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Abstract

Although environmental flow regime assessments are becoming increasingly holistic, they rarely provoke water managers
to enact the adaptive water reallocation mechanisms required to secure environmental water for wetlands. The conditions
that cause science-based environmental flow assessments to succeed or fail in informing the management of environmental
water requirements remain unclear. To begin to resolve these conditions, we used process tracing to deconstruct the sequence
of activities required to manage environmental water in four case studies of seasonally ponding wetlands in Mediterranean
and Mesoamerican watersheds. We hypothesized that, when the flexibility and equitability of the socioeconomic system
do not match the complexity of the biophysical system, this leads to a failure of managers to integrate scientific guidance
in their allocation of environmental water. Diagnostic evidence gathered indicates that science-management partnerships
are essential to align institutional flexibility and socioeconomic equitability with the system’s ecohydrological complexity,
and thus move from determination to reallocation of environmental water. These results confirm that institutions e.g., river
basin organizations need to be supplemented by motivated actors with experience and skill to negotiate allocation and adap-
tive management of environmental water. These institutional-actor synergies are likely to be especially important in water
scarce regions when the need to accommodate extreme hydrological conditions is not met by national governance capacity.
We conclude by focusing on benefit sharing as a means to better describe the conditions for successful science-based envi-
ronmental flow assessments that realize productive efficiency in environmental water allocation i.e., recognition of multiple
values for both people and ecosystems.
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Resumen

Aunque las evaluaciones del régimen de caudales ambientales son cada vez mas holisticas, las administraciones del agua
rara vez implementan los mecanismos adaptativos de reasignacién de agua necesarios para asegurar los requerimientos
hidricos de los humedales. Las condiciones que hacen que las evaluaciones de cientificas de dichos requerimientos sean o
no tenidas en cuenta siguen sin estar claras. Para comenzar a resolver estas condiciones, utilizamos una metodologia basada
en el rastreo de procesos para deconstruir la secuencia de actividades requeridas para gestionar los requerimientos hidricos
de los humedales en cuatro estudios de caso de humedales estacionales en cuencas hidrograficas del Mediterraneo y Mes-
oamérica. Suponemos que, cuando la flexibilidad y la equidad del sistema socioeconémico no coinciden con la complejidad
del sistema bioffsico, esto lleva a que los administradores no integren la orientacidn cientifica para realizar las asignaciones
hidricas ambientales. La evidencia recopilada con este diagndstico indica que las alianzas entre ciencia y gestién son esen-
ciales para alinear la flexibilidad institucional y la equidad socioecondmica con la complejidad ecohidroldgica del sistema.
Estos resultados confirman que las instituciones deben complementarse con actores motivados, con experiencia y habilidad
para negociar la asignacién y la gestion adaptativa de los requerimientos hidricos de los ecosistemas. Concluimos enfocan-
donos en la distribucién de beneficios como un medio para describir mejor las condiciones para evaluaciones exitosas de los
caudales ambientales que logran la eficiencia productiva en la asignacién ambiental del agua, es decir, el reconocimiento de

miltiples valores tanto para las personas como para los ecosistemas.

Introduction

Wetlands of any size and character play a key role for
society, not only because they sustain levels of biodiver-
sity that are disproportionately high relative to the area
they cover (Garcia-Moreno et al. 2014), but also because
of the ecosystem services they provide (Mitsch et al.
2015), including their enhancement of water security and
delivery of other interlinked products such as food and
energy (Vorosmarty et al. 2010; Boelee 2011; Hiilsmann
et al. 2019). In turn, the environmental water require-
ments of a wetland (sensu Ramsar Convention)! have
been consensually defined” and increasingly legislated
(Horne et al. 2017; Arthington et al. 2018a) as the ade-
quate amount and quality of freshwater at the right time
to sustain a wetland’s biodiversity and processes as well
as its provisioning of water-related ecosystem services
for people (e.g., replenishment, storage, purification,

! The Convention on Wetlands of International Importance, also
known as the Ramsar Convention, defines wetlands as “[...] areas of
marsh, fen, peatland or water, whether natural or artificial, permanent
or temporary, with water that is static or flowing, fresh, brackish or
salt, including areas of marine water the depth of which at low tide
does not exceed six metres” (Ramsar Convention on Wetlands 2016).

2 The original definition of environmental flows is “[...] the quan-
tity, timing, and quality of water flows required to sustain freshwater
and estuarine ecosystems and the human livelihoods and well-being
that depend on these ecosystems” (Brisbane Declaration 2007). This
definition was later expanded to describe “[...] the quantity, timing,
and quality of freshwater flows and levels necessary to sustain aquatic
ecosystems which, in turn, support human cultures, economies, sus-
tainable livelihoods, and well-being” (Arthington et al. 2018b).
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and flow regulation)’ and other benefits to human well-
being that span ecological, economic, sociocultural, and
intrinsic values (Russi et al. 2013; Tickner et al. 2017).
The concept of environmental water or flows applies
similarly to both running and standing waters, meaning
the water needs* of epicontinental aquatic ecosystems,
including to maintain their ecological integrity and
capacity to offer ecosystem services. However, despite
the progress made over the last decade in environment
flows science and policy, implementation of this eco-
logical restoration approach for wetlands — i.e., environ-
mental water releases — in water resources management
has been limited (Arthington et al. 2018a). Although
environmental flow regime assessments have become
increasingly holistic, they rarely provoke water manag-
ers to enact the adaptive water reallocation mechanisms
required to secure the environmental water requirements
of wetlands (Horne et al. 2017). With climate change
worsening drought conditions in water scarce areas, real-
locating environmental water to wetlands to maintain
adequate levels for both people and ecosystems remains
a socially divisive undertaking, particularly in locations

3 See Grizzetti et al. (2016) for a more comprehensive review of the
different definitions of water-related, water, or hydrological secosys-
tem services.

4 As per Ramsar Convention’s definition of wetlands, these water
needs include any balance among inflows of fresh, brackish, and salt-
water from both surface and groundwater depending on the location
of the aquatic ecosystem on the continent.
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where water supplies are fully allocated to consumptive
uses (Webb et al. 2010).

