljung—Box test
in R 4.3.2 (R Foundation for Statistical Computing, Vienna, Austria); for autocorrelated
series, linear trends were removed, followed by elimination of residual autocorrelation
using an AR(1) model. The MK test was then performed on the TFPW-processed data. For
multiple series, the Holm-Bonferroni correction was applied to control the family-wise
error rate: raw p-values were sorted and compared against adjusted significance thresh-
olds (a = 0.05/(8 - k + 1)), ensuring more rigorous inference. Additionally, Sen’s slope es-
timator was used to quantify the magnitude of trends in each series. Results were inter-
preted in conjunction with the MK test Z-value (Ze) and a 95% confidence interval (CI:
[-1.96, +1.96]) to enhance assessment of trend reliability.

3. Results

3.1. Spatio-Temporal Variation Characteristics of Climate
3.1.1. Temporal Variations in Annual Average Temperature and Annual Precipitation

As shown in the precipitation variation curve for Liaoning Province in Figure 2, an-
nual precipitation between 1950 and 2023 ranged from 497.05 mm to 1014.43 mm, with a
multi-year average of 687.41 mm. Significant interannual variability is evident, with peak
precipitation recorded in 1964 (1014.43 mm) and the minimum in 2000 (497.05 mm), re-
sulting in a difference of 517.38 mm between these extremes. Linear trend analysis reveals
a fluctuating but overall downward trend in annual precipitation over the study period,
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decreasing at a rate of 8.5 mm per decade. Similarly, as illustrated in the temperature var-
iation curve in Figure 2, the annual average temperature in Liaoning Province ranged
from 6.06 °C to 9.48 °C during the same period, with a long-term mean of 7.91 °C. Pro-
nounced interannual variability is observed, with the highest temperature recorded in
2023 (9.48 °C) and the lowest in 1969 (6.06 °C), yielding a difference of 3.42 °C. Overall,
the annual average temperature exhibited a fluctuating yet consistent upward trend
across the 74-year period, increasing at a rate of 0.30 °C per decade.

1100
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RE=0:026 w = maw Long-term Average
1000 — Linear
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800 [~

700 [
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Annual Average Temperature(°C)

1% Long-term Average
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1 L L 1 I 1 1 |
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Year

Figure 2. Interannual variations in precipitation and temperature in Liaoning Province from 1950 to
2023.

3.1.2. Spatial Variations in Annual Average Temperature and Annual Precipitation

As shown in Figure 3, the average annual precipitation generally decreases from the
southeastern to the northwestern regions, while the average annual temperature tends to
decrease from the southwestern to the northeastern areas. Specifically, Figure 3a illus-
trates that the multi-year average precipitation displays a spatial pattern increasing from
the Tieling-Shenyang-Liaoyang—Anshan-Dalian axis toward both eastern and western
directions. Figure 3b further reveals that the annual average temperature in Liaoning
Province exhibits a latitudinal zonal distribution, decreasing from south to north and from
west to east.
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Figure 3. Spatial distribution of annual precipitation and average annual temperature in Liaoning
Province from 1950 to 2023.

3.2. Spatio-Temporal Variation Characteristics of Climate Potential Productivity
3.2.1. Temporal Variation Characteristics of Climate Potential Productivity

From 1950 to 2023, precipitation climate potential productivity (Yr) in Liaoning Prov-
ince exhibited notable interannual variability, with a long-term average of 1063.3 g-m=2-a!
and a declining trend of 10.4 g'-m=2-(10a)~". The highest value was recorded in 1964 (1432.7
g'm=2), while the lowest occurred in 2000 (817.4 g-m2), resulting in a difference of 615.2
g-m2. The cumulative anomaly curve (Figure 4a) indicates an increasing trend from 1950
to 1975, followed by fluctuating decreases from 1976 to 2023. Decadal anomaly analysis
(Table 1) reveals positive anomalies during 1950-1959, 1960-1969, 1990-1999, and 2010-
2023, whereas negative anomalies were observed in 1970-1979, 1980-1989, and 2000-2009.

The temperature climate potential productivity (Yt) ranged from 1067.6 to 1359.9
g'm?a’, with a multi-year average of 1223.2 g-m?a’, increasing at a rate of 23.3
g-m2-(10a)'. The cumulative anomaly curve (Figure 4b) shows fluctuating declines from
1950 to 1987, followed by a sustained upward trend from 1988 to 2023. Decadal anomaly
analysis (Table 1) reveals negative anomalies during 1950-1959, 1960-1969, 1970-1979,
and 1980-1989, while positive anomalies dominated in 1990-1999, 2000-2009, and 2010-
2023.

