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Integrated terrestrial-freshwater planning doubles
conservation of tropical aquatic species
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Conservation initiatives overwhelmingly focus on terrestrial biodiversity, and little is known about the
freshwater cobenefits of terrestrial conservation actions. We sampled more than 1500 terrestrial
and freshwater species in the Amazon and simulated conservation for species from both realms.
Prioritizations based on terrestrial species yielded on average just 22% of the freshwater benefits
achieved through freshwater-focused conservation. However, by using integrated cross-realm planning,
freshwater benefits could be increased by up to 600% for a 1% reduction in terrestrial benefits. Where
freshwater biodiversity data are unavailable but aquatic connectivity is accounted for, freshwater
benefits could still be doubled for negligible losses of terrestrial coverage. Conservation actions are
urgently needed to improve the status of freshwater species globally. Our results suggest that such
gains can be achieved without compromising terrestrial conservation goals.

F
reshwater ecosystems occupy less than 1%
of the Earth’s surface,make up only 0.01%
of all water, yet host ~10% of all known
species, including a third of all vertebrates
(1). They also deliver vital ecosystem ser-

vices, such as climate regulation and the provi-
sion of food, fuel, and fiber (2). Nevertheless,
freshwater ecosystems are far more imperiled
than their terrestrial or marine counterparts;
since 1970, for example, populations of fresh-
water vertebrates have declined by 83% com-
pared with a ~40% decline of terrestrial and
marine vertebrates (3, 4). A range of threats
have long been linked to this collapse in fresh-
water biodiversity, including habitat loss and
degradation, overexploitation, eutrophication,
flowmodification, and the introduction of non-
native species (5). These are now amplified by
emerging stressors, including climate change
and contamination from microplastics and
biochemicals (3).
Despite the freshwater biodiversity crisis

(6), freshwater species are rarely considered

in broad-scale conservation strategies (7–9).
Although distributions of terrestrial and fresh-
water vertebrates display a degree of spatial
congruence (10), there are three key reasons
why freshwater conservation based on terres-
trial priorities cannot be taken for granted.
First, studies that reveal terrestrial-freshwater
congruence rely on coarse-grained data, and
such congruence might not occur at local
scales, where conservation decisions are im-
plemented. Second, assessments of the distri-
bution of freshwater biota are often restricted
to small scales or specific taxonomic groups
(11). Third, terrestrial prioritizations do not ac-
count for aquatic connectivity, which strongly
affects the distribution of freshwater species,
facilitates nutrient flows, and mediates the
cumulative effects of stressors along water-
courses (12–15). Given these limitations, there
is an urgent need to understand the extent
to which freshwater biodiversity can bene-
fit from terrestrial conservation actions and
whether freshwater protection canbe increased

through integrated planning for both realms.
This is particularly critical in tropical regions,
which harbor >80% of the world’s freshwater
fish and are undergoing the most rapid land-
use changes on Earth (16).
We addressed these knowledge gaps using

data from extensive terrestrial and freshwater
biodiversity surveys in two biogeographical-
ly distinct regions of Brazilian Amazonia:
Paragominas and Santarém (fig. S1) (17).With
>40% of their forests having been converted
to agricultural land uses, these regions typify
the agricultural-forest frontier in the Amazon
(18). In terrestrial sites (n = 377 sites) (fig. S2),
we sampled plants (n = 812 species), birds (n =
327 species), and dung beetles (n = 141 species).
In freshwater sites (n = 99 streams) (fig. S3),
we sampled fish (n = 143 species); Odonata
(dragonflies and damselflies; n = 134 species);
and Ephemeroptera (mayflies), Plecoptera
(stoneflies), and Trichoptera (caddisflies; here-
after, “EPT”), which are frequently used as a
measure of freshwater ecosystem health (19).
We could identify EPT individuals only to genus
level (n = 59 genera) (17). All taxa are referred
to as “species” hereafter.
Using these data, we first investigated the