Beyond the challenging task of determining the adequate
amount, quality, and timing of environmental water to real-
locate to wetlands, environmental flow regime implementa-
tion, and ecological restoration more generally, continue to
be constrained by the additional need for such investments to
demonstrate multiple benefits from the same environmental
water for both people and ecosystems over time (Yang et al.
2016). To reduce competition among wetlands and more
direct human uses, a broader suite of benefits delivered by
wetlands other than for biodiversity need to be demonstrated
to existing water users and decision-makers. These stake-
holders are likely to have differing priorities, expectations
and responsibilities and thus seek to achieve distinct com-
binations and timeframes for accrual of the ecosystem ser-
vices being pursued. A significant challenge is therefore to
build science-management collaborations involving multiple
partners that support long-term, landscape-scale monitoring
and translation of monitoring information into adaptive deci-
sion-making, a process that must extend beyond the initial
environmental flow assessment (Webb et al. 2010). Due to
a general lack of such sustained, multi-sector partnerships,
the effectiveness of ecological restoration and management
tools such as environmental flows in increasing provision of
both biodiversity and ecosystem services is rarely assessed
through routine programs (Rey-Benayas et al. 2009).

Meta-analyses of relevant experimental studies have
shown that synergies between priorities and expectations
can be achieved at the various scales at which restoration
actions are deployed but that these synergies depend on a
shared design of the restorative actions (Meli et al. 2014).
In the many cases where partnership agreements that estab-
lish clear roles and strategies for adaptive water allocation
between the scientific and the water managers’ communities
are not in place, each community’s set of challenges inher-
ently obstructs environmental flow implementation. Specifi-
cally, the scientific community faces challenges related to
the uncertainty around prescribed flow-ecology relationships
that are often considered to be stationary in implementa-
tion frameworks but are, in reality, shifting in response to a
changing climate (Poff and Matthews 2013). Scientists are
also challenged by the need to integrate the water quality
requirement into the prescribed flow-ecology relationship, a
task that is difficult to achieve without sophisticated under-
standing of sediment dynamics, temperature variability,
and other water quality variables (Acreman et al. 2014). In
turn, water managers often face challenges in implement-
ing environmental flow regimes that have been informed
by prescribed flow-ecology relationships due to operational
and infrastructure constraints e.g., dam operation schedules
(Poft et al. 2016). Finally, both communities are challenged
by the need for more socially robust environmental science

to increase its understanding, legitimacy, and relevance to
decision-making (Hickey et al. 2013).

Assessing environmental water requirements is fur-
ther challenging for ecosystems shifting in time and space
between aquatic and terrestrial phases. These dynamic envi-
ronments, such as temporary streams and seasonal lakes and
wetlands that can transition from flowing (or flooding for
lentic ecosystems) to dry through a ponded phase, create a
mosaic of habitats and an alternation of ecosystem services
(Stubbington et al. 2020). The correct delineation of these
transitory wetlands is further complicated by the need to
exclude occasional flooding over non-wetland habitats as
well as long-term changes in inter-annual variability (Per-
ennou et al. 2018). Although intermittent rivers, ephemeral
streams, and temporal lakes, were little studied historically,
they have been gaining traction in freshwater research and
regional water policies with an expanded new focus (Datry
et al. 2017; Arthington et al. 2018b). This is due to increas-
ing disruptions to water resources causing previously peren-
nial systems to become seasonal or intermittent as a result
of development, land use and climate change (Leigh et al.
2016), but also due to the recognition of the value of these
non-perennial systems as providers of ecosystem services
that differ from those produced by perennial systems (Stub-
bington et al. 2020). This perception is more pronounced in
dry regions with developing economies due to the greater
reliance of people’s livelihoods on temporary streams and
ponds for public water supply (e.g., Stubbington et al. 2020).
Regions of the world that developed or are developing within
an environment of water scarcity tend to already have dif-
ferent infrastructure, institutions, and societal attitudes that
equip them to cope with high variability in available water
(Gleick 2010), including for protected wetland management
(e.g., Downard et al. 2014). For example, such regions often
invest in increased water storage for public water supply
and crop irrigation but also leverage assessment methods,
monitoring technologies, and policies aimed at reducing
water use, controlling salinization, and maintaining ecosys-
tems (Davies et al. 2016). Such strategies are often more
prevalent in water-scarce regions located within countries
of sufficient wealth to offset the cost of unpredictable water
availability with institutional reforms and water infrastruc-
ture investments (Grey and Sadoff 2007; Vorosmarty et al.
2010). The institutional transaction costs of forming a more
complex governance system are therefore higher for water-
scarce regions because they require flexible mechanisms to
cope with equally high variability in environmental water
requirements (Horne et al. 2018). Lessons from partnerships
formed under these circumstances can shed light on how
existing institutions, and other actor-driven processes (e.g.,
facilitation by nature conservation organizations), can create
bridges between the scientific and water management com-
munities. An example of such partnerships for sustainable
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wetland governance are the voluntary environmental con-
tracts being used in the European side of the Mediterranean
region (Ernoul et al. 2021). Even when falling short of a full
connection between scientific and management communi-
ties, lessons can help address the research gap in understand-
ing what ultimately governs equitable allocation and effec-
tive management of environmental water (Horne et al. 2017)
and thus inform amendment of existing policies in line with
the integration of scientific progress into the policy-making
process (Quevauviller et al. 2005).

To address this research gap, we brought together evi-
dence describing how the process of knowledge genera-
tion in ecohydrology science translates into mutual learn-
ing and uptake by the science-management partnerships
needed to implement environmental water management.
Our goal was to identify how environmental water require-
ments for seasonally ponding wetlands® are determined,
which institutional entities or other actors (e.g., a wetland
conservation project with a stakeholder engagement com-
ponent) initiate this determination, and which other actors,
in turn, need to be involved in the knowledge generation
and knowledge uptake processes to support future alloca-
tion and management decisions. We used process tracing
as a method to gather diagnostic evidence from four case
studies in the Mediterranean and the Mesoamerican regions.
We compared the significance of that evidence in linking
the processes of knowledge generation and knowledge
uptake for select wetlands that benefit from a level of pro-
tection generated through their designation as Ramsar Sites
under the Ramsar Convention on Wetlands of International
Importance (Ramsar Convention on Wetlands 2016). The
two pairs of case studies (Pair one: Mexico and Costa Rica,
and Pair two: Spain and Morocco) represent a combination
of regional water scarcity conditions and different levels of
institutional development for nature conservation and water
agencies in the respective countries. Conscious that trade-
offs and synergies between ecosystem services are scale and
location dependent (Martinez-Harms and Balvanera 2012),
we focused on the common precondition but differentiated
outcome of the science-management collaboration across
the case studies. We hypothesized the common precondi-
tion to be the presence of nature conservation and water
agencies but the differentiated outcome of more effective
environmental water management to depend on the level
and type of institutional development (e.g., policy cohesion
between nature conservation and water agencies’ mandates,
presence of river basin organization) required to enable

> We define seasonally ponding wetlands to include the following
functional groups of the Lakes, and Palustrine wetlands biomes as per
Global Ecosystem Typology (Keith et al. 2020): F2.3 Seasonal fresh-
water lakes, F2.5 Ephemeral freshwater lakes, F2.7 Ephemeral salt
lakes, and TF1.4 Seasonal floodplain marshes.

