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A B S T R A C T   

Hydrological modeling, water accounting assessments, and land evaluations are well-known 
techniques to carry out water resources carrying capacity (WRCC) assessments at multiple 
spatial levels. Using the results of an existing process-based model for assessing WRCC from very 
fine to national spatial scales, we propose a mathematical meta-model, i.e., a set of easily 
applicable simplified equations to assess WRCC as a function of high-quality agricultural lands for 
optimistic to realistic scenarios. These equations are based on multi-scale spatial results. Scales 
include national scale (L0), watersheds (L1), sub-watersheds (L2), and water management hy-
drological units (L3). Applying the meta-model for different scales could support spatial planning 
and water management. This method can quantify the effects of individual and collective 
behavior on self-sufficient WRCC and the level of dependency on external food resources in each 
area. Carrying capacity can be seen as the inverse of the ecological footprint. Hence, using 
publicly available data on the ecological footprint in Iran, the results of the proposed method are 
validated and give an estimation of lower and upper bounds for all biocapacity of the lands. 
Moreover, the results confirm the law of diminishing returns in the economy for the carrying 
capacity assessment across spatial scales. The proposed meta-model could be considered a 
complex manifest of land, water, plants, and human interaction for food production, and it could 
be used as a powerful tool in spatial planning studies.   

1. Introduction 

Human carrying capacity (K) is the maximum potential number of inhabitants supported sustainably within a region considering 
human-environment interaction [1]. There are multiple methods to estimate K, at any scale, which are classified into six categories [2]. 
Most of them are based on limiting factors and Liebig’s Law of the Minimum. Human carrying capacity is dependent on imports and 
exports of the area. The dependency can be highlighted by estimating self-sufficient carrying capacity assessment [3–5]. Multiple 
studies concluded that state-of-the-art modeling dictates seeing the system as a complex adaptive system (CAS) with intertwined el-
ements as a Social-Ecological System (SES) [6–10]. After publishing the seminal work “Limits to Growth” by Meadows et al. [10], 
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scholars have tried to model both ecological and social processes into coupled models to show these limits to Growth [10,11]. Multiple 
examples, like the Lund-Potsdam-Jena managed Land (LPJmL) model [1], are based on the plant’s photosynthesis as the limiting 
factor. Other examples are the EARTH3 [12] and EARTH4 [13] models, which include not only ecological limits in the form of 
planetary boundaries but also consider socio-economical limits using the system dynamics (SD)-based sub-model [14,15]. 

K modeling is a comprehensive work with many disciplines involved, as previously explained by Graymore [16], Lane [5], and 
Goldin [8] in independent studies, and can be formulated as follows [17]: 

K(t)= SES
(
KBiophysical(t),KSocial(t)

)
(1)  

where SES() is the representative of the SES system and K(t) is its output. The KBiophysical(t) is a limit of the population that the resources 
of a region can support at a specific level of food production technology to satisfy human needs. The KSocial(t) is the sustainable 
population number using a given social organization [1]. 

In Iran, a water-scarce country, water consumption in the agricultural sector remains about half as efficient as the global average 
[18]. Government policies regarding food self-sufficiency have been very harmful and are compounded by population growth and 
global warming. As such, there is increased pressure on water availability in Iran, and the depth of the problem only increases [19]. 
Self-sufficient water resources carrying capacity (WRCC) is a useful concept to deal with water-security issues for policy orientation 
and human adaptability. In this regard, Khorsandi et al. [17] developed a general tool for WRCC assessment to determine how many 
people can be self-sufficiently fed in Iran. However, their modeling effort was highly complex. Linking such a complex model with 
social or economic models for spatial planning is intensive and can impact the further use of WRCC models. Therefore, for additional 
holistic assessments, especially for large-scale planning, the WRCC models should be quantified with reliable mathematical models as 
described for carrying capacity by Cohen [2] and for all systems by Cohen and Stewart [20] using mathematical formulations. To our 
knowledge, there is no previous study to represent WRCC in mathematical formulations across spatial scales. This paper shows how 
complex WRCC models can be simplified across spatial scales for Iran. In other words, here, a set of easily applicable simplified 
equations to assess WRCC as a function of high-quality agricultural lands for optimistic to realistic scenarios is presented. This study 
aims to provide an approach to evaluate self-sufficient WRCC using a simple but robust mathematical model at different spatial scales 
in Iran. Later, we discuss the relevance of spatial self-sufficient WRCC to the ecological footprint concept, emphasizing its role in spatial 
planning and decision-making. 

