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Supplementary Note 1: More specific discussion of management and monitoring
standards in the EU

In contrasts to freshwater systems, the level of management and monitoring standards for
saline lakes largely diverge among EU member states. We provide here examples from two
different countries (Austria and Spain) to provide critical reflections on potential
improvements and strong points that can serve as model for other countries.

(i) Austria

Saline lakes in Austria are concentrated in the drier Eastern part of the country with a
continental, temperate climate. A major step toward the sustainable management of these
lakes is that Lake Neusiedl, the largest saline lakes is monitored under the Water Framework
Directive of the EU (BGBI. 11 Nr. 99/2010) and a special monitoring program has been
implemented for smaller saline pans. A further major achievement is that boundaries have
been established that define a good ecological status of individual lakes and pans. Hence, the
collected field data are used to evaluate the state of individual saline ecosystems in Austria.



Despite these accomplishments, several major challenges remain unaddressed. First, the
monitoring of saline lakes fails to meet the advanced level that has been reached in the
evaluation of freshwater systems. Monitoring of freshwater systems relies on both physio-
chemical conditions as well as on biological status assessments. In saline lakes, however,
monitoring includes primarily the evaluation of salinity and pH-values. Furthermore, target
chlorophyll-a values have been defined. However, monitoring lacks the comprehensive
evaluation of primary producers (macrophyte or phytoplankton) or invertebrates that is
implemented for freshwater communities. Hence, the biological component of monitoring is
comparatively poor in Austrian saline lakes, presumably also because there are no
comprehensive regional bio-indicator indices that have been developed for this purpose.

Moreover, there are no saline-specific parameters included in current environmental
monitoring frameworks (BGBI. 11 Nr. 99/2010). For example, the fundamental importance of
monitoring water balances in saline lakes was highlighted®. Hence, indicators such as
catchment-wide water balances or other hydrological indicators are central to evaluate the
status of saline lake systems. Their inclusion in ecological and environmental status
assessments of saline water bodies would substantially strengthen their power an efficacy to
support management.

An additional challenge is that there are no actionable management interventions that are
universally agreed upon and that can rapidly be implemented in case of emergency. This
situation is exemplified by the case of Lake Neusiedl. The lake has experienced massive
alterations of its catchment over the course of the last four centuries?. Currently, reductions in
lake levels are a central issue of concern®*®. Proposed countermeasures include alterations in
the management of an artificial channel that reduces maximum lake levels, redirection of new
water sources to the lake or the artificial removal of sediments to increase the depth of the
lake. However, these measures could induce strong trade-offs for the provisioning of different
ecosystems services and could negatively affect either the conservation of the lake’s fauna
and flora, the potential of agricultural production close to the lake or the regional tourism
industry. A consequence of the resulting conflicting interests is that there are currently no
clear actionable interventions that can be implemented in case of potential deterioration in the
ecological status of the lake.

(i) Spain

Spain is the European country with the highest number of saline ecosystems accounting
for almost hundred inland saline lakes®”®. Most of them are temporary®*°, with summer
annual drying, but some are naturally or artificially!! permanently flooded. Although their
salinity fluctuates seasonally, some are typically mesosaline whereas others are permanently
hypersaline!2. These athalassohaline lakes are mainly endorheic, and are distributed within
several lake-districts. These main lake districts are located in the regions of Andalucia and
Aragon®?, as well as in Castilla - La Mancha'* and Castilla y Leon. Magnesium sulphate is
the main salt in mesosaline lakes, whereas this dominance turns to sodium chloride in
hypersaline lakes'*>!®, although sodium bicarbonate prevails in soda lakes. These lakes have a
very characteristic floral” and specific relict fauna well-know from time ago*®, and hence the
region exemplifies the diversity of saline lakes.



Because of their environmental relevance, saline lakes have been considered in the
development of the European Water Framework Directive!® by Spain. The classification of
the lake type waterbodies in Spain uses system B, which includes environmental features
such as conductivity, aridity index, hydroperiod, alkalinity, and others. These environmental
parameters are used to distinguish among saline lakes and differentiate them from freshwaters
systems. From a total of 30 lake types considered in the Spanish classification of “lake type”
waterbodies, 4 correspond to inland saline lakes, two mesosaline (LT-20 permanent, and
LT21 temporary) and two hypesaline (LT-22 permanent, and LT23 temporary). By
considering them as waterbodies (official consideration as WFD targets for achieving their
good ecological status), Type LT-20 includes 7 mesosaline permanent lakes, LT-21 26
mesosaline temporary lakes, LT-23 14 hypersaline temporary lakes and, finally, LT-22
includes the only permanent (relatively) deep (5.6 m) hypersaline lake in Western Europe, the
Salada de Chiprana®.

All these lakes have specific reference conditions and thresholds for the ecological quality
ratio (EQR) for the same indicator variables used for the freshwater lakes in Spain: These
include the same biological quality elements than freshwater lakes, namely phytoplankton,
macrophytes (hydrophytes, helophytes and, further for saline lakes, halophytes) and benthic
invertebrates, except fish, as the Spanish inland saline lakes are naturally fishless. Further, the
assessment of their ecological status also includes the same physical, chemical (e.g.
conductivity), and hydromorphological (e.g. hydroperiod length) variables than freshwater
lakes. Thus, the requirements of achieving the good ecological status and its assessment
system of Spanish saline lakes are equally stringent than any of the other lakes declared as
waterbodies under the WFD. Consequently, it can be stated that in Spain, all saline lakes
declared as lake waterbodies are, thus, equally considered as any other Spanish lake.