@ Springer

science-management partnerships. We further expand upon
this hypothesis at the end of the analytical framework sec-
tion of our methods below. In bringing together the ecohy-
drological and socioeconomic perspectives underpinned by
the two sides of these science-management partnerships, we
also highlight interconnected processes that could contribute
to science-policy integration nationally and, if replicated,
accelerate progress in the field of environmental water man-
agement worldwide.

Methods
Analytical Framework
Process Tracing

We employed process tracing (Beach and Pedersen 2013)
as a qualitative research method to evaluate how determin-
ing highly variable environmental water requirements of
seasonally ponding wetlands (i.e., knowledge generation)
translates into potential allocation of environmental water
under different allocation mechanisms that may exist in dis-
parate water policy environments (i.e., knowledge uptake
and practice). Process tracing is used to evaluate claims of
causal inference within a single case i.e., the theory behind
the how and the why change has occurred in a particular
context rather than the if, including after the events being
studied have concluded and in the absence of a control group
(Punton and Welle 2015). This theory of change is formu-
lated for each case study by: a) careful description of how
the sequence of events have unfolded for various entities,
and b) a hypothesis of which intervention is likely to have
influenced the key outcome, each activity and intermediate
outcome in the sequence of events or activities at the time if
necessary (Beach and Pedersen 2013).

Empirical tests are then used to assess the strength of
the evidence collected to support the causal sequence and
hypothesis while rejecting alternatives (Collier 2011). To
generalize our findings, we tested the hypothesis across
four case studies for which we were able to identify docu-
mentary evidence connected to a particular stage in the
causal sequence. The evidence is used to run four increas-
ingly inferential tests that are either necessary or sufficient
to accept or reject the hypothesis: ‘straw in the wind’” (low
uniqueness and low certainty of evidence; neither nec-
essary nor sufficient), ‘hoops’ (high certainty; necessary
to accept either the hypothesis or the counterhypothesis),
‘smoking gun’ (high uniqueness, sufficient to accept the
hypothesis), and ‘double decisive’ (high certainty and high
uniqueness of evidence; both necessary and sufficient)
(Punton and Welle 2015).
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Fig. 1 Deconstructing the

active environmental water management

sequence of causal events in
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management based on Horne
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The Causal Sequence: Environmental Water Management

To deconstruct the distinct activities that make up environ-
mental water management through process tracing, we fol-
lowed the categorization proposed by Horne et al. (2018).
Accordingly, the sequence of processes is: i) determining,
ii) allocating, iii) implementing, and iv) managing environ-
mental water (Fig. 1). In this context, the overall intervention
examined is any wetland restoration or conservation project
(whether in isolation or as part of a river basin-wide initia-
tive to restore or maintain key aquatic ecosystems) seeking
delivery of environmental water and the outcome sought
is an efficient allocation of environmental water, which
generally means reallocation of some water in a catchment
from other human uses to environmental flows for wetlands.
Another distinction made by Horne et al. (2018) that we
adopted is between ‘active’ management i.e., when deci-
sions as to where and how to recover and use environmental
water are continuously made on the basis of periodically
reassessed ecological objectives by an independent legal
entity (e.g., a park service or conservancy acting on behalf
of the wetland), and ‘passive’ management i.e., when water
is allocated according to rules that have been defined by
planning or regulatory instruments by the water management
district or river basin authority, even though these rules may
provide for a negotiated decision on ecological objectives
among all water users at the beginning of the process. In the
broader context of governing the commons (sensu Ostrom
1990), passive management is generally associated with rel-
atively stable institutions in charge of maintaining common-
pool resources for a variety of well-established water-using
sectors. By contrast, active management often requires the
presence of supporting actors from underrepresented sec-
tors e.g., a local environmental organization to take up the
interests of the wetland in question. These actors create a
need for more decision-making space around the relatively

causal mechanism/sequence of events

fixed centers of decision-making represented by institutions
(Carlisle and Gruby 2019). This additional decision-making
can however be increasingly transitory in nature (e.g., a par-
ticipatory forum, a collaboration, or a consultation) depend-
ing on the standing i.e., the individual legal rights of who
is representing the wetland, among other factors (Williams
2010; O'Donnell and Talbot-Jones 2018).

Because of the dichotomy between active and passive
management observed by Horne et al. (2018), and how
passive management is associated with the role of institu-
tions and active management with the role of actors as dis-
cussed above, we analyzed cases studies through the lens
of two complementary organizational and social science
theories, namely institutional theory and actor-network
theory (Modell et al. 2017). According to these theories,
institutions rely on the stability of rules whereas actor net-
works rely on constant change and flexibility from human
agency to fulfill agendas. In dealing with the same issue,
institutions therefore rely on mandates such as water sup-
ply or environmental protection while actors are driven
by interest e.g., economic returns from productive water
use but also ecosystem health. In our analysis, we differ-
entiate between formal institutions (e.g., state agencies)
and supporting actors (e.g., NGOs with focal interest in
nature conservation) to best define entities involved in the
environmental water management activities and therefore
identify adequate evidence for process tracing (Beach and
Pedersen 2013). Evidence that an institution has fulfilled
its mandate i.e., the institutional performance (sensu Saleth
and Dinar 2004) may depend on organizational variables
measuring decentralization such as nestedness and incen-
tives for local government, and the complementarity or
conflict of mandates (Bartley et al. 2008). In contrast, evi-
dence that change has been actor-driven can be evaluated
through behavioral variables such as capability, motivation,
and opportunity (Koleros et al. 2020). In practice, however,
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the actions of institutions and actor networks often blend,
for example when decentralization is leveraged to ensure
effective participation (Pahl-Wostl 2009). Therefore, it can
be difficult to discern to which implementation pathway
(i-e., active or passive management) any given environmen-
tal water allocation decision belongs from simply knowing
if the water policy environment supports individual rights
for a wetland manager — be it a park service, an environ-
mental organization, or a private steward. Therefore, in
addition to identifying institutions and actors, we also
focused on who among these entities defines the ecological
objectives for environmental water management and how
(including for what outcome) these are defined during the
determination phase.

