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Abstract: Water-subsidized systems are growing in number and maintaining the sustainability of such
complex systems presents unique challenges. Interbasin water transfer creates new sociohydrological
dynamics that come with tradeoffs and potential regime shifts. The Tempisque-Bebedero watershed in
Northwest Costa Rica typifies this class of watershed: Transferred water is used for power generation
and irrigated agriculture with significant downstream environmental impacts. To improve and clarify
our understanding of the effects of social and biophysical factors on the resilience of such systems, a
stylized dynamical systems model was developed, using as a guide the situation in the Tempisque-
Bebedero watershed. This model was analyzed to understand the nature of socio-hydrologic regimes
that exist in this class of basins and what factors determine these regimes. The model analysis
revealed five distinct regimes and different regime shift behaviors dependent on environmental and
policy conditions. This work offers insights into other complex socio-hydrologic systems with similar
processes.

Keywords: resilience; water-subsidized systems; interbasin water transfer; regime shifts; dynamical
system modeling

1. Introduction

Water-subsidized systems are social-ecological systems that import water from outside
of their natural watersheds to address problems arising from the inadequacy of their natural
water supplies to meet their demands. With populations and water demands growing,
these systems constitute an increasingly important class of social-ecological systems [1].
They have the potential to promote hydrologic and social resilience through increased
water access [2,3]. However, these systems have long been identified as introducing risk
through the formation of new hydrologic and ecological connections [4]. For example, the
Orange River Project in South Africa transfers water from the Orange River Catchment
to facilitate hydroelectric power generation and irrigated agriculture, supporting rural
livelihoods [5]. Similarly, Australia’s Murrumbidgee Irrigation Area is fed by interbasin
water transfer and was used to provide land and livelihoods to returning soldiers after
both the First and Second World Wars [6]. Both of these projects have also dealt with
unintended environmental impacts—invasive blackfly species in the Orange River Project
and blue-green algae blooms in the Murrumbidgee Irrigation Area [5,6].

These systems present unique challenges. They represent complex networks of inter-
actions that can lead to unexpected social and environmental impacts and regime shifts.
Trade-offs are common, with many systems trading cultural and ecosystem services for in-
creased agricultural production [7]. Given the growing number of such systems [1], there is
an increasing need for understanding resilience and sustainability of such water-subsidized
systems. Many existing studies on these systems tend to be highly parameterized to assess
the sustainability of a specific site. They emphasize recovery to a desired state [8,9] or
individual site descriptive factors [10-12] as metrics of sustainability or resilience. Due to
complex networks of interactions within these systems, however, such an approach is not
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amenable to clear and systematic studies of potential for regime shifts. In this paper, we
attempt to take steps in that direction and make a complementary contribution through de-
veloping and analyzing a stylized model based on a water-subsidized system in Northwest
Costa Rica.

In this study, we ask the following research questions: what socio-hydrologic regimes
exist in a basin of this type? What factors determine these regimes and how do they interact?
How might a water subsidized system experience regime shifts as these drivers change? To
answer this question, we developed and analyzed a dynamical systems model of a water-
subsidized system, incorporating input from stakeholders to describe key interactions. The
goal of this study is to identify key drivers of change in the basin, operationalize how those
drivers interact, and analyze to reveal potential regime shifts and what factors influence
them.

2. Model Description

The developed model is described in this section. The model is developed using
a watershed in Northwest Costa Rica as a representative of a class of complex, wa-
ter subsidized systems. The study site is described in Section 2.1. Section 2.2 details
the dynamical variables of the model, with explanation of the processes governing eco-
hydrologic (Section 2.2.1) and social (Section 2.2.2) variables. The full model is summarized
in Section 2.3 and the final, dimension-reduced model used for analysis is presented in
Section 2.4.

2.1. Site Description

The model is developed using the situation experienced in the Tempisque-Bebedero
watershed in Northwest Costa Rica. This watershed is chosen because it represents a
class of watersheds on the receiving end of an interbasin water transfer project that drove
hydropower generation and irrigated agriculture, with downstream ecological impacts.
Additionally, we take advantage of previous stakeholder work (see Appendix A) and
available data.