The potential productivity of climatic evapotranspiration (Ye) exhibited an increas-
ing trend, with a decadal growth rate of 6.6 g'm2(10a)™ and a long-term average of 966.3
gm2a’'. The maximum value was recorded in 1952 at 1074.9 g'-m?, while the minimum
occurred in 1956 at 786.9 g-m2, resulting in a range of 288.0 g-m=2. The cumulative anomaly
curve (Figure 4c) indicates fluctuating declines from 1950 to 1982, followed by a sustained
increase from 1983 to 2023. Decadal anomaly analysis (Table 1) reveals negative anomalies
during 1950-1959, 1960-1969, 1970-1979, 1980-1989, and 2000-2009, whereas positive
anomalies were observed in 1990-1999 and 2010-2023.

The standard climate potential productivity (Yb) showed an increasing trend, with a
growth rate of 5.7 g'm=-(10a)™! and a multi-year average of 958.1 g-m2-a"'. The maximum
value reached 1058.7 g'-m in 1998, while the minimum was 817.4 g-m2 in 2000, resulting
in a difference of 241.3 g'm2. The 4-day cumulative anomaly curve declined fluctuatingly
from 1950 to 1983, followed by a rising trend from 1984 to 2023. The decadal anomaly
patterns are consistent with those observed in evapotranspiration and climatic production
potential (Ye).
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Figure 4. Interannual variation in climate potential productivity in Liaoning Province from 1950 to
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Table 1. Annual average and anomaly trends of climate productivity in Liaoning Province from
1950 to 2023.

Precipitation Climate Poten- Temperature Climate Po- Evapotranspiration Poten- Standard Climate Potential

tial Productivity tential Productivity tial Productivity Productivity
Decade B B B .
(g'm™) (g'm™) (g'm™) (g'm™)
Mean Anomaly Mean Anomaly Mean Anomaly Mean Anomaly
1950-1959 1124.56 61.25 1161.23 -62.01 952.92 -8.92 951.40 -6.75
1960-1969 1106.30 43.00 1168.10 -55.13 951.35 -10.50 950.45 -7.71
1970-1979 1058.99 -4.32 1183.39 -39.85 949.05 -12.79 949.05 -9.10
1980-1989 1015.92 -47.38 1207.80 -15.43 939.13 -22.71 935.08 -23.07
1990-1999 1063.78 0.47 1257.41 34.17 977.50 15.65 970.06 11.91
2000-2009 978.99 -84.31 1274.88 51.64 954.76 -7.08 942.60 -15.56
2010-2023 1085.66 22.35 1285.11 61.87 994.95 33.10 985.55 27.40

The Mann-Kendall non-parametric test was employed to analyze temporal trends in
three types of climate potential productivity and standard climate productivity (Yb) in
Liaoning Province (Figure 5). For precipitation climate potential productivity, the UF sta-
tistic remained above zero (indicating an increasing trend) from 1953 to 1957, then stabi-
lized below zero after 1958, and surpassed the critical threshold of +1.96 in 1981, indicating
a significant declining trend. The UF and UB curves intersected four times—in 1957, 1959,
1961, and 1964 —suggesting possible change points; combined with a sliding t-test, a sig-
nificant abrupt change was confirmed in 1964, with a mean difference of 585.2 g-m2-a™
before and after this year. For temperature climate potential productivity, the UF values
were below zero (indicating a decreasing trend) during 1950-1960 and 1964-1977, then
stabilized above zero after 1978, exceeding the critical value of 1.96 in 1990, which indi-
cates a significant increasing trend. The UF and UB lines intersected only once, in 1992,
but without crossing the critical threshold, suggesting no definitive mutation point. Re-
garding climatic evapotranspiration potential productivity, the UF statistic exceeded the
+1.96 threshold only in 2023, reflecting significant fluctuating behavior. The UF and UB
lines intersected in 2018, and the sliding t-test statistic surpassed the critical value, con-
firming a sudden change in that year. For standard climate potential productivity (Yb),
the UF values were negative (<0) in 1952, 1954-1956, and 1958-2008, reaching below —1.96
in 1957 (indicating a significant decline), while positive values (>0) occurred in 1951, 1953,
and 2009-2023 (indicating an increasing trend). The UF and UB lines intersected in 2018,
and the sliding t-test confirmed this year as a statistically significant breakpoint.