Refocusing the Outcome: Productive Environmental Water
Efficiency and Benefit Sharing

Each pathway to the implementation of environmental
water (i.e., active vs. passive management in Fig. 1)
incurs different transaction costs associated with setting
up the allocation mechanism for environmental water.
Where mandated institutions are already well established,
these transaction costs may include lock-in costs of
changing deeply entrenched practices. In contrast, where
the need for more flexibility calls for designing, imple-
menting, and maintaining new arrangements, the trans-
action costs are first predominantly transition costs, and
thereafter new administrative costs (Horne et al. 2018).
In water-scarce regions in particular, the institutional
costs of flexibility reflect both the limited predictability
of ecological demands due to seasonal variability e.g.,
of wetland flooding for waterfowl (Donnelly et al. 2019),
and the need to clearly articulate the wider societal ben-
efits stemming from environmental water for wetlands to
a full set of stakeholders (Overton et al. 2014). Despite
active environmental water management thus requiring
a higher investment, this pathway does not ensure the
outcome of allocative efficiency of environmental water.
For this outcome to be realized, collaboration needs to
prevail over competition among water users. However,
collaboration is not a sufficient precondition as making
environmental water managers a legal entity and a law-
ful water right holder has been found to lead to either
collaboration or competition depending on other circum-
stances (O’Donnell 2017). We therefore posit instead that
the higher costs of establishing an allocation mechanism
for seasonally ponding wetlands are better met (as a cost-
effective investment) by framing benefits more broadly
from the early stages of the causal sequence of determin-
ing, allocating, implementing, and managing environ-
mental water. The determining circumstances for achiev-
ing collaboration in environmental water management

@ Springer

are then the adoption of a better suited approach that
allows setting up and pursuing broader, more inclusive
objectives for the reallocation of water uses in a catch-
ment i.e., conserving biodiversity and delivering other
ecosystem services at the same time. One such approach
is ‘benefit sharing’, a concept that will hereafter remain
a key theme of this study.

Benefit sharing has been used as an approach to
broaden the assessment of economic benefits from
transboundary rivers to also include indirect and non-
use values of water (Sadoff and Grey 2002; Fisher et al.
2005; Arjoon et al. 2016). Although benefit sharing is
not explicitly applied in environmental flow implementa-
tion, freshwater research has aligned to this perspective
by introducing the concepts of demand management for
environmental water (Pittock and Lankford 2010) and
productive environmental water efficiency (Horne et al.
2018). Productive efficiency requires environmental
water to deliver multiple benefits and therefore places
equal emphasis on both the biodiversity conservation
and ecosystem services component of the assessment,
though these components are not easily dissociable as
a healthy ecosystem function (i.e., biodiversity) is the
basis for service provision. With this revised focus, active
management works to reduce the additional uncertainty
introduced by the need to monitor the response of both
biodiversity and ecosystem services to environmental
rewatering by allowing for frequent decision points to
reevaluate predictions, with costs depending on the learn-
ing needs of stakeholder participation (Williams 2010).
Considering environmental water management rarely
reaches the implementation phase (Arthington et al.
2018b), we further broke down the process of determin-
ing environmental water into: i) recognizing, ii) conven-
ing, iii) agreeing, and iv) preparing for allocation (more
details in Fig. 2) as four distinct steps or activities within
‘determining’ to better analyze barriers preventing pro-
gress to the next stages. We did so by focusing on benefit
sharing as the benchmark approach described by IUCN
(2021) because it operationalizes recognition of the mul-
tiple values of environmental water for both people and
ecosystems. Furthermore, this kind of approach is suit-
able to introduce the political dimension of water allo-
cation in connection to stakeholders that operate within
the formal and informal constraints of institutional struc-
tures and a web of power relations (van Gevelt 2020).
Also considering the importance of stakeholder (i.e., any
water-related ecosystem service beneficiary) participation
for understanding and negotiating productive efficiency
in environmental flows assessment (Overton et al. 2014,
Grizzetti et al. 2016), we focused our analysis on the first
activity of ‘recognizing’ to formulate a hypothesis regard-
ing these expected barriers.
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Fig.2 Deconstructing the sequence of causal events in determin-
ing environmental water (EW) based on IUCN (2021) for the pur-
pose of a more focused process tracing analysis of stage #1 in Fig. 1
‘Determining’. A key difference with Fig. 1 is that the intervention
and outcome have changed from seeking EW delivery and allocative
efficiency of EW to seeking shared benefits and productive efficiency
of EW based on Horne et al. (2018), respectively. As a result, water

The Hypothesis: Science and Management for Complexity
Unmatched

To comply with the process-tracing methodology
described above, we reformulated the conceptual hypoth-
esis that we outlined in the introduction in terms of
preconditions and differentiated outcomes as a proce-
dural hypothesis for moving from the first to the second
activity identified in Fig. 2 as follows: the process of
recognizing the principles of productive environmental
water efficiency, which includes raising the awareness
of and reaching a full understanding of the values of
the allocation for all environmental water beneficiaries,
leads to the process of convening a truly holistic environ-
mental water assessment. This is because the flexibility
and equitability of the socioeconomic system has then
become sufficient for (and therefore match) the com-
plexity of the biophysical system created through step 1
(recognizing the principles), which in turn leads to suf-
ficient coupling of scientific and managerial expertise
in step 2 (convening of the environmental water assess-
ment as a dialogue platform). The main hypothesis for
this study can therefore be formulated as a two-part set
of conditions:

e An environmental water assessment process for season-
ally ponding wetlands is effective when:

users from Fig. 1 have become water beneficiaries in this figure. The
first step of ‘recognizing’ in this more detailed sequence is circled in
red to highlight that this is the focus of this study. The arrow leading
to the following step of ‘convening’ is transparent to indicate that the
environmental water management process moves on to the next activ-
ity if the hypothesis that we formulated accordingly and tested in our
analysis is met

e the institutional flexibility and socioeconomic equi-
tability in the watershed® match its biophysical com-
plexity in terms of both ecology and hydrology, and

e the assessment is holistic and convened following
the principles of productive environmental water
efficiency such as in a benefit-sharing approach.