The Tempisque-Bebedero watershed in Northwest Costa Rica (Figure 1) typifies a water-
subsidized system with unique opportunities for research. In 1979, Costa Rica’s first
hydroelectric dam was created, forming Lake Arenal and initiating a system of interbasin
water transfer from the rainy eastern half of Costa Rica, and the relatively dry Tempisque-
Bebedero Basin. The Arenal reservoir is the largest in Costa Rica [13]. This interbasin water
transfer supported the development of the Tempisque Arenal Irrigation and Drainage
District, a 40,000 hectare zone of irrigated agricultural land, producing mainly rice and
sugarcane [14]. Competing water needs have led to conflict and water shortage, both for
human use and the environment [13]. After traveling through a network of irrigation
canals, water leaves the agricultural sector, flowing through Palo Verde National Park. Palo
Verde was designated a wetland of international importance by the Ramsar convention in
1991, largely due to the vast amount of local and migratory birds that find habitat in the
area. In 1993, however, it was designated an impaired ecosystem due to an influx of Typha
domignesis (cattail) and the subsequent reduction in waterfowl habitat [15]. Changes in
the amount and timing of water flow are suspected to contribute to the wetland degrada-
tion [16]. Water concessions were adjusted in 2005 to guarantee minimum environmental
flows in an effort to support the ecological health of the area [13]. However, the impaired
ecosystem designation remains to this day.



Sustainability 2021, 13, 2013

3of 14

s mguey

Nicaragua

el
3 nagua R,

Sﬂ!lll Rica

%l e
Tempisque- Z,
Bebedero FTral

Watershed

@eagh
i
i " Palo Verde Irrigated
Tempisque-Bebedero Nalional Park agricutural
Watershed districts

= Rio Tempisque

Figure 1. The Tempisque-Bebedero watershed in Northwest Costa Rica [17]. Its irrigated agricul-
tural district is supplied by water from Lake Arenal, moving water from the higher-precipitation east
basin to the drier west basin.

2.2. Dynamical Variables

The first step in creating the model structure is the selection of dynamical variables.
Dynamical variables represent the interconnected moving parts of the socio-hydrologic
system. The model includes five dynamical variables—three eco-hydrologic variables and
two social variables. The dynamical variables and parameters of the model are detailed in
Table 1. The structure of the model is summarized in Figure 2.

W

Water in Palo Verde
wetland

C

Cattail coverage in
Palo Verde wetland

Ag-n-U-W -k
1-pc q' - Wpy 9a

Water in Tempisque
River

% Population with
Water shortage agricultural

governance capacity livelihoods

Figure 2. A conceptual diagram of the model. Directed links represent causal effects from one
dynamical variable to another.

2.2.1. Eco-Hydrologic Variables

The first dynamical variable, W, water in the Tempisque, is governed by the mass
balance between the incoming water to the basin (a fixed amount, I M), water consumption
in the basin, and outflows to the wetland (at rate q). Water is consumed in the basin by
two sectors—agriculture and an alternative industry. A competing alternative industry can
take many forms; in the Tempisque-Bebedero basin, an example of such an industry is the
emerging tourism sector present there. Water is allocated to agriculture on an individual
basis (Ag) with total water consumed depending on the total number of agricultural users
(n - U). Water allocated to industry (7o) is fixed with respect to users, with the tourism
sector in the Tempisque-Bebedero as an example in mind.

ddlf:IM—(Ag-n-ll—l—To—l—q)-W (1)
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Water in the Palo Verde Wetland, Wpy, is modeled as inflow from the Tempisque
(g - W) minus outflow to the gulf (at a rate of g). This dynamical variable was included to
better tie in upstream human activities with downstream ecological effects.

deV _

= W=q Wy @)

Table 1. Dynamical variables and parameters of the model.