The Mann-Kendall test, following TFPW preprocessing and Holm-Bonferroni cor-
rection, revealed the following trends: for precipitation-based climate potential produc-
tivity (Yr), Sen’s slope was —1.126 g:-m=2-a-! with a Z statistic of -1.251 (1Z1 <1.96), indicat-
ing a non-significant decreasing trend; for temperature-based climate potential produc-
tivity (Yt), Sen’s slope was 2.351 gm2-a™ and Z = 6.813 (I1ZI| > 1.96), indicating a statisti-
cally significant increasing trend; for evapotranspiration-based potential productivity
(Ye), Sen’s slope was 0.636 gm-a™ and Z =2.193 (I1Z| >1.96), also showing a significant
increase; and for standard climate potential productivity (Yb), Sen’s slope was 0.588
gm=2a with Z=1.904 (I1Z| = 1.96), suggesting a marginally significant upward trend.
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Figure 5. MK mutation test of climate potential productivity in Liaoning Province from 1950 to 2023.
(a) MK mutation test of the precipitation climate potential productivity (Yr); (b) MK mutation test
of the temperature climate potential productivity (Yt); (c) MK mutation test of the potential produc-

tivity of climatic evapotranspiration (Ye); (d) MK mutation test of the standard climate potential
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productivity (Yb). Notes: UF (Forward Statistic): Standardized MK statistic computed from the for-
ward time series (1950-2023); positive values (UF > 0) indicate an increasing trend, whereas negative
values (UF <0) indicate a decreasing trend. A trend is considered statistically significant when | UF|
exceeds 1.96 (dashed line), corresponding to p < 0.05. UB (Backward Statistic) represents the stand-
ardized Mann-Kendall statistic calculated from the reversed time series (2023-1950), with the re-

sults inverted to allow direct comparison with UF.

3.2.2. Spatial Distribution Characteristics of Climate Potential Productivity

As shown in Figure 6: Precipitation climate potential productivity (Yr) exhibited the
lowest values in Chaoyang City and Fuxin City, while the highest values were found in
Dandong City and Benxi City. The spatial distribution pattern corresponds closely with
annual average precipitation, revealing a gradual increase from the northwest to the
southeast. Western Liaoning generally shows lower productivity, with Dandong and
Benxi emerging as high-value zones ranging from 1362 to 1523 g-m=-a-!, whereas the west-
ern parts of Chaoyang and Fuxin represent low-value areas. Regarding climatic tendency
rates, the entire province displays a decreasing trend, with Dandong City showing the
most significant decline at —1.8 g-m=2-(10a)".

The temperature climate potential productivity (Yt) ranges from 840 to 1571 g-m2-a”,
exhibiting a spatial distribution pattern that closely aligns with the annual mean temper-
ature, decreasing from southwest to northeast. High-value areas are primarily located in
Dalian City and Huludao City, where Yt values range from 1369 to 1571 g-m~2-a”!, whereas
low-value areas are observed in Benxi City and Fushun City, with values between 840 and
1049 g'm=-a!. Regarding the climate tendency rate, the entire province displays a positive
increasing trend, with the most significant increases occurring in Huludao City and the
southwestern region of Chaoyang City, reaching up to 2.8 g-m2-(10a).

The potential productivity of climate evapotranspiration (Ye) ranges from 735 to 1139
g-m2a, exhibiting a clear decreasing gradient from the southeast to the northwest. High-
value regions are concentrated in Dandong City and eastern Dalian City, where Ye values
range from 1037 to 1139 g-m2-a”, whereas low-value areas are primarily observed in
Chaoyang City, with values between 735 and 819 g'm=2-a”. In terms of the climate ten-
dency rate, the entire province shows an overall increasing trend, with Fushun City expe-
riencing the most pronounced increase at 1.2 g-m=2-(10a).

The standard climate potential productivity (Yb) ranges from 704 to 1244 g-m=2-a™.
Spatially, Yb exhibits a distinct north-south gradient, with lower values in the north and
higher values in the south, increasing from the northwest to the southeast. This pattern is
consistent with Ye’s findings. High-value areas are primarily concentrated in Dandong
City and its surrounding regions, where Yb ranges from 1116 to 1244 g-m2a', whereas
Chaoyang City represents a low-value zone with Yb values between 704 and 818 g-m2-a~'.
Regarding climatic tendency rates, northwestern Liaoning Province displays a decreasing
trend, most notably in Chaoyang City, which shows the strongest decline at -1.9
g'm2(10a). In contrast, southeastern Liaoning Province exhibits an increasing trend,
with Dalian and Dandong cities showing the most significant rise at 1.6 g-m2-(10a)".
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Figure 6. Annual average value of climate potential productivity and the spatial distribution of cli-