To accept or reject this main hypothesis as per process
tracing method, we compiled documentary evidence for
each case study that we used to run the four (when pos-
sible, based on available evidence) increasingly infer-
ential tests. In practice, then, the coupling of scientific
and managerial expertise manifests in the type (e.g.,
whether it incorporates both ecological and hydrologi-
cal complexity) and source (e.g., whether it originates
from an institution or through other supporting actors)
of the request to conduct an environmental water assess-
ment. This request needs to characterize the environmen-
tal water both in terms of ecological outcomes and the
resource supporting the cultural, social, and economic
values of the wider community, including less tangible

% The exceptions to the watershed as the most relevant management
unit being the cases of inter-basin water transfers and groundwater
resources not following the watershed boundaries.
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Fig.3 Location of the hydrographic units where the four seasonally
ponding wetlands are found in the respective Mesoamerican (A) and
Mediterranean (B) regions. Two of these have their own hydrographic
sub-unit i.e., Sistema Lagunar Alvarado and Laguna de Gallocanta.

benefits such as the flexibility and legal security of the
allocation mechanism itself (Horne et al. 2018). The
related guiding questions that we used to gather docu-
mentary evidence to test the hypothesis are in Annex I
of the Supplementary Material.

Case Studies

To analyze the first stage in the causal sequence of deter-
mining environmental water and keep with the broader
goals for the study, we chose two pairs of regional case
studies in a watershed/river basin location containing a
seasonally ponding wetland that is also designated as a
Ramsar Site of International Importance and for which
a request to conduct an environmental flow assessment
had been made. The first pair of case studies from the
Mesoamerican region (Fig. 3A) includes:

e Sistema Lagunar Alvarado’ and Laguna La Popotera,®
found in the Papaloapan watersheds of Mexico,” and

e Palo Verde,'° found in the Tempisque-Bebedero water-
sheds of Costa Rica.!!

7 https://rsis.ramsar.org/ris/1355
8 https://rsis.ramsar.org/ris/1462
° http://sina.conagua.gob.mx

10 https://rsis.ramsar.org/ris/540
' https://www.snitcr.go.cr
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The territory of the countries with the relatively higher GDP is in
blue while that of the countries with the relatively lower GDP are in
red

The second pair of case studies located in the Mediter-
ranean region (Fig. 3B) includes:

e Laguna de Gallocanta,'? found in the Ebro River Basin
of Spain,'? and

e Lacs d’Imouzzer du Kandar,'* found in the Sebou River
Basin of Morocco.?

To control for similar circumstances of water scarcity
as much as possible, the two pairs of national-level case
studies are found in comparable water stressed water-
sheds/river basins!® and comparatively drier climate
sub-types within their respective regions, namely the
tropical savanna climate (Aw) for the Papaloapan and
Tempisque-Bebedero watersheds, the Cold semi-arid
climate (BSk) for the Ebro River Basin (on the cusp
with a continental climate with warm summers and cold
winters for Laguna de Gallocanta), and the Hot-summer
Mediterranean climate (Csa) for the Sebou River Basin
according to the Kdoppen-Geiger climate classification for
the present time (Beck et al. 2018). While the four coun-
tries also have different levels of legal and institutional
development for environmental water management, the

https://rsis.ramsar.org/ris/655
http://www.chebro.es
https://rsis.ramsar.org/ris/2374
http://www.abhsebou.ma
http://aqueduct.wri.org

SR
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differences in resources between pairs are comparable
as the ratio between Mexico’s and Costa Rica’s GDP is
1.7, and the ratio between Spain’s and Morocco’s GDP is
1.1 (World Bank 2020). Notably, Laguna de Gallocanta
in Spain, as an endorheic system, and Sistema Lagunar
Alvarado in Mexico, as a coastal lagoon-delta complex
with numerous freshwater floodplain marshes associated
such as Laguna La Popotera originally, are considered
separate hydrographic units as assessed by Lehner et al.
(2008). While the four case studies can be grouped into
pairs based on geoclimatic and development classifica-
tions, we first analyzed each case study individually as
presented in detail in Annex II of the Supplementary
Material and summarized below.

Results

Documentary evidence that is neither necessary nor suf-
ficient to firmly prove the hypothesis, but it is nonethe-
less useful to increase its plausibility, was used to pass
the ‘straw in the wind’ test for all case studies, namely
Mexico, Costa Rica, Spain, and Morocco. This evidence
is linked to the record of past initiatives to determine
environmental water requirements within at least the
watershed or river basin where the seasonally ponding
wetland of interest is found. Other supporting evidence
that is instead necessary to keep the hypothesis under
consideration was used to pass the ‘hoops’ test for all
four case studies again. This evidence is about the level
of sectoral participation achieved during the determina-
tion of the environmental water requirements. This evi-
dence is necessary because it is the minimum require-
ment to operationalize recognition of the multiple values
of environmental water for both people and ecosystems
as per benefit-sharing approach. Other more compelling
evidence to consider the hypothesis acceptable was used
to run the ‘shooting gun’ test, which only Mexico and
Spain were able to pass. This evidence pertains to the
setting up of monitoring networks and research-driven
systems to assess the productivity of the environmental
water and thus guarantee its adaptive management. This
evidence is more compelling because it follows all the
principles of productive environmental water efficiency
such as in a benefit-sharing approach. Finally, the strong-
est evidence to fully validate or counter the hypothesis
was used to run the ‘double decisive’ test, which no case
study was able to pass. This last piece of supporting evi-
dence, if found, would have been tying the determination
of the environmental water to its actual allocation beyond
the definition of the allocation mechanism.