Definition

Symbol Unit
Dynamical Variables
w L3
Wpy L3

u _

G _

C -
Parameters

IM L3/T
Ag 1/NT
To 1/T

q 1/T

q 1/T

r N/$

n N

T $/NT
TTA $/NT
p $/(L3)>
b $/NT
c L3/NT
f L’

D 1/T

B _

m N/L3
g 1/T

8A 1/(IM/L3]T)
k M/L3
F 1/T

Water in Tempisque

Water in PVW

% of population participating in the agricultural sector

Governance capacity: the ability to mitigate adverse effects of drought
Cattail coverage as % of the wetland area

Inflows of water, including the portion transferred /imported into the basin
Per capita water allocation rate to farmers

Water allocation rate to alternative industry

Rate of water leaving the Tempisque River and entering Palo Verde Wetland
Rate of water leaving Palo Verde Wetland

Population responsiveness to difference in profit

Population size in the system

Per capita income stream for people in alternative industry

Per capita income stream for people in the agricultural sector

Factor converting agricultural water allocation to profit

Base per capita agricultural profit

Per capita farmer allocation threshold, below which drought occurs

flood cutoff

Decay rate of governance capacity

% Damage by birds to agricultural products

Rate of improvement of governance capacity dependent on severity of drought
Natural growth rate of cattail

Additional cattail growth rate induced by increased nutrient concentration due to agricultural
activities

Nutrient concentration in agricultural runoff

Rate of fangueo (mechanical cattail removal)

The symbols for unit/dimension are as follows: L for length; T for time; M for mass (e.g., mg of nutrients); N = number of people; $ for

monetary unit.

Cattail coverage, C, is an important environmental consideration of the Palo Verde
Wetland. Palo Verde Wetland is designated an impaired Ramsar site after the landscape
shifted from one of open water, which is important for migratory bird use, to one of
densely populated cattail, which obscures the reflective water (espejos de agua) from birds
overhead [15]. To incorporate wetland health, we have incorporated cattail coverage, into
the model. Cattail is modeled as having an intrinsic growth rate (g) that is accelerated (g 4)
by the flow of nutrients from the agricultural sector (%UP'VWC). Cattail is also managed
by Palo Verde National Park using a process called fangueo (F). Fangueo is the practice of
using rice farming implements and a tractor to roller-chop the cattail in the wetland [15].
While this does not offer a long term solution, it counteracts the growth of the cattail and
temporarily increases the areas of open water to aid migratory bird use of the wetland.

dc ( Ag-n-U-W-k
— _i_—'

= et ga)coa-0) -k ©
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2.2.2. Social Variables

Governance is among the most important drivers in the minds of participating stake-
holders from the workshop (Appendix A, Figure A1). This likely resonates with stakehold-
ers in other similar basins. To capture the effect of governance, governance capacity G is
used in this model to represent the capacity to mitigate the negative effects of drought.
The dynamics of G is assumed to be the balance between the improvement that comes
with experience of coping with droughts and the decay due to loss of institutional memory.
While institutional memory can have both positive and negative effects, we assume a
positive impact on the ability to respond to drought events (Ref. [18]). In this model, when
a drought event occurs (I44.w<c), governance capacity is increased (at a rate of 1) propor-
tional to the severity of the drought (c — Ag - W): the experience with coping with this
drought prepares local governments and agencies to deal with the next one more effectively.
Governance capacity gradually declines a rate of D (loss of institutional memory). In a
basin with predicted increases in both drought and extreme events, we were interested
in capturing the effects of experience on the governance capacity to respond. With these
considerations, we write the dynamical equation for G as follows:

G
dt
Finally, to model changing livelihoods in the basin, the population with agricultural
livelihoods was used as a dynamic variable (U). This variable is modeled using a replicator
equation from evolutionary game theory [19] shown in Equation (5). Workers in the basin
have a level of responsiveness (r) to differences in payoff and choose between agricultural
and alternative livelihoods based on that difference (r4 — 7t7). Payoff of alternative
livelihoods (7t7) is held as a constant and represents the economic incentive for people
to abandon the agricultural sector. Payoff of agriculture (7r4) depends on both water
availability and governance capacity to help in times of drought. Cattail coverage also
impacts agricultural payoff. Birds often use nearby rice fields as a habitat alternative,
damaging crops, when cattail coverage obscures the wetland from overhead view.