mate tendency rate in Liaoning Province. (a) The average precipitation-based climatic potential

productivity (Yr); (b) The slope of precipitation-based climatic potential productivity (Yr); (c) The

average temperature-based climatic potential productivity (Yt); (d) The slope of temperature-based

climatic potential productivity (Yt); (e) The average climatic evapotranspiration potential produc-

tivity (Ye); (f) The slope of climatic evapotranspiration potential productivity (Ye); (g) The average

standardized climatic potential productivity (Yb); (h) The slope of standardized climatic potential

productivity (Yb).
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3.3. Response of Liaoning Province’s Standard Climate Potential Productivity to Climate Change

3.3.1. Relationship Between Meteorological Factors and Standard Climate Potential
Productivity (Yb)

To investigate the relationship between standard climate potential productivity (Yb)
and annual average temperature and precipitation in Liaoning Province, a time-series
trend analysis of climate potential productivity, temperature, and precipitation was con-
ducted using data from 1950 to 2023. As shown in Figure 7, both standard climate poten-
tial productivity (Yb) and temperature exhibit minor fluctuations over time and remain
relatively stable. Precipitation showed a significant positive correlation with standard cli-
mate potential productivity (Yb) in Liaoning Province (R? = 0.6621, p < 0.05), indicating
that as precipitation increased, standard climate potential productivity (Yb) exhibited a
clear upward trend. In contrast, temperature showed no significant correlation with
standard climate potential productivity (Yb) (R? = 0.0876, p > 0.05), suggesting that tem-
perature variations had little influence on productivity under current climatic conditions.
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Figure 7. Relationship between the standard climate potential productivity and temperature and

precipitation in Liaoning Province from 1950 to 2023.

3.3.2. Sensitivity Analysis of Standard Climate Potential Productivity to Temperature
and Precipitation Variations

To analyze the synergistic effects of meteorological factors on standard climate po-
tential productivity (Yb), we examine the quantitative relationships between Yb and two
key variables—the annual average temperature and annual precipitation—and develop a
multiple regression model to characterize these interactions.

Yb = 34.803t + 0.447R + 375.737 (R2 = 0.892) (12)

where Yb denotes the standard climate production potential (g-m2), t represents the av-
erage annual temperature (°C), and R denotes the annual precipitation (mm). According
to the analysis of variance, the F-statistic value is 303.50, with a significance probability of
p <0.001, indicating that the regression equation is statistically significant and exhibits a
strong positive correlation. The apparently larger magnitude of the temperature coeffi-
cient (34.803) in Equation (12) stems from differences in measurement units: temperature
is recorded in °C (mean 7.91 °C), while precipitation is measured in millimeters (mean
687.41 mm). The considerable disparity in scale between these variables necessitates care-
ful interpretation, as real-world temperature fluctuations are inherently constrained.

To simulate the sensitivity of standard climate potential productivity (Yb) to changes
in multi-year average temperature and precipitation, this study establishes five climate
scenarios. Given that the study area is abundant in solar energy and receives sufficient
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sunlight to fully meet plant growth and development requirements, standard climate po-
tential productivity (Yb) can be estimated based on long-term average temperature and
precipitation. The calculations were conducted under scenarios in which the annual mean
temperature increased or decreased by 1 °C or 2 °C with constant precipitation, and in
which annual precipitation increased or decreased by 10% or 20% with unchanged tem-
perature. Changes in standard climate potential productivity (Yb) in Liaoning Province
under these climate variations were then compared. As shown in Table 2, the standard
climate potential productivity (Yb) in Liaoning Province varies significantly with changes
in temperature and precipitation. When considering single-factor effects, an increase in
temperature leads to a greater rise in Yb than an equivalent percentage increase in precip-
itation. Conversely, a decrease in precipitation results in a smaller reduction in Yb com-
pared to a temperature decrease. Specifically, when temperature remains constant and
precipitation increases by 10% and 20%, the provincial average standard climate potential
productivity (Yb) increases by 4.5 and 9.0 g'm=, representing increments of 0.47% and
0.93%, respectively. When precipitation decreases by 10% and 20%, the average produc-
tivity declines by 4.5 and 9.0 g-:m, corresponding to reductions of 0.47% and 0.93%. With
precipitation held constant, for every 1 °C and 2 °C increase in temperature, the provincial
average standard climate potential productivity (Yb) increases by 34.8 and 69.6 g-m=2,
equivalent to increases of 3.63% and 7.26%, respectively. The average standard climate
potential productivity (Yb) across the province decreases by 34.8 and 69.6 g'-m, corre-
sponding to negative changes of 3.63% and 7.26%, respectively. This indicates that the
average change in standard climate potential productivity (Yb) is positively correlated
with both temperature and precipitation, with a more pronounced response to tempera-
ture.