2. Materials and methods 

The specific methodological steps of this study include (1) Estimation of theoretical WRCC [Method 1], (2) Estimation of realistic 
WRCC using human-appropriated net primary production (HANPP) [Method 2], (3) Deriving a relatively simple mathematical meta- 
model, and (4) Presenting a case study to demonstrate the use of the approach. Data were imported and analyzed in Google Earth 
Engine (GEE) environment. The GEE code used to estimate WRCC is freely available on github.com/mostafakhorsandi/WRCC. 

2.1. Method 1: theoretical water resources’ self-sufficient carrying capacity 

The theoretical WRCC was calculated by Khorsandi et al. [17]. This optimistic estimate considers highly-efficient agriculture, 
which can produce unlimited food using limited water resources. When land productivity is no longer a limiting factor, the area of 
productive lands and available water for evapotranspiration would be limiting factors. In this case, available water and high-quality 
lands are allocated to agriculture, and a small piece of such land is allocated for human living infrastructure. The final equation used by 
Khorsandi et al. [17] is as follows: 

KMethod 1 = lim
h→∞

A×h
n

1 + B×h
n
=

A
B

(2)  

where A is the productive area (m2); h is harvest per unit of area (kg/m2 or kcal/m2); n is per capita food requirement (kcal/day/ 
person); and B is per capita area in the form of infrastructure (house, roads, recreation) for each citizen. The representative area of 
suitable agricultural lands is needed at each spatial scale of analysis to implement the meta-model for the assessment of WRCC. This 
representative area is estimated by the method presented by Mesgaran et al. [21]. More information about the Method 1 can be found 
in Appendix 1 section in supplementary data. 

2.2. Method 2: realistic water resources self-sufficient carrying capacity using HANPP 

In this method, agriculture productivity is limited, and 25% of net primary productivity (NPP) (α) as HANPP [17] can be an upper 
limit proxy for optimum agricultural practice in Iran. Using this proxy, KMethod 2 could be estimated realistically using the following 
equation: 

KMethod 2 =

∫∫

AHANPP(x, y) dA
n

(3)  

where HANPP is the human-appropriated amount of net primary production at the (x, y) coordinate over the A area (kcal/day/m2). 
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More information about the method can be found in Appendix 1 section in supplementary data. A balance between available water and 
evapotranspiration was identified. Based on this balance, the productive area is calculated for both methods. This technique is 
explained in detail by Khorsandi et al. [17] and briefly explained in Appendix 2 in supplementary data. 

2.3. Simple mathematical meta-model 

The theoretical WRCC and the HANPP-based WRCC methods are empirical models that are able to assess WRCC at any spatial scale 
[17]. The central component is the maximum sustainably available water volume that balances the utilized, suitable lands for agri-
culture, as assessed by the land suitability methods, and the evapotranspiration from those lands, as calculated by crop models or 
evapotranspiration estimation methods. The first method considers infinite agriculture productivity, and the second uses more realistic 
agriculture production values. The output of these models can be used for land use, demography, and economic planning. 

We derived mathematical equations as meta-models for regional soil, water, and population planning purposes for both methods 
described above. Hack-ten Broeke et al. [22] mentioned that the definition of a meta-model is “a simple model derived from another 
more complex model.” In the case of the carrying capacity model, the meta-model must be able to estimate carrying capacity instead of 
directly using Method 1 or Method 2. So, the meta-model approximates the results from the original models. 