:IAg-W<c'm’(C_Ag'w)‘(l_c)_D'G (4)

au

=7 U-(1=U)(ma —7r) ©)

where,

ma = [p(1—G')(Ag- W —c)(f = W) +b](1 - pC)

c - G ifAg-W<c
l0  otw

2.3. Putting Them Together
The full model then consists of the following five equations:

%le—(Ag-n-U%—To—Fq)-W

aw,

dfvzq.wfq/.wpv

ac Ag-n-U-wW-k

i = (o Sy ) 00
dG
E:IAg.W<C~m-(c—Ag~W)-(1—G)—D~G
U1 u) (s — o)

The goal of this model is to capture both social and eco-hydrologic components of
the complex Tempisque-Bebedero watershed-as a representative of a class of water subsi-
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dized systems-and gain insights into how these components interact to determine different
regimes that the complex system may exhibit. The overall picture of the model is as
follows. Incoming water, both naturally occurring and subsidized from the neighboring
basin, supports agriculture, industry, and the wetland. People in the basin can choose
which livelihood to pursue based on payoff. In times of drought, experience increases the
capacity of the governance to support agricultural workers. The wetland provides habitat
for migratory birds, but when invasive cattail coverage is high, birds are driven to neigh-
boring farms, damaging crops and reducing payoff-this represents adverse environmental
feedback upstream, which may take other forms in other basins.

2.4. Final Model

To clearly investigate potential regime shifts the system may experience, we simplified
the above model using nondimensionalization (Table 2) and time scale separation. For
time scale separation, we assumed that eco-hydrologic variables respond relatively quickly
compared to social variables. For example, shifts in livelihood can occur along generational
lines. Long-term farming families may find their children leaving to find alternative work
in cities. Simplifying in this way allows the model to retain the effects of the eco-hydrologic
variables while reducing the dimensions for clearer analysis: in particular, we expressed W,
Wpy, and C as functions of G and U. This procedure led to the following two-dimensional
dynamical system of social variables.

Zg = Ipweap * #(ap —0aw" (U))(1 - G) - 6G ©6)
A - W] o~ )00 W)~ ap)ap () + )11 e ()] ~ 7 o

where w*(U) = (04U + 07 +1) "t and C*(U) = %(1 +4/1— ,va‘%) are introduced
for brevity and highlighting the dependence of the dynamics on U; see Appendix B for
more details.

Table 2. Dimensionless group definitions and interpretations.

Symbol  Definition Interpretation

w % Rescaled water availability in the basin

wpy WIP]\‘;Iq Rescaled water in Palo Verde Wetland

T t-q Rescaled time

04 Aé; n Relative water allocation rate to agriculture compared to the natural draining rate of the watershed

or To Relative water allocation rate to alternative industry compared to the rate at which water leaves the
q watershed

A %/ Ratio of water exiting to water entering PV

it % Rate of people entering alternative industry relative to the rate at which water leaves the watershed

o Pfl'q; 12\/12 Rescaled profit factor for agriculture

ap IfT‘j{ Rescaled flood threshold

&p i Rescaled drought threshold

" b Potential rate of people entering the agricultural sector relative to the rate at which water leaves the
q watershed

u "%M Rescaled maintenance/improvement rate of governance capacity

5 D Decay rate of governance capacity (due to loss of institutional memory) relative to the rate at which water
q leaves the watershed

0% 2 Natural cattail growth rate relative to the rate at which water leaves the watershed

=
o
>

Additional cattail growth due to nutrient pollution relative to the rate at which water leaves the wetland

Fangueo rate relative to the rate at which water leaves the watershed

<
Sl




Sustainability 2021, 13, 2013 7 of 14

1.00

e
3
o

Baseline Agriculture Profit
o o
B 3

0.00

We have arrived at a two-dimensional dynamical system model that captures the
dynamics between governance capacity to mitigate the effects of drought (G) and the
livelihood choices of users in the basin (U). It is important to recognize that the model was
developed based on biophysical and social processes typically found in a water subsidized
system, and that the feedbacks of ecohydrological variables are already embedded (through
w*(U) and C*(U))in the model.