Discussion

This study provides a renewed perspective on how to
secure environmental water by looking at a subset of
inland aquatic ecosystems (i.e., seasonally ponding wet-
lands) for which the high institutional transaction costs to
cope with natural variability in water availability create
a distinctive need to connect the processes of knowl-
edge generation and knowledge uptake for more effective
adaptive management. Our study further breaks down the
analysis conducted by Horne et al. (2018) on maximiz-
ing benefits and minimizing the costs of environmental
water use and management and focuses on benefit shar-
ing as a benchmark approach for realizing environmental
water efficiency through the recognition of its multiple
values for both people and ecosystems. Whereas numerus
studies have confirmed the importance of stakeholder
participation in the governance of water resources since
Pahl-Wostl (2009), we used the process tracing method
to conduct a more detailed analysis of the specific sets
of institutions and actors involved in the management of
four seasonally ponding wetlands.

More broadly, our analysis provides useful guidance
on how to implement science-management partnerships
for effective environmental water outcomes by highlight-
ing a set of three challenges that need to be overcome
to that effect (Fig. 4). The first challenge relates to sci-
ence and is imposed by the combination of hydrologi-
cal and ecological complexity of seasonally ponding
wetlands. The second challenge relates to management
and is imposed by the lack of institutional flexibility and
socioeconomic equitability. Third, and finally, there is
a challenge imposed by the need to match and connect
scientific and managerial expertise when these exist or
are developing, e.g., in water scarce regions, but are not
brought together by effective approaches such as the
framing of environmental water as a multi-faceted ben-
efit to share within the watershed. The latter challenge
likely includes the need to bridge the gap in the aware-
ness of these multi-faceted environmental water benefi-
ciaries through facilitation by nature conservation organ-
izations during e.g., participatory planning platforms and
we suggest further research in this area. The different
levels of experience and success in overcoming this set
of three challenges from our case studies were also the
basis for recommending different avenues for adjustment
and replication as part of the current international agenda
on ecosystem restoration as discussed below. Because
the four seasonally ponding wetlands analyzed are also
Ramsar Sites, we focused specific policy recommenda-
tions for replication in the context of the Convention.
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Quitability,

Fig.4 The three challenges for implementing science-management
partnerships for effective environmental water management based on
productive water allocation efficiency: 1) the challenge for science at
the intersection between hydrological variability (made more extreme
in seasonally dry climates) and ecological complexity where fresh-
water ecosystem mosaics occur, 2) the challenge for management at
the intersection between institutional flexibility and socioeconomic
equitability where facilitation of participatory planning platforms

Science-Management Partnerships

Challenge for Science: Hydrological Variability
and Ecological Complexity

In both temperate and tropical climates with a distinct dry
season such as the Mediterranean and Central American
savannas (Beck et al. 2018), both intra- and inter-annual
variability but also vulnerability to overall climate change
are key determinants of seasonally ponding wetland ecosys-
tems (Osland et al. 2011; Lefebvre et al. 2019). Following
the natural patterns imposed by these climatic conditions,
many ecological features depend on the hydrology of each
wetland’s typology i.e., whether a lotic (i.e., running waters),
lentic (i.e., standing waters), or marine-process dominated
coastal (e.g., estuaries) ecosystems (UN Environment 2018).
In lentic ecosystems such as the seasonally ponding wet-
lands we took into consideration, the flooding regime i.e.,
when, where, and how much the wetland is inundated, is the
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occur, and 3) the challenge for partnering science and management at
the intersection between these four elements of the socio-ecological
system where benefit-sharing can pin all of them together and help
bridge the gap with policy. To that effect, policies such as water allo-
cation mechanisms and ecosystem service valuations also need to
occur at the intersection between hydrological variability and institu-
tional flexibility as well as ecological complexity and socioeconomic,
respectively

main bio-physical factor influencing all other abiotic vari-
ables e.g., salinity (Camacho et al. 2009). These in turn co-
determine the composition of the biological communities
and ecosystem functioning (Camacho et al. 2016) as in the
case of Laguna de Gallocanta (see Annex II of the Supple-
mentary Material). Due to these climatic and hydrological
characteristics, a mosaic of permanent and temporary wet-
land typologies coexist in the same landscape (Stubbington
et al. 2020). Latitudinal and longitudinal gradients of local
geomorphological factors (Ward 1989) play a role in the
seasonality of flooding patterns, and therefore of the envi-
ronmental water requirements to be recommended when
designing and managing allocations. As a result of these
gradients, highly variable hydrological connectivity may
control the flow between isolated wetlands and the more
permanent stream network as for the cases of Palo Verde,
Laguna de Popotera, or even Lacs d’Imouzzer du Kandar if
we include underground connectivity via a shared aquifer
(see Annex II of the Supplementary Material).
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The variability-adapted ecology of these systems makes
it such that a regime of minimum flows (even when par-
tially mimicking natural flow patterns) is not expected to
ensure ecological integrity for lentic ecosystems in the
medium and long run when it has not worked to reverse
hydrological alterations for lotic ecosystems (e.g., Mezger
et al. 2021). It also makes it challenging for science to
design active adaptive management protocols for the incre-
mental averaging of ecological models and responses as
experimental environmental water is released, which tends
to require more collaborative monitoring frameworks
(Williams 2010). Based on the evidence we collected, sci-
entist that worked to determine the environmental water
requirements for Sistema Lagunar Alvarado in Mexico and
Laguna de Gallocanta in Spain were largely able to over-
come these challenges whereas in Palo Verde, in Costa
Rica, and Lacs d’Imouzzer du Kandar, in Morocco, were
not, although a variety of supplementary efforts that reflect
on good management are taking place in the respective
watersheds. In summary, the differences in the scientific
contributions to an environmental water determination
of the seasonally ponding wetlands across case stud-
ies suggest that the lack of these capabilities may be the
limiting factor for legitimizing such an assessment and
subsequently considering a water reallocation within the
existing institutional frameworks. At the same time, the
lack of an explicit and complete request for such an assess-
ment from managing (water and/or nature conservation)
institutions suggests a thwarting effect on scientific efforts
as discussed in the next section.