Fig. 1. Iran’s geographical location, its neighboring countries, and the river network.  
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An advantage of developing a meta-model is that it requires less input data than the original model. Limited required input makes 
the meta-model an easily applicable tool without high computation costs. Using the representative area for each spatial scale as input 
and WRCC estimations at different scales from Methods 1 and 2, simple mathematical equations relate scale to WRCC. These meta- 
models generate the same model results with high accuracy. The meta-model we use for Iran’s self-sufficient carrying capacity 
assessment is a basic logarithmic equation: 

K = aLn(A) + b (4)  

where K is carrying capacity, A is a representative area at each spatial scale based on suitable lands for agriculture in the study area, a 
and b are constant parameters to be estimated. The equation selection was based on the apparent behavior in the results from the 
original methods at different spatial scales [Namely, national (L0), main watersheds (L1), main sub-watersheds (L2), and water 
management hydrological units (L3)]. 

A (representative area at each spatial scale) is the arithmetic mean of suitable lands for all study units at each scale. For L0, there is 
just one unit (the whole nation), while for L1 to L3, the number of study units is 6, 30, and 609, respectively. For calculation of A, the 
potential agricultural land area at each scale was first calculated with a balance between evapotranspiration and available water 
(Appendix 2 in the supplementary data). 

2.4. Study area 

Iran is the 18th largest country in the world, located in the Middle East, with 84 million inhabitants, and is the 19th most populous 

Fig. 2. Assessment units of this study for Iran: (a) national level or L0, (b) Main basins or L1, (c) main sub-basins or L2, and (d) study areas based on 
the Ministry of Energy in Iran or L3. 
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country in the world. Iran’s area is 1,648,195 km2 between 24ᵒ to 40ᵒN and 44ᵒ to 64ᵒE. This country has borders with Iraq to the west, 
Turkey to the northwest, Armenia, Azerbaijan, Turkmenistan, and the Caspian Sea (650 km) to the north, the Persian Gulf and Oman 
Sea (total of 1770 km) to the south, Afghanistan to the east and Pakistan to the southeast (Fig. 1). 

The average annual precipitation is estimated at 250 mm, varying from 50 mm in parts of the central water basin to more than 
1500 mm in some coastal areas near the Caspian Sea. 30% of precipitation occurs in the form of snow, and the rest falls as rainfall 
classifying Iran as arid and semi-arid [23]. About 117 BCM (billion cubic meters) of water is directly and potentially accessible by 
people through precipitation (internal renewable resources) each year. In addition to water resources gained through precipitation 
within the country’s borders, about 13 BCM of surface flow enters the country across its borders. When this flow is combined with the 
surface flow with internal origins, the country’s total surface water resources increase to about 130 BCM. Of this amount, about 13 
BCM recharge alluvial aquifers. The agricultural sector has the most significant amount of water use, 83.5 BCM. The exploitation of 
water resources by the mining sector is about 1.1 BCM of total use. Withdrawal of water by the urban and rural water supply sectors is 
about 5.4 BCM of the country’s water use [24]. 

As an arid/semi-arid country, Iran has limited surface water and groundwater resources and high geographical heterogeneity in 
supply and demand. Iran’s territory has been divided into six main drainage basins (L1) and 30 main sub-basins (L2). These main sub- 
basins were then divided into 609 water study areas (L3) based on topography and the location and extent of aquifers (Fig. 2). These 
divisions are based on watershed units and without consideration of administrative divisions. 

Iran currently faces a multitude of interconnected social, economic, and environmental challenges [25]. On a social level, the 
country is undergoing a transition from ideologically-driven autocracy towards a more democratic future driven by grassroots 
movements. Economically, Iran is grappling with six major challenges, including inflation, high unemployment rates, international 
sanctions, dependence on oil and gas exports, widespread corruption, and a weak infrastructure [25,26]. In terms of the environment, 
Iran is facing a daunting situation due to the loss of glaciers as a result of climate change [19,27], increased evapotranspiration due to 
rising air temperatures [27–29], excessive groundwater drawdown from agricultural use [19,30–33], and decreased precipitation over 
the past few decades [27,34,35]. Moreover, ambitious self-sufficiency policies have led to anthropogenic drought [17,32,33,36–38], 
further exacerbating the country’s water crisis. These multiple and interconnected problems have created a complex and wicked 
problem that affects not only Iranian citizens but also has international implications, particularly for the stability of the Middle East 
region [25,26]. 