In fact, temperature and precipitation often change simultaneously, jointly influenc-
ing Yb. When temperature increases (or decreases) by 1 °C or 2 °C and precipitation rises
(or falls) by 10% or 20%, the climate is classified as “warm and humid” or “cold and dry,”,
respectively. Under these conditions, the magnitude of Yb change is consistent, ranging
from 4.10% to 8.20%. In contrast, under “cold and wet” and “warm and dry” scenarios—
where temperature decreases (or increases) by 1 °C or 2 °C and precipitation increases (or
decreases) by 10% or 20% —the corresponding changes in Yb remain uniformly negative,
varying between —6.80% and —2.70%.

Table 2. Changes in standard climate potential productivity under the background of variations in

annual average temperature and annual precipitation in Liaoning Province.

Precipitation/ mm

Temperature/°C 50 10 0 10 20
-2 -8.20% ~7.73% ~7.26% -6.80% —6.33%
-1 ~4.57% -4.10% -3.63% -3.17% -2.70%
0 -0.93% -0.47% 0.00% 0.47% 0.93%
| 2.70% 3.17% 3.63% 4.10% 4.57%
2 6.33% 6.80% 7.26% 7.73% 8.20%

3.4. Estimation of Potential for Grain Production Increase and Response of Grain Output to the
Standard Climate Potential Productivity

From 1950 to 2023, climate resource utilization efficiency, standard climate potential
productivity (Yb), and grain yield per unit area in Liaoning Province generally showed a
fluctuating but upward trend, with average increasing rates of 9.0% per decade, 5.3
g'm2(10a)7, and 89.4 grm=-(10a), respectively. In contrast, the potential for grain pro-
duction growth exhibited a fluctuating yet declining trend, decreasing at an average rate
of 84.1 g'm=(10a) every ten years (Figure 8). The correlation coefficient between climate
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resource utilization efficiency and standard climate potential productivity (Yb) was
0.0107, indicating a positive but statistically insignificant relationship. Conversely, the cor-
relation coefficient between climate resource utilization efficiency and grain yield per unit
area was 0.9839, revealing a strong and statistically significant positive association (Figure
9).

In the 1950s, the average values of standard climatic potential productivity (Yb),
grain yield per unit area, climatic resource utilization efficiency, and grain yield increase
potential were 951.4 g-m2-a”, 143.1 gm2a”, 15.1%, and 808.3 g-m2-a!, respectively. By
the 2020s, these values had increased to 990.2 g-m=2-a’, 652.3 g-m?2-a”, 65.9%, and de-
creased to 337.9 g'm=2-a’, respectively. Compared to the 1950s, grain yield per unit area
and climatic resource utilization efficiency in the 2020s rose by 3.6-fold and 3.4-fold, re-
spectively, while the potential for grain yield increase in the 2020s was 1.4 times lower
than that observed in the 1950s (Table 3).
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Figure 8. The climate resource utilization efficiency, standard climate potential productivity, poten-

tial for grain increase and interannual variation in grain yield per unit area from 1950 to 2023.
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Figure 9. Correlation analysis of climate resource utilization from 1950 to 2023.
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Table 3. The interdecadal variations in standard climate potential productivity, grain yield per unit

area, climate resource utilization efficiency and grain increase potential.

Grain Yield Per  Climate Resource Potential for Increasing

Decade Yb_z Unit Area Utilization Grain Production

gm g:m3 Efficiency (%) g'm>
1950-1959 951.4 143.1 15.1 808.3
1960-1969 950.4 143.4 15.2 807.0
1970-1979 949.1 253.3 26.7 695.8
1980-1989 935.1 391.9 41.9 543.2
1990-1999 970.1 507.1 525 463.0
2000-2009 948.1 538.0 56.6 410.1
2010-2023 990.2 652.3 65.9 337.9

Note: The period “2010-2023" covers a 14-year span, exceeding a standard decade. It is included to
incorporate the most recent data available through 2023, thereby reflecting up-to-date trends. When
interpreting this period, it is important to consider its extended duration relative to the conventional

10-year intervals used for other decades.

