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Objective: Interactions between human societies and natural ecosystems characterize social-
ecological systems (SES), which, in turn, illustrate the dynamic interconnections among resources,
land use, and water management. The goal of this research was to analyze and quantitatively disclose
regime shifts in the social-ecological system of Zayandeh-Rud, which is one of Iran's important water
sources, through the ball in the basin metaphor.

Method: The research method involves the collection and analysis of time series data on surface
water flow, water quality, groundwater levels, and agricultural land area. Using the sequential t-test
method, regime shifts in the data were identified, and the obtained results and identification of critical
thresholds assisted in this process. These critical threshold points were used to numerically calculate
the depth of the basins in the ball in the basin metaphor. Then, through visualizing the regime shifts
using this metaphor, different states of the studied systems and alternative stable states in these
systems were analyzed.

Results: The findings indicated that in the surface water subsystem regime, shifts were not identified
in the Eskandari and Qaleh Shahrokh stations. In five other stations, at least one instance of regime
shift was observed in the time series of surface water flow. Additionally, the analysis of Gavkhuni
Wetland indicated the occurrence of regime shift in this wetland. In the surface water quality
subsystem, no shifts were identified in the three upstream stations, while at least one regime shift
was recognized in five other stations. Groundwater analysis showed the occurrence of regime shift
with a decline in static levels in all 16 studied aquifers. Moreover, in the agricultural system, an
increase in land areas was observed in the upstream region of the Zayandeh-Rud dam, accompanied
by a decrease downstream and east of Isfahan. The results of applying the ball in the basin metaphor
demonstrated that in the initial regime of all time series, resilience erosion led to shifts to other
regimes. Additionally, the decline in resilience in some current regimes also indicated the system's
movement toward another innovative regime.

Conclusions: Regime shifts in the Zayandeh-Rud River Basin social-ecological systems arise from
the complex interactions of human factors, together with natural factors, whose effects are majorly
felt in the ecosystem and the local community; hence, a comprehensive analysis is vital. The
excessive exploitation of natural resources resulting from human activity, particularly population
growth and increased urbanization, has caused significant water quality degradation. It is also
important to add that climate change and the increasing incidences of drought have further aggravated
declining groundwater levels, which, in turn, have diminished the resilience of these ecosystems.
Identification of threshold points and analysis of regime shifts enable managers to formulate effective
management strategies and conserve the resilience of ecosystems.
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Introduction

Social-ecological systems (SES) capture the relationships between human societies and the ecosystems that
support them, integrating to some extent the relationships among resources, land use, and water management.
Recognizing these interactions is important for assessing the impacts of human activities on the state of the
environment and the way it, in turn, affects people's ways of life. If given ample time, the interplay among
these systems can bring about drastic changes to their structure and function, particularly with growing external
stresses like climate change, urban sprawl, and other anthropogenic activities. Some of the important concepts
under these previously stated frameworks are termed regime shifts, which represent the significant change,
often not smooth, in the state variables of SES. These changes can occur as a result of many drivers, such as
changes in climate or weather, changes in population, and different styles of resource use.

The phenomena of socio-economic interactions usually transform aquifers and rivers, like the Zayandeh Rud
River in Iran, which is fundamental to freshwater supply, the economy, and biodiversity conservation. Its
flowing systems, like any natural entity, still suffer immense threats, including dwindling water inflow, habitat
fragmentation, and ecological degradation due to climate change phenomena, fewer rainfall amounts, higher
temperatures, and anthropogenic activities of over-utilization of hydrologic resources and substantial land
cover modifications.

These negative impacts are affecting the balance between the freshwater ecosystems and the people depending
on the river’s resources. As a result, the situation calls for urgent action to analyze in detail systemic breaks
and the resilience of the Zayandeh Rud SES water system. Emerging effective and proactive management
strategies are necessary to confront these issues and sustainably integrate socio-economic and ecological
activities vital to the river’s future.