extent to which one species group (for example,
fish) is protected under conservation strategies
directed at another species group (for example,
plants), which we refer to as “incidental con-
servation.” To do so, we built regional species
distribution maps with an array of biophysical
predictors (table S1) (17). We then used the
distribution maps and the Zonation conser-
vation planning framework (20) to simulate
terrestrial and freshwater conservation at
the catchment scale, a natural landscape
unit that integrates hydrological processes.
Zonation selects catchments that maximize
the weighted average proportion of species
distributions under conservation while ac-
counting for species complementarity, and
we used this as our conservation benefit func-
tion (17). For the freshwater analyses, we used
the “directed-connectivity” algorithm, which
produces aquatically connected conservation
networks appropriate for freshwater species (21).
To focus on biodiversity (without socioeconomic
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considerations), we first ran the optimization
analyses constrained by the proportion of
the landscape that could be conserved. We
then tested the robustness of these findings to
budget-constrained analyses by incorporating
two region-specific estimates of agricultural
opportunity costs (fig. S4) (17). Last, we un-
dertook sensitivity analyses by varying avail-
able conservation resources. We report results
for the area-constrained analysis in which 20%
of landscape could be conserved, which aligns
with the Aichi target to conserve at least 17% of
terrestrial and inland water areas (4). An over-
view of all analyses is available in fig. S1.
Terrestrially focused conservation planning

provided limited incidental conservation ben-
efits for freshwater species (Fig. 1). Among
taxa and regions, on average just 22% (range,
14 to 29%) of the freshwater benefits achieved
through freshwater conservationwere secured
through terrestrial conservation. By contrast,
freshwater species prioritizations achieved
on average 84% (range, 70 to 96%) of the ter-
restrial benefits achieved through terrestrial
prioritizations. Within both freshwater and
terrestrial realms, prioritizing for any one tax-
onomic group provided >92% of the maxi-
mum achievable benefits to other groups in
the same realm. These results were similar
whether the optimizations were constrained
by area or financial budgets (Fig. 1, A to C).
Differences in the incidental conservation

outcomes can be explained by (i) the correla-
tions in catchment priority rankings among
species groups (figs. S5 and S6) and (ii) the
spatial distribution of conservation priorities
(Fig. 2 and figs. S7 and S8). Terrestrial and
freshwater groups act as good surrogates for,
respectively, other terrestrial and freshwater
groups because of the strong correlation in
catchment priority rankings: A catchment with
high marginal conservation value for one ter-
restrial group is likely to be of high marginal
conservation value for other terrestrial groups,
and the same holds for freshwater taxa. Catch-
ment priority ranking correlations were some-
whatweaker between terrestrial and freshwater
groups, leading to smaller but nonetheless high
incidental terrestrial benefits when focused on
freshwater species. However, the failure to in-
corporate aquatic connectivity into terrestrial
planning produced conservation network de-
signs that were inadequate for freshwater spe-
cies (Fig. 2 and figs. S7 and S8), resulting in poor
freshwater outcomes from terrestrial planning.
Next, we considered the extent to which

freshwater benefits could be increased through
conservation planning mechanisms targeted
at both terrestrial and freshwater species. To
do so, we developed two integrated planning
techniques (17). Our first approach used both
terrestrial and freshwater biodiversity data to
determine a prioritization optimized for spe-
cies from both realms (hereafter, “joint plan-

ning”). Given the general paucity of freshwater
biodiversity data, our second approach incor-
porated aquatic connectivity into the terrestrial
optimizations to account for freshwater species
habitat requirements (hereafter, “terrestrial-
plus-connectivity”). Using these approaches,

we undertook two trade-off analyses. We first
determined the increase in freshwater benefits
that could be achieved for a given reduction
in terrestrial benefits from their optimum.
We focus on this trade-off analysis in the
main text. We also considered the increase in