4. Discussion
4.1. Influence of Temperature and Precipitation on Yb

Research has demonstrated that temperature and precipitation are the primary cli-
matic drivers influencing standard climate potential productivity (Yb) [48-50]. In Liao-
ning Province, the prevailing “warm and humid” climate conditions are particularly fa-
vorable for grain production, whereas cold and dry environments—especially low tem-
peratures and droughts during the growing season—exert negative impacts on crop
yields. Drawing on observed climate change trends in Liaoning Province and findings
from existing studies [51], projections indicate that by 2050, the regional climate will shift
toward a more pronounced “warm and humid” regime, with the most significant warm-
ing anticipated in southern areas. This climatic transition is expected to enhance climate
potential productivity across the province. Specifically, under scenarios of a 1-2 °C tem-
perature increase coupled with a 10-20% rise in precipitation, climate production poten-
tial could increase by 4.1-8.2%. These results suggest that future climate conditions char-
acterized by warmth and increased humidity are likely to elevate agricultural production
capacity in Liaoning Province.

Studies have also found that, compared to temperature, precipitation exerts a
stronger limiting influence on climatic production potential, indicating that water availa-
bility is the primary constraint on agricultural development—a conclusion supported by
additional research [52-55]. This pattern can be attributed to the climatic characteristics of
Liaoning Province, located in the East Asian monsoon region and characterized by a tem-
perate monsoon climate. Precipitation in the province is highly seasonal, with the majority
concentrated in summer and significantly drier conditions during winter. As a result, ag-
ricultural production relies heavily on spring and summer rainfall, while autumn and
winter droughts impose substantial stress on crop growth, particularly during critical de-
velopmental stages. During winter, low temperatures combined with limited precipita-
tion further reduce water availability, making it insufficient to meet agricultural demands.
Consequently, constraints on water resources have become a major bottleneck for eco-
nomic development in Liaoning Province, especially within the agricultural sector.

In summary, while the trend of significant warming has been well established, un-
certain changes in precipitation patterns will be the primary factor determining whether
agricultural productivity in Liaoning Province will increase or decrease, and to what ex-
tent. To sustain agricultural output, more efficient water resource management and ad-
vanced irrigation technologies are urgently needed —particularly for water-intensive
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crops such as rice and maize. Improving water use efficiency through technological inno-
vation and mitigating the adverse effects of prolonged dry periods are critical measures
for ensuring the stability and long-term sustainability of agricultural systems.

4.2. Response of Potential Grain Production Increase to Standard Climate Potential Productivity

This study utilizes standard climatic potential productivity (Yb) to calculate climate
resource utilization efficiency, thereby ensuring a baseline level of climate resource use in
Liaoning Province, minimizing amplitude errors arising from various influencing factors,
and improving the accuracy of the final estimation. From 1960 to 1990, climate resource
utilization efficiency remained relatively low, primarily due to limited technological de-
velopment, inefficient fertilizer application, and inferior crop varieties. Since the 1990s,
Liaoning Province has intensified efforts in agricultural technology research, develop-
ment, and dissemination. Significant advancements have been achieved in high-yield crop
breeding, farmland irrigation techniques, and pest and disease control, all of which have
substantially enhanced agricultural production efficiency. As a result, climate resource
utilization efficiency began to increase more rapidly during this period, reflecting marked
progress in the application and advancement of agricultural science and technology. The
analysis indicates that future improvements in efficiency depend critically on increasing
grain yield per unit area—a finding consistent with the research of Jiang L et al. [56] con-
ducted in the same region.

Since the 1990s, grain yield per unit area in Liaoning Province has increased from
507.1 g'm= to 652.3 g'm2, representing a 27% rise. This improvement is primarily attribut-
able to advances in agricultural science and technology, including the development of
high-yielding crop varieties and enhanced irrigation techniques, which have collectively
improved the efficiency of climate resource utilization. The correlation coefficient between
climate resource utilization efficiency and standard climate potential productivity (Yb) in
Liaoning Province is 0.0107, indicating a positive but statistically insignificant relation-
ship. In contrast, the correlation coefficient between climate resource utilization efficiency
and per-unit grain yield is 0.98, suggesting a strong and highly positive association. This
indicates that increasing per-unit grain yield is a critical pathway for enhancing climate
resource utilization efficiency. However, the standard climate potential productivity (Yb)
has declined from 808.3 g'm= in the 1950s to 337.9 g-m= in the 2010s, reflecting a narrow-
ing gap between actual yields and climatic potential. This trend suggests limited future
potential for boosting grain production solely through favorable climatic conditions.