3. Results and Discussion

The final model (Equations (6) and (7)) yields a range of qualitative system-level be-
haviors or regimes. The results are summarized in a phase diagram (Figure 3). Each point
in the diagram represents a socio-hydrological setting, characterized by a combination of
a hydrological and social parameter. The hydrological parameter we considered was the
water allocation to the agriculturals sector (6 4). The Guanacaste Province, which encom-
passes the Tempisque-Bebedero watershed, experiences frequent water disputes stemming
from problems of allocation [20,21]. Water allocation to agriculture via the network of
irrigation canals is also subject to significant variability due to prioritization of hydropower
generation [22]. The second parameter considered is ¥, the baseline agricultural profit.
This parameter can be thought of as representing a social safety net or any subsidies that
help farmers during difficult growing or market value years. Costa Rica offers options for
financing and emergency cash payments to growers when disaster strikes, but the majority
of this safety net takes the form of market price support [23]. Under the Central American
Free Trade Agreement (CAFTA) however, the form of agricultural risk management will
undergo significant changes, including a phasing out of tariffs by 2025 [23], translating to a
reduction of the ¢ parameter. Under different combinations of 6 4 and 1, the system may
exhibit one of the five possible regimes (Figure 4), dependent on other drivers. In Figure 3,
we focus on the influence of one such driver, the amount of incoming water (both naturally
and via the water transfer project).

1.00 1.00

o
3
o
o
3
o

e
i
a

Baseline Agriculture Profit
g
°©
B

Baseline Agriculture Profit
=}
a
(=3

0.00 0.00

0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
Water Allocated to Agriculture Water Allocated to Agriculture Water Allocated to Agriculture
(a) xp=0.2, ap=0.7, u=1, p=10 (b) ap=0.267, wp=0.933, (c) ap=0.8, ap=2.8, u=0.25,
u=0.75, p=5.26 0=0.625

All Agriculture [l All Industry All Industry or All Agriculture All Industry or Mixed Strategy [l Mixed Strategy

Figure 3. Phase diagrams of possible regimes, under decreasing levels of incoming water. All five regimes are present
in (a). (b,c) represent 25% and 75% decreases in incoming water to the system, respectively. With a 25% decrease, the phase
diagram is dominated by three regimes, all industry, a mixed strategy, and all agriculture. A 75% decrease sees all industry

as the prevalent regime.

When baseline agricultural profit is too low and water allocation insufficient, there
is no participation in agriculture (Figure 4a and lower left of phase diagrams in Figure 3).
Instead, participation in alternative industry is at 100%. The only stable equilibrium point
is when a governance and agricultural participation levels are zero. An example of this
kind of “All Industry” regime may be found in the Osa Peninsula. In this area, ecotourism
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(alternative industry) provides a significant wage advantage over other income sources.
Simultaneously, other income sources are tied to the ecotourism industry. Livelihoods from
retail to roadwork are kept afloat by the tourism industry [24].

In contrast, at a sufficiently high values of ¢ (the top part of the phase diagrams
in Figure 3), the only stable equilibrium is at full participation in agriculture and some
governance capacity (Figure 4e). In this case, there is some water shortage occurring
when the population is entirely agricultural and the governance capacity is maintained
to alleviate profit losses due to drought. An example of such a regime can be seen in
the Rio Dos Novillos watershed, where study participants reported a large percentage of
household income from agricultural activities including smallholder farms and wage work
on plantations [25].