Challenge for Management: Institutional Flexibility
and Socioeconomic Equitability

In the face of the ecohydrological challenges above, we
hypothesized that the common precondition for effective
environmental water management to be realized was the
presence of nature conservation and water agencies. By
contrast, we hypothesized that the differentiated outcomes
for this effective management of environmental water to
depend on the level and type of institutional development
required to enable science-management partnerships. From
the legal perspective of agency mandates, certain types of
standing waters may be more challenging than water courses
to protect. Water legislation may not explicitly complement
sustainable water resources management with the conserva-
tion of important aquatic habitats and species as manage-
ment rules for rivers have often only been linked directly to
human uses such as abstractions or navigation (Perry et al.
2021), but those rules only secondarily benefitted habitats
and species present in e.g., seasonally connected floodplain
wetlands. The physical and biological nexus between a pond
or a marsh and its adjacent stream network can be difficult

to demonstrate when this nexus is disconnected, however
temporarily, or variably dependent on an aquifer (McLaugh-
lin et al. 2014). Specific examples of the type of institu-
tional development required to enable science-management
partnerships in the case of our inland aquatic ecosystems of
analysis are the capacity to integrate wetland conservation
into sectoral water allocation and dealing with highly vari-
able availability in water scarce environments.

The blueprint for the proficient conservation of Laguna
de Gallocanta is in the application of the combined provi-
sions of the EU Birds and Habitats Directives (BHD) and
Water Framework Directive (WFD). The BHD aims to
safeguard any water-dependent site designated because of
‘Natura 2000’ listed habitat or species from allocating water
to other uses such as agriculture (see Annex II of the Sup-
plementary Material). The WFD, for its part, aims at reach-
ing the good status of all water bodies in the EU, and not
to further deteriorate them. The determination of all hydro-
morphological elements (i.e., environmental flows and
connections to groundwater) that support both the require-
ments of the qualifying habitat or species of Natura 2000
sites and those of good ecological status under the WFD
is a desirable yet elective assessment program that Spain,
among other EU member countries, has undertaken. This
type of assessment implies protection from adequate water
allocation for wetlands like Laguna de Gallocanta. Similarly,
the Mexican Environmental Flow Standard (see Annex II
of the Supplementary Material) does away with minimum
flow approaches that have little relevance in highly seasonal
climates and recognizes natural variability as a better para-
digm for assessments, if not according to holistic methods
that consider tradeoffs between ecological conservation and
water use yet (Gomez-Balandra et al. 2014). However, not
all countries make the link between wetland conservation
and environmental water allocation explicit in their legisla-
tion, and not all wetlands are designated as water bodies
entitled to protection in the first place, typically leaving out
the smallest and temporary wetlands from river basin man-
agement plans (RBMPs in the WFD, PAMICs in Mexico).
It is therefore difficult to expect a good level of protection
for wetlands, especially if isolated, in the absence of at least
a designation as protected area including under an interna-
tional treaty such as the Ramsar Convention. The extent of
the vulnerability of wetlands as a scattered ecosystem has
been revealed by Bastin et al. (2019), who found that only
15% of inland surface waters globally are protected, or by
Paragamian et al. (2017), who found that the number and
state of small wetlands e.g., on the Greek islands was not
even known.

Water scarcity can also hinder institutional development
and flexibility to conduct negotiated agreements for environ-
mental water allocation and management when ecosystem
services are not framed as part of the solution to achieving
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socioeconomic equitability. The socioeconomic context
in water-scarce regions is one of recurrent and prolonged
drought, demand seasonally exceeding supply, and unequal
allocation hampering resilience of social-ecological systems
despite any well-intentioned regulation. In the Mediterra-
nean Region, for example, a steady drop in the flow of rivers
has been coupling with a massive increase in dam storage
capacity to a level 1.5 times the annual volume of freshwater
discharged into the Mediterranean Sea (MWO 2018). This
steady drop in the flow of rivers between 1960 and 2000,
from 25% to 70%, reaching 80% for the River Cetina (Croa-
tia) or 65% for the Nile River, has strongly affected water
requirements of wetlands. The reductions in flow, combined
with other phenomena like reduction of minimum flows and
the increased frequency of flash flooding, when water can-
not be retained, have contributed to make water resources
available for wetlands increasingly scarce throughout the
Mediterranean region (MWO 2018). In the Mesoamerican
Region, the dry corridor within the isthmus running from
Mexico to Panama has been described as a poverty trap
where the link between climate change and ecosystem degra-
dation is exacerbated and is a known source of both concern
and cooperation (Gotlieb et al. 2019). Although situations
of crisis or endemic deficiency can contribute to reducing
conflict and promoting negotiation, these situations usually
bring about additional resources in the form of international
finance that is attached to increased water storage solutions.
In the Sebou river basin of Morocco, the Green Climate
Fund (GCF) is investing in what they consider as “improving
the climate resilience of agricultural systems” of the central
Saiss Plain by a water transfer and irrigation scheme among
other measures.'” In the Tempisque-Bebedero watersheds
of Costa Rica, the Central American Bank for Economic
Integration (BCIE) is financing the water supply program
for Guanacaste (PIAAG) that hinges on the creation of a
new reservoir.'®

By contrast, the institutions and actors involved in the
determination of the environmental water requirements for
Sistema Lagunar Alvarado in Mexico and Laguna de Gal-
locanta in Spain were largely able to overcome the chal-
lenges for management imposed by the lack of flexibility
and equitability with a clear, and somewhat cohesive, man-
date for water agencies and nature conservation agencies
alike. In Palo Verde and Lacs d’Imouzzer du Kandar, the
level of cohesion was hindered by the lack (Costa Rica) or
early stage of implementation (Morocco) of a water law link-
ing watershed management to wetland conservation. This

17 https://www.greenclimate.fund/project/fp043
18 http://www.senara.or.cr/proyectos/paacume/Paacume.aspx
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suggests that international finance also flows more sectorally
in countries where the integration between the management
of water resources and wetlands (as connected features of the
landscape that may or may not be protected at a varying level
from indirect uses) is lacking. The sectoral nature of interna-
tional finance is evidenced by multilateral investments going
towards initiatives focusing on wetland biodiversity or their
climate change mitigation potential but not as a piece of
natural infrastructure or a nature-based solution contributing
to water security.