3. Results 

The WRCC was calculated using both methods. In Method 1, all possible lands are used as long as there is water to evaporate from 
that area. Also, a 1500 m2 per capita area was considered to satisfy each person’s infrastructural needs. It means each person can fulfill 
all their non-edible needs in an area of 1500 m2 (e.g., for housing, roads, infrastructure), and for their food, water is not a limiting 
resource. With high technologies like greenhouses, the problem of producing food is solved. The only limit is per capita lands used for 
making infrastructure in the city instead of agriculture from high-quality lands. These lands could be used for food production but are 
instead devoted to human settlement. Method 2 is based on Method 1, in which food production using photosynthesis is the main limit. 
The 25% NPP as HANPP was considered the limit for farming on all high-quality land in each study unit. 

3.1. Method 1 results 

The results for these theoretical K estimates are presented in Fig. 3a. The results are based on the representative area for each scale. 

Fig. 3. The resulting values for national K across spatial scales using (a) Method 1, which is theoretical K, and (b) Method 2, which is HANPP-based 
K. For each method, the spatial scale is defined by the representative area. 
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These theoretical values varied from 76.75 to 130.2 million people at the national level based on the scale of analysis. For example, for 
L3, 189.05 km2 is the average of 609 study areas, and 76.75 is the summation of K estimates in each study area at that scale. The same 
way was implemented for L0 to L2. 

The non-uniform spatial distribution of estimated K is essential since water resources availability is highly uneven in Iran. This 
spatial distribution is shown in Fig. 4, where the relative share of the theoretical K in Method 1 for each study unit at the four spatial 
scales is presented. 

Fig. 4 shows that different regions of Iran unevenly contribute to the K at the national level. By focusing on L0, the K value is 130.2 
million people. However, it is assumed that the whole nation has access to the resources equally (Fig. 4a). This assumption means the 
food produced at the national level is available for inhabitants regardless of economic obstacles (e.g., the perfect synergy of humans 
and nature in the SES). By calculating K at more local scales, the national K value (sum of study areas) decreased to 115.3 for L1, 98.4 
for L2, and 76.8 million persons for L3, respectively (Fig. 4b,c,d). By focusing on the local water resources (L3), it is visible that the 
main K contribution is close to the Alborz and Zagros mountains in Iran (Northern and Western regions), which have relatively higher 
precipitation compared to the central and eastern areas. 

3.2. Method 2 results 

Similar to Section 3.1 (Method 1 results), this section provides K values for L0 to L3 but uses HANPP values (Fig. 3b). The K value 
ranges from 20.22 (sum of 609 study areas at L3) to 35.5 million people (for the whole country or L0). The results of Method 1 (section 
3.1) and Method 2 (section 3.2) are depicted in Fig. 3. 

Fig. 5 shows that different regions of Iran unevenly contribute to producing HANPP and consequent K. By focusing on L0, the K 
value is 35.5 million people. However, it is assumed that the whole nation has access to the produced HANPP (Fig. 5a). This 

Fig. 4. The relative share of a national theoretical K (Method 1) for each study unit at four spatial scale assessments (a) one study unit at L0, (b) six 
study units at L1, (c) 30 study units at L2, and (d) 609 study units at L3. 
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assumption means a perfect economic market at work without considering social or economic obstacles (which means realistic harvest 
efficiency together with perfect human teamwork at the national level). By calculating K at the local scale, the national HANPP-based K 
values decreased to 27.7 for L1, 24.2 for L2, and 20.2 million people for L3, respectively (Fig. 5b,c,d). This figure shows the relative 
share of the K for each study area at the four spatial scales. 