Leal et al., Science 370, 117–121 (2020) 2 October 2020 2 of 5

Fig. 1. Incidental conser-
vation. (A to C) The
incidental conservation
benefits achieved for one
species group when
focused on another. The x
axis ticks are labeled with
the focal group first. For
example, “T-F” shows the
incidental conservation
benefits achieved for a
freshwater group when
prioritizing for a terrestrial
group. Points show results
for each taxonomic pair.
Boxplots show the inter-
quartile range. The center
line shows the median.
Results are shown for (A)
the area-constrained
analysis with the con-
straint that 10, 20, or 30%
of landscape can be con-
served, and [(B) and (C)]
the budget-constrained
analyses with two oppor-
tunity cost estimates and
with budget levels so that
approximately 10, 20, and
30% of the landscape
can be conserved (17).
Letters next to the box-
plots show results of
pairwise comparisons of
group means within
resource levels (17).
Variables not sharing a
letter have statistically
different means.
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freshwater benefits for a given resource in-
crease (such as an increase in landscape
covered or financial budgets) while main-
taining terrestrial benefits at their optimum.
As above, we focused on area-constrained op-
timizations in which 20% of a landscape could
be conserved.
Using the joint planning approach, fresh-

water benefits could be increased by on average
62 and 345% in Paragominas and Santarém,
respectively, for a negligible 1% reduction in
terrestrial benefits relative to their optimum
(Fig. 3). A 5% reduction in terrestrial ben-
efits resulted in an average increase in fresh-
water benefits of 184% in Paragominas and 365%
in Santarém. The terrestrial-plus-connectivity
approach generally produced lower freshwater

conservation gains. Nonetheless, 1 and 5%
reductions in terrestrial benefits increased
freshwater benefits by 75 to 100% and 130
to 175%, respectively, in both Paragominas
and Santarém. Alternatively, the freshwater
gains we documented for 1 and 5% reductions
in terrestrial benefits could be achievedwithout
any terrestrial losses for, respectively, <1 and
<5% increases in conservation resources (fig.
S9). Trade-offs were qualitatively similar with
the incorporation of opportunity costs (Fig. 3)
and more and less pronounced for, respec-
tively, lower and higher conservation resource
levels (fig. S10).
Although the freshwater gains we found

for negligible reductions in terrestrial protec-
tion were substantial in both Paragominas

and Santarém, there were large regional dif-
ferences when using the joint planning ap-
proach that incorporates both terrestrial and
freshwater biodiversity data (Fig. 3). These
differences arise from variation in the spatial
overlap of conservation priorities between
regions. In Santarém, many of the highest-
priority catchments for terrestrial and fresh-
water groups were in the southwest (where
the Tapajós National Forest is located) (Fig. 2).
In Paragominas, the same spatial overlap in
priorities was not apparent (Fig. 2). Thus, in
Paragominas, substantial deviation from the
optimal catchment prioritization for terrestrial
species was required to achieve the largest
increases in freshwater benefits. In Santarém,
by contrast, large freshwater gains were pos-
sible simply by selecting catchments in the
region of high conservation value for both
realms that produced the requisite aquatic
connectivity. Therefore, the realized magni-
tude of the freshwater gains possible from
integrated planning will depend on the under-
lying spatial covariance in species distribu-
tions, which determines the spatial overlap in
conservation priorities.
These results provide compelling evidence

that the protection of freshwater species can
be vastly improved without undermining ter-
restrial conservation goals. However, there are
factors for which we did not account that
could lead to substantially different terrestrial-
freshwater trade-offs than we found. First,
we did not incorporate the many additional
socioecological benefits of freshwater con-
servation, meaning that our results are likely
to be conservative. For example, in addition
to the direct provisioning, supporting, regu-
lating, and cultural services that freshwater
ecosystems provide (2), by enhancing land-
scape connectivity freshwater conservation
can also promote movement of terrestrial spe-
cies, recolonization of defaunated areas, and
seed dispersal and pollination services (22).
Second and conversely, where freshwater con-
servation imposes external opportunity costs
beyond a loss of agricultural profits—for exam-
ple, by precluding the development of hydro-
power or imposing water-use restrictions in
the surrounding landscape—the overall scope
for conservation investment may be reduced,
leading to fewer net benefits from integrated
planning. The manifestation of these addi-
tional socioecological trade-offs that emerge
whenprotecting freshwater ecosystems is likely
to be highly dependent on local circumstances,
but their consideration will be essential for
designing effective and sustainable conservation
projects. Last, our optimization analyses were
static. Given that freshwater biodiversity data
were collected indifferent years inParagominas
(2011) and Santarém (2010), and because the
regions experienced substantially different cli-
matic conditions during this time (17), some of
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Fig. 2. Catchment prioritizations for terrestrial and freshwater biodiversity. (A to L) Catchment
conservation priority rankings in [(A) to (F)] Paragominas and [(G) to (L)] Santarém for [(A) to (C) and (G) to
(I)] terrestrial and [(D) to (F) and (J) to (L)] freshwater taxa. Rankings are based on catchment marginal
conservation value, with 1 indicating the catchment with the highest marginal conservation value and 0 that
with the lowest marginal conservation value. Results are shown for the area-constrained analysis.
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the observed regional differences in trade-offs
could result from temporal variation. Under-
standing and incorporating environmentally
mediated changes in species distributions will
be important for estimating the long-termbene-
fits of integrated terrestrial-freshwater planning.
Identifying promising new approaches for