A mixed strategy (Figure 4b) emerges when governance capacity contributes to agricul-
tural profit in times of water shortage, balancing payoff between agriculture and alternative
industry. There is some participation in both agriculture and alternative industry. This
regime is present in the center left of Figure 3a (a rather small region in the phase diagram),
at the middle ground between all agriculture and all industry. An example of this mixed
strategy regime may be found in the Guanacaste province. The irrigated districts have ex-
panded, helping provide agricultural livelihoods to many. The opening of an international
airport within the province also kick started the tourism industry, leading to urbanization
and service industry careers [26].

Figure 4c and d both have multiple stable states. In the “All industry or Mixed
Strategy” regime (Figure 4c), there are two stable equilibria, one at full participation in
alternative industry and one at a mixed strategy. Depending on the system’s history, either
equilibrium is a potential end point of the system. Figure 4d shows the “All Industry or All
Agriculture” regime. Similar to Figure 4c, two stable equilibria are present, with the only
endpoints of the system being full participation in either agriculture or industry. In this
regime, the two livelihood options do not coexist. Both of these regimes occur at higher
levels of agricultural water allocation and lower levels of baseline agricultural profit (the
lower right of Figure 3a).

With changing policy and environmental conditions, the system may undergo regime
shifts, going from one of the five regimes to another. Focusing on Figure 3a, different
regime shift patterns emerge under different values of 84. For example, at 84 = 0.25
and ¢ = 0.75, the system is in an “All Agriculture” regime. Decreasing ¥, moving
down through Figure 3a, brings the system to a “Mixed” regime and then to an “All
Industry” regime. This reflects a somewhat smooth transition from a system dominated
by agricultural livelihoods to a system dominated by industrial livelihoods. At 6,4 = 0.75,
such a decrease in 1 is accompanied by a different path: decreasing ¥ still causes the
system to shift from “All Agriculture” to, eventually, “All Industry”, but instead of passing
through a “Mixed” regime, it passes through “All Industry or All Agriculture” and “All
Industry or Mixed Strategy”. This implies the potential for a more drastic regime shift
between the two extremes.

Decreasing incoming water changes the phase diagram (compare Figure 3a—c). For
example, a value of 84 = 0.75 and ¢ = 0.5 results in an “All Agricultural” regime in
Figure 3a,b. When incoming water is lower still, the same socio-hydrological setting results
in the opposite extreme, an “All Industry” regime, in Figure 3c. As incoming water is de-
creased, more of the phase diagram is dominated by an industrial livelihood outcome. This
reflects the disproportionate effects of drought on the heavily water subsidized agricultural
sector in the Tempisque-Bebedero basin.
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Figure 4. Five possible regimes, under different socio-hydrological settings. Each of the five
regimes represent a different qualitative behavior, characterized by the number and nature of its
equilibria.

4. Conclusions and Final Remarks

The interconnected and highly managed nature of water-subsidized systems presents
unique challenges for promoting resilience. In this paper, we asked: what socio-hydrologic
regimes exist in a basin of this type? What factors determine these regimes and how do they
interact? How might a water subsidized system experience regime shifts as these drivers
change? To answer these questions, a stylized model was developed to capture key biophys-
ical and social processes in a representative watershed, namely, the Tempisque-Bebedero
watershed. The model included five dynamical variables representing environmental and
social aspects of the system. The model was simplified using nondimensionalization and
time-scale separation to obtain clear results in terms of the social variables—participation in
agricultural livelihoods and governance capacity. The model was evaluated under a range
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of socio-hydrological settings, which were characterized by a combination of hydrological
and social parameters.