Method 2 considers three environmental limits for the carrying capacity: suitable agricultural lands, water availability, and 
HANPP. The pattern for the relative share of K for Method 2 is very similar to the pattern for Method 1. However, Fig. 5 shows by 
adding HANPP as an environmental limit, the relative share of the southwest of Iran, close to the Persian Gulf, decreases. This 
reduction can be related to water tension on the plants due to high potential evapotranspiration and low precipitation, which affect 
crop production. 

3.3. Mathematical equations as the meta-model 

Using the theoretical estimation of K at different scales in Method 1 and Method 2, the results show solid logarithmic relationships 
(Fig. 6). 

The equation for this relationship for Method 1 is as follows: 

KMeta− Model 1 = 8 × 106 Ln(A) + 3 × 107 (5) 

Moreover, the resulting equation using a more realistic HANPP-based K in Model 2 is as follows: 

KMeta− Model 2 = 2 × 106 Ln(A) + 8 × 106 (6) 

Fig. 5. The relative share of a national HANPP-based K (Method 2) for each study unit at four spatial scale assessments (a) one study unit at L0, (b) 
six study units at L1, (c) 30 study units at L2, and (d) 609 study units at L3. 
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Two logarithmic lines are extended to intersect with each other and the x-axis (Fig. 6). Three critical points have resulted by 
interpolating these two lines in Fig. 6. The intersection of equation (5) and the x-axis shows the minimum high-quality land required to 
feed one person in Method 1, considering high-tech agriculture with suitable land as the limiting resource. This value equals 1.12 L ha 

Fig. 6. K estimates using two methods at different spatial scales.  

Fig. 7. Land suitability index map based on Mesgaran, Madani [21] using soil, climate, and topography conditions. This map was generated using 
the Google Earth Engine platform. 
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(Local hectare). The intersection of equation (6) and the x-axis results in 2.31 L ha for Method 2, which is based on water as the primary 
limiting resource and 25% of NPP as HANPP. The third point is the intersection of two lines (two methods). This point value is 0.85 ha 
and shows the representative area where the results of the two methods converge. The resulting negative value for K means land of this 
size is insufficient to feed one person, but the two method’s results are the same if both analyses use this spatial resolution. 

4. Discussion 

4.1. Collapse of chaos 

Food-crop production at the level of a single plant is a complex chain of reactions [22,39]. A patch of plants on the farm with 
intrinsic diversity and changes in external forces like weather and pests will add to this complexity [40,41]. However, at the end of the 
harvest season for each farm, those complexities will emerge simplified in a simple metric, “harvested yield.” Again, after selling the 
harvest in the market, there is a chain of complex socio-economical interactions among farmers, suppliers, and the markets [41]. 
However, economists can simplify it into macro-scale regional indicators to work with it. We believe the same thing is happening here. 

Similarly, a logarithmic relationship between K and A across different spatial scales has emerged. The logarithmic pattern was 
confirmed for both Methods 1 and 2. This emergent behavior was previously called “collapse of chaos” [20]. They called this phe-
nomenon “simplicity” in the domain of “complexity theory” [42], which is confirmed when “complex causes can produce simple 
effects.” 

4.2. Why does logarithmic behavior emerge? 

In this study, the carrying capacity relationship with the representative area (i.e., spatial scale) is logarithmic by going from the 
finer scale to the coarser spatial scale. One reason for this is the availability of suitable lands for agriculture. Going from small-scale 
farming to whole basin scale, the rate of adding suitable lands is less than the increase in scale. This phenomenon is a fact of Iran’s 
geography that most lands are covered either by mountains or deserts, which are unsuitable for agriculture. The previously created 
map by Mesgaran et al. [21] showed how limited these lands are (Fig. 7). 

For the first group of estimations of theoretical WRCC (Method 1), the main formula is equation (2). In this equation, though K and 
A has a linear relationship, the emergent relationship across spatial scales is logarithmic. This pattern will result in diminishing returns 
for increasing the area for agriculture. Since the current overall agricultural land in Iran is around 100,000 km2, it could be seen from 
Fig. 7 that the increase in agricultural land would not return a significant increase in WRCC. 