Challenge for Partnering Science and Management:
Benefit-Sharing as a Potential Solution to Also Achieving
Productive Environmental Water Efficiency

In the face of both ecohydrological and socioeconomic chal-
lenges above, we further hypothesized that enabling effective
science-management partnerships would require an envi-
ronmental water assessment that is holistic and convened
following the principles of productive environmental water
efficiency as in benefit-sharing. The failure to meet this last
condition is best shown by the example of Mexico. The level
and type of institutional development in Mexico were such
that the environmental water requirements determined for
the wetlands of the Papaloapan watersheds could be secured.
This was possible owing to a clear mandate from river basin
organizations that were also strengthened by the need to
comply with international biodiversity and climate change
commitments and compounded by water scarcity. Although
realistic and mindful of existing water availability and water
rights, the ecological objectives for those environmental
water determinations were not entirely linked to socioeco-
nomic values in practice through, for example, ecosystem
service assessments that included water users’ participa-
tion in addition to experts’ opinion, however representative.
Therefore, the environmental water efficiency achieved was
only productive on paper and future conflict and competition
were thus not necessarily prevented. This is even more note-
worthy considering that the Mexican watersheds for which
environmental water reserves were determined had been
identified for their high biological richness and conserva-
tion values but also identified as unique given the relatively
low demand from current water users (CONAGUA 2011).
These watersheds and their environmental water reserves
have since been integrated into broader water resources man-
agement planning (CONAGUA 2019).

When turning to Spain, the same analysis of whether this
final precondition had been met revealed that the environ-
mental water determination for Laguna de Gallocanta came
short of securing the reallocation from farmers’ groundwa-
ter abstractions and ecosystem services were only assessed
partially i.e., for tourism. In Morocco, the process appeared
to have stopped even earlier. Embedding the procedures for
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environmental water determination within the Sebou river
basin organization’s was a top-down provision that did not
lead to replicating it for the Lacs d’Imouzzer du Kandar
but has now spurred other initiatives such the water fund
that can sponsor the application of holistic approaches with
ecosystem services assessments. In Costa Rica, the bottom-
up compliance to the requirement for the Palo Verde wet-
lands to have a management plan as a protected area was
valuable in planning an assessment of water-dependent eco-
logical objectives, but still fell short in terms of determining
socioeconomic values because of either the duplication or
lack of representation in fora where these are discussed and
negotiated, i.e. conservation area councils, interinstitutional
watershed commissions and water infrastructure develop-
ment project steering committees. In other words, the level
of scientific knowledge about the Palo Verde wetlands was
not convened with equal footing to the managerial expertise
within water (infrastructure) institutions focusing on water
storage and delivery against scarcity.

Recommendations for Replicating Experiences
with Science-Management Partnerships

In bringing together the ecohydrological and socioeconomic
perspectives underpinned by the two sides of a science-
management partnership, our goal was also to highlight any
interconnected process that, if replicated, could accelerate
progress in the field of environmental water management as
part of a renewed call to protect and restore inland aquatic
ecosystems (Tickner et al. 2020). Key avenues for extending
and replicating experiences with science-management part-
nership have been paved by the recently revised global eco-
system restoration agenda. We summarize the main global
and regional policy efforts to heed this call to protect and
restore inland aquatic ecosystems with environmental water
allocations in Annex III of the Supplementary Material. To
describe a key mechanism for replicating science-manage-
ment partnerships in the specific context of Ramsar Sites
and the types of actions and policy rationale for managing
environmental water for wetlands more broadly (Barchiesi
et al. 2018), we also provide details of the two relevant Ram-
sar Regional Initiatives'® for the four cases in this study in
Annex IIT of the Supplementary Material.

The interconnected process that we identified from the
Mexican and Spanish case studies is the role of cost-benefit
analyses. This emerged as a vital tool for clarifying sectoral
interests in the longer term and for tipping the scale in favor

19 A particularly relevant mechanism for sharing lessons on securing
the environmental water requirements of wetlands are the regional
initiatives endorsed by the Ramsar Convention (Ramsar Convention
on Wetlands 2016).

of repeated applications of environmental water allocations
in the future, despite the many uncertainties inherent to the
process (Magdaleno 2017; Salinas-Rodriguez et al. 2018).
While the tradeoffs between water using sectors and environ-
mental flows in water-scarce river basins have been assessed
in terms of the productive efficiency of water in general,
including in the Ebro River Basin (Crespo et al. 2019), full
appreciation of these tradeoffs would only come from also
including the productive efficiency of environmental water
(Horne et al. 2018). Setting up monitoring programs for
environmental flow releases that largely exist in Mexico
with RedMORA (Salinas-Rodriguez et al. 2021) but are
currently still under development in Spain (Mezger et al.
2019) could enable active adaptive management protocols
designed to incrementally average ecological models and
responses (Williams 2010) and be assisted by already codi-
fied benefit-sharing approaches (e.g., [IUCN 2021) in terms
of facilitating the science-management partnership. Another
key interconnected process for scientists, wetland managers
and water operators alike is the development of Ramsar Site
management plans. These site-level plans have limitations in
terms of operational definitions for the assessment of allow-
able uses, economic benefits, and stakeholder engagement
opportunities (Munguia and Heinen 2021). However, they
can be a key anchor for river basin management plans and
other sustainable watershed management practices even
where multiple nature conservation agencies exist for one
site (Palo Verde) or multiple, non-adjacent locations exist
for one site that is however connected underground (Lacs
d’Imouzzer du Kandar).

Conclusions

In conclusion, this study supports engaging academia, non-
governmental and civil society organizations in the conser-
vation sector, water managers and protected area managers
in governmental agencies as well as water user associations
and other forms of sectoral representation at any relevant
administrative level in science-management partnerships
for effective environmental water management. This is to
overcome the challenges with effective implementation
encountered at the early phase of the environmental water
management process when determination of environmen-
tal water requirements needs to be translated into a formal
mechanism for (re)allocation. Our findings suggest that
where institutions, such as river basin organizations are man-
dated by law, these institutions need to be supplemented
by motivated actors with experience and skill to negotiate
allocation and adaptive management of environmental water,
especially in water scarce regions where extreme conditions
are not met by national capabilities. Therefore, matching
scientific, managerial and facilitation expertise achieves the
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dual advantages of a) adopting a benefit-sharing and pro-
ductive efficiency approach for reframing determination
of environmental water to include both biodiversity and
ecosystem service values, and b) connecting the regulatory
and planning processes at a practical level. This way, after
developing and implementing a legal basis for regulating
water use that includes an environmental water allocation
as well as an assessment methodology to ensure the both
ecosystem and people’s needs are met, governmental pro-
grams or public-private partnerships have a better chance
to protect and restore wetlands that also support, wherever
possible, the achievement of water, energy, food, and other
security objectives.
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