In summary, increasing grain yield per unit area is a key strategy for enhancing cli-
mate resource use efficiency, though limiting factors vary significantly across regions.
Based on the spatial distribution of the standard climate potential productivity in Liao-
ning Province (Figure 6), region-specific measures should be implemented to maximize
yield potential by addressing the distinct constraints in the northwest low-value zone and
the southeast high-value zone. In the northwest, where summer precipitation is concen-
trated and spring droughts are frequent, the adoption of “fish-scale pits + rainwater har-
vesting pits” combined with small-scale drip irrigation systems can alleviate water stress
during the critical maize sowing period (April-May), thereby improving yield stability in
rainfed croplands. Establishing monitoring sites that integrate soil moisture and yield
data will enable the development of a field water productivity metric—“kilograms of
grain per cubic meter of water” —to support demand-based irrigation management and
reduce. In the southeastern high-value zone (Liaohe River lower plain), where rice culti-
vation is intensive, replacing traditional flood irrigation with intermittent “shallow-wet-
dry” irrigation, integrated with smart water-fertilizer integration systems, can maintain
high yields while reducing irrigation water use by 20-25%, consistent with the goal of
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high-efficiency water use in high-potential areas. In response to the regional trends of ris-
ing temperatures and lengthening growing seasons, maize planting has been shifted from
mid-April to late April to avoid peak heat during late July to early August. Simultane-
ously, the promotion of short-maturity rice varieties helps mitigate the adverse effects of
high temperatures on grain filling.

Therefore, further efforts should prioritize strengthening water conservation
measures, improving agricultural water infrastructure, advancing water-saving agricul-
tural practices, and promoting the cultivation of drought-resistant crop varieties. These
actions are crucial for ensuring the sustainable development of agriculture in Liaoning
Province under projected climate change scenarios and for enhancing the efficiency of cli-
mate resource utilization.

4.3. Uncertainty in Current Research

Although the Miami model and the Thornthwaite Memorial model fully account for
the integrated effects of environmental factors—such as light, temperature, and water
availability —on vegetation biomass accumulation, they also incorporate key physiologi-
cal mechanisms of plant growth and internal energy conversion processes associated with
canopy evapotranspiration and photosynthesis. These models establish a quantitative re-
lationship between vegetation productivity and photosynthetic activity, suggesting that
higher evapotranspiration rates generally correspond to increased photosynthetic effi-
ciency and, consequently, greater biomass accumulation. By integrating evapotranspira-
tion with meteorological variables such as temperature and precipitation, these models
offer a practical approach to assessing the impacts of climate change on plant productiv-
ity. Furthermore, using regional estimates of annual climate production potential, they
enable the analysis of spatio-temporal patterns in this potential, facilitating investigations
into how climatic instability affects ecosystem productivity. As a result, the Miami and
Thornthwaite Memorial models have become foundational tools in climate ecology for
estimating terrestrial ecosystem productivity and are widely applied across diverse veg-
etation types [24,38]. They have significantly advanced the evaluation of climate-driven
vegetation productivity, the simulation of vegetation growth dynamics, the study of in-
teractions between terrestrial ecosystems and climate evolution, and the prediction of eco-
logical responses to environmental change. It is important to clarify that although direct
observational data on climatic potential productivity are unavailable, the reliability of our
estimates is supported by two key factors: the scientific rigor of the Miami and
Thornthwaite Memorial models—both grounded in plant physiological principles and ex-
tensively validated in regional studies [19,20] —and the high quality of the input climate
data, derived from peer-reviewed reanalysis products. This indirect validation approach
is consistent with established practices in agricultural meteorology and ensures the ro-
bustness of our conclusions regarding spatiotemporal patterns of climatic potential
productivity in Liaoning.

However, it should be noted that these models are fundamentally a statistical model.
In practical applications, it essentially represents a simple regression between vegetation
productivity and environmental factors, lacking a solid foundation in physiological and
ecological mechanisms. The model output represents the “annual-scale average climate
potential productivity” and does not incorporate the effects of intra-annual extreme
weather events, such as extreme summer heatwaves, severe spring droughts during plant-
ing periods, or intense precipitation during flood seasons. Moreover, the temporal distri-
bution patterns of temperature and precipitation significantly influence biomass accumu-
lation across different vegetation types. As a result, variations in temperature, humidity,
and their interactions can lead to markedly different ecological outcomes. To effectively
apply the Miami model and the Thornthwaite Memorial model in exploring how climate
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change affects the production potential of various vegetation types, it is essential to revise
and improve these climate production potential models. This improvement should in-
volve incorporating additional meteorological variables—such as sunshine duration, rel-
ative humidity, wind speed, and soil temperature and moisture—as well as soil proper-
ties, atmospheric CO: concentration, and plant-specific biological factors [57].