biodiversity conservation is only the first step
toward improving conservation outcomes.
Given that evidence is lacking for the trans-
lation of systematic conservation planning

exercises into tangible benefits (23), how best
to turn our findings into meaningful action?
First, although previous global conservation
agendas—such as the United Nations’ Sus-
tainable Development Goals (SDGs) and the
Convention onBiological Diversity—have rec-
ognized the need to conserve both terrestrial
and freshwater ecosystems (SDG 15, Aichi
target 11), recognition of their interdepen-
dence remains largely absent from conser-
vation planning. As the world prepares to

consider new, post-2020 conservation tar-
gets (9, 24), we show that a truly integrated
approach to conservation on land, which ac-
counts for trade-offs and harnesses synergies
among ecosystems and realms, can provide a
cost-effective means to substantially improve
outcomes. Understanding where such gains
are highest and lowest should be a focus of
future research efforts. Crucially, our findings
from two biogeographically distinct regions
with different biophysical drivers of species
distributions (fig. S11) suggest that substan-
tial freshwater gains ought to be attainable
across the biodiverse agricultural frontier
regions of the forested tropics. Also, conser-
vation remains hampered by a severe lack of
biodiversity data, especially in tropical regions
(11, 25). Resolving these data shortfalls will be
necessary to unlock the benefits we document,
and this will require more investment in large-
scale ecological surveys and taxonomy (16, 26).
Last, to be effective and feasible, integrated
terrestrial-freshwater strategies need to be
aligned with or incorporated into current en-
vironmental policies and laws. In particular,
freshwater-orientated planning should not
come at the expense of existing protected
areas, which often hold the last populations
of endangered species and are coming under
increasing pressure globally (27) and in the
Amazon (28). Overcoming these challenges
will be difficult, but the task is small compared
with the enormous gains that can be made
for the world’s diverse and highly threatened
freshwater biota.
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Fig. 3. Terrestrial-freshwater trade-offs. (A to F) The decrease in terrestrial benefits from their optimum
required to achieve an increase in freshwater benefits through the joint-planning and the terrestrial-plus-
connectivity approaches in [(A), (C), and (E)] Paragominas and [(B), (D), and (F)] Santarém. The thin lines
show the results for each terrestrial-freshwater taxonomic pair. The thick lines show 1 SEM, where the
mean was estimated by using Holling type-II curves, for each integrated planning approach. Results are
shown for [(A) and (B)] the area-constrained analysis with the constraint that 20% of landscape could be
conserved, and [(C) to (F)] the budget-constrained analyzes with two opportunity-cost estimates and
with budget levels so that approximately 20% of the landscape could be conserved (17).
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Consider both water and land
When designing terrestrial reserves, it is common to consider the needs of species and systems from a terrestrial
perspective, with an assumption that any freshwater systems will benefit as well. Leal et al. tested this assumption by
analyzing data from two locations in the Brazilian Amazon and found that it is far from accurate: Terrestrial systems
confer little benefit to freshwater systems (see the Perspective by Abell and Harrison). However, the authors also found
that integrating the needs of freshwater species into overall reserve planning increased freshwater benefits by 600%
while only decreasing terrestrial outcomes by 1%. They argue that reserve planning must take freshwater systems into
account if they are to protect across both realms.

Science, this issue p. 117; see also p. 38
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