From an economic perspective, logarithmic behavior emerged because of the law of diminishing returns. The diminishing returns 
principle is valid in both micro and macroeconomics [43]. Assume the development of farmed lands for agriculture is an investment. 
As agricultural lands grow, the growth rate cannot continue considering any change in other agricultural inputs after a certain point. 
From agricultural development, the law of diminishing returns goes back to Malthus [44] when he wrote: 

“The improvement of the barren parts would be a work of time and labor; and it must be evident to those who have the slightest 
acquaintance with agricultural subjects that in proportion as cultivation extended, the additions that could yearly be made to 
the former average produce must be gradually and regularly diminishing.” 

Alternatively, instead of assessing K based on land area, one can imagine a scenario to calculate land area (ecological footprint) 
using the population number. The required land (to satisfy the needs) grows over-linearly with the population. This behavior typically 
shows exponential growth. A logarithmic behavior has emerged since K is the inverse of ecological footprint [5]. 

4.3. Example applications of mathematical meta-models for Iran 

4.3.1. Land acquisition for agriculture 
The results of the current mathematical interpretation of WRCC can be summarized in Fig. 6. This figure shows that considering 

HANPP/NPP = 0.25, the minimum land that can provide the food for one person in Iran, on average, should be as large as 2.31 ha in 
the local area (considering self-sufficiency assumption local hectare is the unit, while global hectare is the unit considering import and 
export in the international context). By eliminating the crop productivity limit (with advanced technology and land modifications), 
considering per-capita infrastructure equals 1500 m2, 1.12 local hectares are still needed for each person. Moreover, these metrics can 
give decision-makers a minimum land area to allocate to every farming household. These two numbers have significant implications. 
The majority of farmers in Iran have farmlands of smaller sizes. It means they cannot live self-sufficiently, and cooperation should be 
one inseparable part of their lives for a possible synergy. At the same time, inheritance laws rooted in Islam split the land for later 
generations by giving more autonomy on land ownership. Besides, splitting lands decrease land usability for food production due to an 
increase in involved people, making it harder to cooperate among them. In this scenario, the tragedy of the commons is a possible 
destiny. 

In Iran, in contrast to collectivistic societies, collective goals, and interests are less important than individual goals and interests 
[45]. Moreover, modern Iranian society has a high degree of individualism and a low degree of collectivism. Over the past two and half 
millennia, the country’s history has been replete with autocratic, repressive, and corrupt regimes and frequent revolts [46]. These 
historical experiences may have helped reduce people’s trust and respect for the collective system. 
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4.3.2. The cell size for remotely sensed analysis 
Fig. 6 shows the 92 m cell size for the intersection point resulting from the two methods. This cell size is the least required spatial 

resolution of satellite images to converge two methods. For the current results, it can be inferred that any image with a resolution of 92 
m or better would be enough for a large-scale carrying capacity assessment. This hypothesis should be tested using a third method of 
carrying capacity assessment using satellite images other than MODIS to confirm our results. Testing HANPP values based on Landsat 
or Sentinel images are recommended for this goal in future studies. 

The other interpretation of this value (i.e., 8500 m2 area) is that it can serve as a basis for SES studies with the minimum cell size as 
the primary variable to be determined [47,48], i.e., one that is adequate to investigate both social and ecological perspectives. 

4.4. Comparing per capita results with ecological footprint databases 

An ecological footprint is the inverse of the carrying capacity function [5]. Fig. 8 shows the per capita area based on this study 
compared to ecological footprint data (https://www.footprintnetwork.org/) confirmed by Refs. [49,50]. 

Fig. 8 shows that Iranian citizens’ per capita ecological footprint increases while per capita biocapacity decreases. This study agreed 
with Khorsandi et al. [17], who showed that Iran exceeded its local self-sufficiency around 1957 and its national carrying capacity 
around 1975. The ecological footprint network data show that Iran exceeded the local and national carrying capacity before 1960 and 
possibly close to 1955, corroborating our results. Moreover, the ecological footprint network data shows that even if Iran had an 
extreme technological change to decrease per capita land requirement to less than 1.12 ha, the carrying capacity was exceeded around 
1980. This conclusion confirms that Iran has not completed the technological change required for development, but this nation has 
faced local and national environmental bankruptcy since 1980. These three dates (1955, 1975, and 1980) are candidates that can lead 
us to tipping points in Iran’s history from complex adaptive system (CAS) perspectives. 