The model analysis revealed five regimes under different combinations of water alloca-
tion and agricultural subsidy policies. Boundaries between these regimes were illustrated
in the phase diagram (Figure 3), which changed with changes in water availability (think
climate change). Crossing such a boundary means that the system undergoes a regime
shift. With its relative simplicity, the model offers a way to shed light on how changes in
different drivers (e.g., climate change, trade agreements, etc.) may affect potential regime
shifts that the system may experience. The knowledge of potential regime shifts in water-
subsidized systems—with the degree of clarity reported here—is difficult to obtain from
highly-parameterized, site-specific approaches that are often taken for these systems; this is
our contribution to the existing body of knowledge. This knowledge will also complement
other efforts (such as more sophisticated site-specific models, case study selection, and data
collection) and help decision makers design their governance structure to navigate these
potential regime shifts and pitfalls—either in anticipation of a potential shift or steering the
system away from an undesirable boundary—and to sustain a water-subsidized system.
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Appendix A. Selecting Dynamical Variables

The first step in creating the model structure is the selection of dynamical variables.
Dynamical variables represent the interconnected moving parts of the socio-hydrologic
system. For this selection process, input from relevant stakeholders in the Tempisque-
Bebedero watershed was incorporated through the results of a scenario planning workshop.
The interested reader is referred to [27] for more details of the workshop. Only brief
description is provided below.

Scenario planning has been used to develop policies when there are large uncertainties
within a system [28]. Conducting this exercise with stakeholders involves a structured
exploration of possible future scenarios at the extremes of uncertainty. The goal is to
develop different narratives to gain perspective and information in planning for the future.
This methodology is useful in engaging stakeholders in identifying what aspects of the
system are important to them collectively, but typically ends with the development of
scenarios. These scenarios have been used to influence policy and management [28], and
resulting scenarios have been input into models. However, the scenario planning process
has not yet been linked directly to model development efforts.
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As part of the scenario planning methodology [29] drivers of change within the basin
were listed. This was done through a mix of interviews and online surveys with stakehold-
ers from the Tempisque basin from various sectors, including agricultural, academic, and
government organizations. They were asked to list 7-10 drivers of change for water re-
sources, agriculture, and livelihoods, respectively. These drivers include water availability,
governance, and population growth. Drivers were then ranked by stakeholders for both
relevance and uncertainty. Stakeholders were asked to choose from the combined list those
drivers that they viewed as most important or relevant to the system. They then chose
the drivers they viewed as most uncertain when thinking about the future. They were
asked to provide 5 responses for most relevant and most uncertain, respectively, though
some listed fewer or more. The ranking process resulted in Figure A1 [27], an evaluation of
stakeholder-identified drivers of change in the Tempisque-Bebedero watershed.

Uncertainty Importance

Climate Change
Water Availability
Global Economy
Infrastructure

Governance
- Matural Resource Mgmt
Water Quality
Population/Migration
Livelihood Changes

Research/Education
Urbanization
Irrigation/Ag Practices
Ecology
Aquifers
Land Use
Ag. Expansion
Env. Consciousness
Energy
Tourism
Technology
+ Demand/Preferences -

o
[~
eh
(=
o
=]
o
=
T
(=3
=

1.00 0.75 0.50 0.25 o

o

0 0.00

Figure A1l. Drivers identified by stakeholders in a scenario planning workshop. This provided
information on what drivers of change stakeholders viewed as “uncertai” or “important”. The
shaded area contains the 5 drivers selected for use in developing dynamical variables. (Figure
adapted from [27]).

For dynamical variables, we selected those that were considered important, well-
understood, and sufficiently linked to capture some of the complex interactions within the
system. Among drivers with high importance, we focused on those with low uncertainty
rankings for use as dynamical variables. The drivers highlighted in Figure 2, represent
elements that are highly important and sufficiently well understood to be modeled through
simple dynamical equations. Governance, population/migration, and livelihood changes
are considered social variables, while natural resource management and water quality are
eco-hydrologic variables. The dynamics of these variables, along with some environmental
concerns, were used to develop the conceptual model (Figure 2). Some of the stakeholder-
identified high uncertainty drivers were included as tunable parameters; the dynamical
outcomes of the model would then be considered under wide ranges of these parameters.

Appendix B. Model Simplification through Time-Scale Separation

Analysis is conducted on the nondimensionalized model. Nondimensionalization sim-
plifies model analysis through parameter reduction. Dimensionless groups and their interpre-
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tations are summarized in Table 2. Substituting dimensionless groups into Equations (1)—(5)
yields the following nondimensionalized version of the model.