Method

This study investigates regime shifts in the social-ecological system of the Zayandeh-Rud watershed, focusing
on four critical subsystems: surface water flow, surface water quality, groundwater levels, and agricultural
land area. To achieve this goal, seasonal time-series data from 1986 to 2018 were analyzed. The analysis
utilized river discharge data from eight hydrometric stations, satellite imagery, and various indicators such as
the Normalized Difference Water Index (NDWI1) and Total Dissolved Solids (TDS). Groundwater levels were
examined across 16 aquifers, while agricultural land areas were assessed using the Normalized Difference
Vegetation Index (NDVI).

To identify significant change points within the data, a sequential t-test method was employed, allowing for
the segmentation of data into distinct periods for comparison of means and variances. The threshold levels
indicative of regime shifts were established through annual moving averages, and a metaphorical "basin" depth
was calculated to represent system resilience in relation to these thresholds. Diagrams illustrating the
metaphorical basin for each subsystem were created to visualize regime shifts within the watershed. The
objective of this methodology was to increase understanding in order to better manage ecological resources
and watershed integrity, thus providing significant insight into their function and dynamics.

Results

In the surface water subsystem, relative stability was identified at the Eskandari and Qaleh Shahrokh stations,
where no regime shifts were found, implying these locations are being reasonably managed for water flow.
These results provided a preliminary estimate of the instances of regime changes within the Zayandeh-Rud
watershed subsystems and showed the interactions among them, which are indeed worthwhile for study.
Conversely, significant regime shifts were observed at five other stations and within the Gavkhuni wetland,
indicating that broader hydrological changes were substantially impacting wetland dynamics. When assessing
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water quality, the analysis revealed no shifts at three upstream stations, while five downstream stations
experienced significant deterioration in quality.

This phenomenon draws attention to water monitoring and management efforts concerning declining water
quality, particularly in the downstream hotspot regions. Groundwater analysis of 16 aquifers uncovered
dramatic and uniform regime changes identified by declining water levels. Undoubtedly, the utilization of
water resources beyond the available supply or the impacts of changing climate conditions dictate shifts that
require a primacy focus on urgent groundwater rescue. Declining water resources endangers water-dependent
ecosystems, local agriculture, and productivity alike.

In the agricultural sector, an increase in land area was detected upstream of the Zayandeh-Rud dam, while
downstream and in eastern Isfahan, a reduction in agricultural land was noted. These changes are likely driven
by varying irrigation practices and market pressures. The research implicates that the ball-in-the-basin
metaphor sheds light on the unfit for resilience, causing regime shifts into alternate states. Increased caution
needs to be exercised due to an increased risk of other possible forms of stability coming into existence, which
could cause further ecological damage in the absence of urgent measures. The overall results disclose the
complex nature and interconnectedness of the Zayandeh-Rud watershed subsystem. They proclaim a dire
necessity for the management of water resources for the preservation of the environment while allowing the
agricultural activities in the area.

Conclusions

Shifts in regimes within social-ecological systems (SES), such as the Zayandeh-Rud watershed, affect both the
ecosystems and local societies in profound ways. These changes stem from an intricate web of anthropogenic
and biophysical interactions. As the population continues to grow, so does urbanization, which leads to a
tendency for people to use more and more water. The increase in demand has led to the overexploitation of
both the surface and groundwater resources, and as a result, water availability and quality have suffered
tremendously. Hence, additional unsustainable management practices aggravate the problem. Coupled with
climate change, these issues are further exacerbated by high temperatures and lack of rain, leading to inflating
water dependence, which is economically detrimental for most communities. A causal loop diagram effectively
illustrates how the escalating water demand from population growth and agricultural practices leads to resource
depletion, which in turn compels farmers to over-extract groundwater.

This over-extraction contributes to a continuous cycle of degradation in water resources. This economic
turmoil will only worsen if critical boundaries around the problem are not addressed. Meeting these boundaries,
which could decrease or eliminate the negative impacts of the mentioned issues by providing definite water
and conserving the ecosystems, is crucial. Understanding and recognizing these shifts is important to take
effective measures in water management and biodiversity conservation. We can thus gain a proper
understanding of such dynamics and offer advice on management strategies that will build ecological resilience
to address the water crises of the Zayandeh-Rud watershed with metaphoric tools, for instance, the "ball-in-
the-basin" metaphor.
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