4.5. Limitations and future directions 

The actual value of the HANPP/NPP ratio for Iran’s agricultural lands is still unclear. The discrepancies among per capita land for 
each person using WRCC and per capita ecological footprint data show the need for such a realistic assessment for more precise 
analysis. It is anticipated that the objective food-based WRCC-based assessments based on national input-output economic assessments 
or agro-hydrological models like SWAT or SWAP will show smaller values than HANPP-based estimates since these models consider 
multiple constraints resulting in lower values for harvested yield. Besides, as a drawback of the HANPP technique for estimation of the 
carrying capacity, the measurement of food import/export on the short-term carrying capacity is ignored. Under these circumstances, 
new techniques like eHANPP can be utilized to estimate carrying capacity. Moreover, the accuracy of the input datasets is improving. 
Using data with higher spatial resolution can enhance the quality of the NPP product both spatially and temporally. 

Many researchers, including [51], mentioned that sustainability should be considered a multi-objective state. Since sustainability is 
the core element of carrying capacity, a more comprehensive estimation of carrying capacity should not be limited to the population as 
the indicator. Other aspects, e.g., the size of the local economy, should also be included. 

Our results show crucial times in Iran when some critical thresholds have passed. As discussed in the literature many times [52–55], 

Fig. 8. Ecological footprint and biocapacity of Iran compared to resulting thresholds out of current research [lha = local hectare, gha = global 
hectare] (https://www.footprintnetwork.org/). 
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ecological footprint and carrying capacity can be used as early warning indicators of the systems. Surpassing them can lead to a tipping 
point for the SES. Further studies are needed to address the knowledge gaps related to Iran’s tipping points. 

By knowing only the area of suitable agricultural lands, it is possible to estimate the carrying capacity for each region (for example, 
a province or a county) using the meta-model derived for assessing self-sufficient water resources carrying capacity. It could be used to 
analyze internal migration patterns. However, due to the lack of data at the local level in Iran, such an assessment is impossible at this 
point. Therefore, collecting migration data and the relationship between WRCC and migration is recommended. 

5. Conclusion 

Any spatial population planning needs mathematical formulation that considers environmental limits and relates the spatial scale 
to the population carrying capacity. These mathematical formulations are essential for combining the economic aspects of planning 
with the ecological aspects. Mathematical meta-models of the WRCC relate the spatial scale to the carrying capacity for water-scarce 
regions, which is the primary constraint for the population’s limits to growth. We formulated self-sufficient WRCC mathematically for 
spatial scales using suitable agricultural lands considering scale-dependent water availabilities. By using mathematical meta-models 
for theoretical and HANPP-based K values, the relationship between biocapacity data from the ecological footprint database and 
WRCC was found. The implication of our proposed meta-models was shown for spatial analysis, including spatial distribution of WRCC 
over the country. 

Moreover, our models offer an analytical tool for spatial planning for human habitat suitability and internal migration analysis. 
This evaluation can show the regions and the number of people facing the danger of famine or malnutrition, or excess spatial pressure 
on natural resources because of overpopulation. The meta-models provide the minimum pieces of land to satisfy each person’s 
nutritional needs as thresholds under optimist and realist scenarios. These per capita thresholds give the required minimum resolution 
of satellite imagery for future WRCC assessments and related SES analysis. The MODIS-based NPP product is suitable for estimating 
WRCC under the self-sufficiency assumption; however, the use of more up-to-date satellite data is recommended. This study can help 
the policymaking and population planning in arid-semi and arid areas of the world. Nonetheless, the need for more economic and 
social studies for WRCC is acknowledged. Also, the major knowledge gap is now on food import-export assessments for more precise 
WRCC estimations. New methods like eHANPP can be used for the carrying capacity assessment under these scenarios. 
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