As including a complete set of variables in the assessment system, and thresholds related
to the five quality classes of the WFD, the quality requirements of saline lakes are fully
monitored and deviations from the good ecological status can be detected and, even more
importantly, corrected with actions named within the river basin management plans. As such,
these plans have designed and implemented actions to reduce trophic alterations, one of the
main pressures suffered by inland saline lakes, mainly caused by the former inputs of sewage
or, more recently, treated wastewaters?!. Additional to an increased trophic status, these water
inputs, together with agriculture run-off, cause drops of water salinity threatening the
essential saline character of their waters, and determine changes in the natural hydroperiod
that uncouple the natural biological cycles and the lake biogeochemistry. Moreover,
abstraction from the aquifers have caused a drop in the natural groundwater feeding of some
of these lakes, particularly in La Mancha, also changing lakes natural hydrological patterns.
So far, the river basin management plans, jointly with the nature conservation authorities,
have designed a number of actions that permitted the improvement of the ecological status of
an important number of Spanish inland saline lakes. Hence, the approach used by Spain could
be considered as an example on how systematic monitoring and consolidated actions can help
to safeguard ecosystem services and natural biodiversity supported by saline lakes.



Additional tables and figures

Table S1: Details of most parsimonious models that were established in regression modelling

processes. Only models that yielded results that were better than null-models are listed. All
predictors listed in formulars were z-scaled to aid interpretability of slopes.

Dependent Predictors Transformations Formula M?i?el

Number of endangered species  x1 = salinity x1 = squared }2/;9-0.14 N NA
x1 = surface

Number of ecosystem services irzei x1 = log i; +O49$7X b 0.39
remoteness

Commercial use of lake water ~ x1 = salinity i(olgi:t DSMEpEel %’_38'0'36 L 0.069

Use of lake for fishing x1 = salinity x1 = log + logit 31/_;2'1'15 X1+ 0.353

Use of lake for salt extraction ~ x1 = salinity x1=1log+logit y=070x1-3.86 0.146

Presence of endangered species x1 = salinity x1 =log + logit )2/.;8-0.45 2N 0.069

Table S2: Most important threats for saline lakes and most important impacts of climate

change highlighted by saline lake researchers.

Most important threats Count
Climate change 52
Land-use change 46
Natural resource use and exploitation, including: 42
- Water abstraction 27
- Overexploitation 6
- Mining 9
Pollution 26
Invasive species 6
Others 12
Most important impacts of Count
climate change
Increased evaporation 54
Reduced water inflow 35
Higher water temperature 35
Increased variability 25

Others

63



Three main elements:
1. What characteristics makes saline lakes so difficult to
manage?

2. What are the practical implications
and challenges of these characteristics?

—

Often terminal systems: all pollutants that enter f
the lake, stay in the lake and the sediments
Meta-ecosystems: Their large variability

Highly dependency of lake status on

catchment management Intensification of stakeholder conflicts:

Stakeholders in the catchment are often little

affected by ecological changes in the lake

What shall be managed? Even
more difficult than in other systems
to determine priorities of
management

has led to adjustments of biota that often
includes resting stages of migration. The

latter can very strongly links lakes that are

hundred kilometers away from each other

What is a problem? Substantial
difficulties to determine when a
system is following abnormal
dynamics

High natural variability — primarily the temporal

variability is high, but systems also often
encompass strong spatial (salinity) gradients

Alternative (stable) states: Variability in
environmental conditions and a high
complexity of microbial food-webs can often
result in complex dynamics. However, system
transitions are often very specific for individual
lakes resulting in unknown tipping points

What shall be monitored:
Temporal fluctuations make target
parameters and sampling intervals

difficult to determine

ck of reference
syste

Transferability of management
concepts is much lower than in
freshwater systems

Also spatio-temporal niches of species
are badly understood — are egg and
seed banks getting depleted?

Individual character: Saline lakes do not only largely differ in
salinity, but also in (i) ion composition, (ii) size and (iii)
topology, creating a large ‘environmental hypervolume’

Remoteness: Lakes occur often in arid
regions far from national centers. Hence,
their catchments are often transboundary

Unless they are in an extreme
environmental crisis, they are
often low on policy agenda

3. Can we come up for a short list of general recommendations that should be
considered in the design of management and monitoring plans of saline lakes?

Considerations of time lags: A lake is not filled
in a day. Management needs a strong multi-
annual perspective and early warning systems

Integrative water management plans that incorporate the

catchment and representatives of all major stakeholder groups
are a requirement for effective interventions

Adaptive management is key — monitoring schemes, management
goals and intervention strategies need to be under consistent
critical evaluation; this will also help to address the problem of
moving baselines, which is likely emerging in many lake systems

Integration of the meta-ecosystem level: The
management of ecologically interlinked lakes (e.g.
flamingo lakes) should be coordinated

Long term management of the lake and its catchment is
essential and should encompass ecological hydrological
and geological (erosion, dust control) components with
the resulting data are strongly recommended to be
stored in a centralized and publicly available way

High specificity is required: Essential is to establish records

of past natural variability, for example using sediment cores
8 Multinational management panels are
key in transboundary catchments
Remoteness — engagement of local
communities is even more important

Consideration of egg and seed banks: Resting stages
support re-establishment of populations, but once seed
banks are depleted, restoration becomes very tricky

o 01~ W NP

Fig. S1: Synthesis of the repeated expert group discussions on the three key questions (answers color red, blue and green, respectively) identified
in the online plenum discussion. The answers to question 1 and 2 have been integrated into Fig. 5 in the main text. Answers to question 3 have
been grouped into five core recommendations (Letters A-E). These five recommendations were (A) Integrated water management plans, (B)
Stakeholder engagement, (C) Long term planning for meta-ecosystems, (D) Accounting for high specificity and (E) Adaptive management and
restoration.
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