‘%’:1—(QAU+9T+1)-w (A1)
dw
di" = w — Awpy (A2)
dcC o ’)/AGAZUU . .
e ('y + 7wpv )C(l C)—¢ (A3)
dG

Tz = loyw<ap ~p(ap —04w)(1 - G) —6G (A4)
au ~ ~

= U(-U)(Ra— 1) (45)

where,
fa = [o(1—G")(0aw —ap)(ar —w) +](1 - BC)

G — G iffaw < ap
0 otw.

Time-scale separation was used on the the five-dimensional model to further simplify
the analysis and obtain clear results. This technique (see, e.g., Ref. [30]) assumes that
some components of a system follow significantly faster dynamics than the rest, practically
approaching their steady states with respect to other slow-moving components. Mathe-
matically, the steady states of these fast-moving components are expressed as functions
of the other slow-moving components and plugged into the the dynamical equations of
the slow-moving components, effectively reducing the dimensionality of the model to be
analyzed while retaining some feedbacks and interactions among these components in the
full model.

Here we assume that the social variables are moving more slowly than the eco-
hydrologic variables. This means we assume as the system evolves, the eco-hydrologic
variables react quickly to the social processes. We then write the equilibrium points of
these eco-hydrologic variables, namely w*, wi,, and C* as functions of U and G:

dw . 1

E_OHZU _QAU+9T+1 (A6)
dwpy x w*

dc 1 4¢

== =141 —— A

w07 ¢ 2< +\/ 7+7A9AAU> (A8)

Substituting these functions into Equations (A4) and (A5) yields the final model pre-
sented in Equations (6) and (7), on which stability analysis (see Appendix C) is performed.

Appendix C. Stability Analysis

First, the G- and U-isoclines were determined by setting Equations (6) and (7) equal to
zero, respectively. The G-isocline can be expressed as follows:

oG p(ap — Baw*(U))

5G _ = Iy
5 0—G faw* <ap V(“D — GAW*(U)) +6’

(A9)

where w*(U) = (04U + 07 + 1)~! is introduced for brevity, while still capturing the
dependence of the G—isocline on U; the indicator function Iy, <4, indicates the level of
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water shortage governance, G, is dependent on whether or not there is a water shortage,
which is a deterministic value based on the level of participation in agriculture. This can be
seen in the shape of the G-isocline shown in Figure 4.

There are three U-isoclines, one at full participation in agriculture, one at no participa-
tion in agriculture, and one where the payoffs, 77, of both livelihood strategies are equal.

That is,
; u=0o,
u
T _osldU=1, A10
e (A10)

R = 7ir = |p(1— G')(0aw" —ap)(ap — w*) + | (1 - BC*)

The 714 = 77 isocline where payoffs are equal also depends on whether or not a
water shortage is present. When a water shortage is present, the level of governance,
G, bolsters payoff to agriculture (center U-isocline in Figure 4b); when there is no water
shortage, governance level does not contribute to payoff (center U-isocline in Figures 4d).
The nonlinear relationship between water and payoff to agriculture (too little water or too
much water reduces overall payoff), creates the situation in Figure 4c where two different
levels of participation in agriculture result in the same overall payoff, 7T 4. The two center
U-isoclines in Figure 4c are both instances where 774 = 7t. These isoclines can be written
as follows:

1 1 7tT _ %
c=1 P(GAw*ocD)(wFW*)<(1ﬂC*) ‘P)' faw” < ap (A1)
0= [p(0aw" —ap)(ar —w") + 9| (1 - BC*) = 1, otw.

These isoclines are key in the stability analysis. The intersection between a G-isocline
and a U-isocline indicates an equalibrium point. The isoclines dissect the U-G phase plane
into regions. Analyzing the dG/dt and dU/dTt equations to determine the directions in
which G and U change in these different regions along with the confirmation by numerical
simulations, one determines the stability of the equilibrium points. This was the analysis
conducted in Figure 4.
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