From 1950 to 2023, the standard climate potential productivity (Yb) in Liaoning Prov-
ince consistently underestimated actual production potential, with this underestimation
intensifying over time. Over the past two decades, the gap has widened due to rising at-
mospheric CO2 concentrations and expanded irrigation coverage. Elevated CO:2 levels
have enhanced photosynthetic efficiency and water use efficiency in C3 crops, an effect
that has become increasingly significant in recent years. However, the Mi-
ami/Thornthwaite model does not account for CO: fertilization, capturing climatic influ-
ences only through temperature and precipitation. As a result, it may systematically un-
derestimate standard climate potential productivity and fail to reflect real growth poten-
tial. Meanwhile, solar radiation in Liaoning has followed a “decline-then-recovery” trend
in recent decades, with fluctuations directly affecting Yb. Yet, the model indirectly repre-
sents radiation via temperature, potentially misattributing trend drivers—a limitation
particularly evident in arid and semi-arid regions. Additionally, while advances in irriga-
tion infrastructure and expanded irrigated areas have alleviated precipitation constraints,
and crop breeding has improved stress tolerance and photosynthetic performance, the
model assumes rain-fed agriculture and ignores the effects of irrigation, soil variability,
and genetic improvements. This assumption amplifies spatial and temporal biases in es-
timated productivity. Furthermore, the model produces annual average estimates of cli-
mate-driven production potential but does not incorporate intra-annual extreme weather
events—such as summer heatwaves, spring planting droughts, or heavy rainfall during
flood seasons—thereby limiting its ability to capture yield variability within a single
growing year.

Based on the research findings regarding the spatiotemporal dynamics and water
constraints affecting Liaoning Province’s standard climate potential productivity, along
with an assessment of current agricultural water management strategies, the following
implementation recommendations are proposed to provide practical guidance for re-
gional agriculture in adapting to climate change and enhancing production potential. For
regional resource allocation: In the low-productivity northwest zone, align interventions
with the Implementation Plan for Provincial Black Soil Conservation Projects in Liaoning
Province by 2025, prioritizing integrated measures of soil improvement and small-scale
irrigation development. In the high-productivity southeast zone, integrate efforts with on-
going renovation plans for large- and medium-sized irrigation districts, directing invest-
ments toward smart irrigation systems and climate risk early-warning infrastructure. For
cross-regional resource redistribution: leverage major water source projects to mitigate
drought and alleviate water scarcity. Technology dissemination should follow the provin-
cially validated “government + implementing entities + demonstration” model, refining
region-specific pathways for promoting drought-tolerant crop varieties and rainwater
harvesting techniques to ensure policy coherence and operational feasibility. To address
the model’s limitation in accounting for intra-annual extreme weather events, two im-
provement strategies are recommended: First, introduce a “Climate Resilience Index” that
integrates the frequency and intensity of extreme climatic events with standard climate
potential productivity, thereby establishing a dual-dimensional assessment framework
encompassing both average productivity potential and extreme event risk. Second, for key
maize and rice production areas in Liaoning Province, conduct panel regression analyses
to quantify the relationship between extreme weather events and yield losses. This will
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supplement current standard climate potential productivity assessments with an “ex-
treme risk correction factor,” thereby enhancing the comprehensiveness of food security
evaluations.

Integrating these factors would strengthen the Miami and Thornthwaite models by
advancing them toward more mechanistic frameworks for evaluating climate-driven pro-
duction potential in terrestrial ecosystems, thereby indicating a critical avenue for future
research.

5. Conclusions

Based on the Miami and Thornthwaite Memorial models, this study examines the
spatio-temporal dynamics of climate potential productivity and its implications for grain
yield potential in Liaoning Province from 1950 to 2023. The results show that standard
climate potential productivity (Yb) exhibited no significant long-term trend. Temperature
and precipitation were identified as the primary climatic drivers, with precipitation im-
posing a stronger limiting effect, highlighting water availability as a critical constraint on
agricultural development in the region. Furthermore, both climate resource utilization ef-
ficiency and grain yield per unit area demonstrated an overall fluctuating but increasing
trend over the study period. A significant positive correlation between these two variables
suggests that improving grain yield per unit area is essential for enhancing climate re-
source use efficiency. However, the overall grain yield potential has declined, indicating
that future production gains may be constrained if improvements rely solely on favorable
climatic conditions.
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