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Abstract

Climate change and biodiversity loss are among hu-
manity’s most pressing challenges. In 2022, un-
der the auspices of the United Nations, over 190
countries reached a historic agreement to address
the alarming loss of biodiversity and restore natural
ecosystems. Target 3, often referred to as “30x30”,
seeks to effectively protect and manage 30% of the
world’s terrestrial, inland water, coastal, and ma-
rine areas by 2030. In this work, we address the
UN 30x30 target in the context of global freshwater
fish conservation. Freshwater ecosystems are dis-
proportionately unprotected, and their biota are de-
clining at an alarming rate. Our goal is to select new
protected areas that protect freshwater fish species
as much as possible without exceeding total cover-
age of 30% of land area. To support this goal, we
introduce the Expansion of Connected Components
from Alternative Terminals Problem, a graph-based
optimization problem that captures ecological pri-
orities and connectivity constraints. We analyze its
computational complexity, propose novel integer
programming formulations, and develop scalable
solution methods. We further evaluate its typical-
case complexity under diverse settings and demon-
strate that our approach scales to a global real-
world scope, encompassing approximately 200,000
freshwater basins and 13,000 species, paving the
way for implementing the 30x30 target on a world-
wide scale.

1 Introduction

Humans share the Earth with millions of species, but our ac-
tivities are threatening the planet’s biodiversity at an unprece-
dented scale and intensity. In 2022, 196 UN countries signed
the Kunming-Montreal Global Biodiversity Framework to ad-
dress biodiversity loss and the restoration of natural ecosys-
tems. Comprised of 23 targets, this agreement seeks to both

halt biodiversity loss and benefit people. Target 3, often re-
ferred to as “30x30” seeks to protect and manage 30% of
the world’s terrestrial, inland water, coastal, and marine areas
by 2030. Protected Areas (PAs) are central to the 30x30 ap-
proach to biodiversity conservation, yet currently encompass
only 8% of ocean area and 12% of land and inland waters
[UNEP-WCMC and IUCN, 2024]). Identifying a set of ad-
ditional conservation areas that maximizes the protection of
freshwater fish species within a 30% area limit is a pressing
challenge that can only be met through the efficient use of
computational tools.

With one in four freshwater species now at risk of ex-
tinction, preserving freshwater ecosystems is critical [Sayer
et al., 2025]. Unfortunately, past conservation efforts have
primarily focused on terrestrial biodiversity, allowing many
of the most species-rich rivers and lakes to remain unpro-
tected by the current network of PAs [Miqueleiz et al., 2023].
With the 2030 deadline approaching, integrating freshwater
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Figure 1: The global distribution of freshwater fish species rich-
ness (total of 13,740 species), where color saturation indicates the
number of species in each hydrological unit (total of 190,675 units).

biodiversity into the plans for PA expansion is both urgent
and increasingly complex, particularly considering various
spatial scales.

Our contributions: We seek to advance the UN’s 30x30
goal by maximizing the inclusion of the world’s freshwater
fishes within an expanded network of protected areas. This
endeavor is driven by a team of computer scientists and ecol-
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ogists from Cornell University. Our multidisciplinary team
jointly worked towards identifying priority regions where
PA expansion would maximize the conservation outcomes
for freshwater fishes. More specifically: (1) We introduce
the Expansion of Connected Components from Alternative
Terminals Problem. (2) We provide a formal model for the
problem and a mixed integer program formulation. (3) We
characterize its computational complexity for general graphs.
(4) We characterize its empirical complexity for planar and
tree-structured graphs. (5) We provide a detailed study of
the real-world UN 30x30 worldwide freshwater conservation
goal, from an ecological point of view, considering two
scenarios for enforcing the 30% target. Remarkably, our
methods scale globally, despite the large problem size of
approximately 200,000 river basins and 13,000 fish species,
paving the way for developing a 30x30 freshwater target on
a worldwide scale (see Figure 4).

2 Problem Description

Our analyses are designed to support the UN’s 30x30 goal for
global conservation from a freshwater fish biodiversity per-
spective. While we acknowledge that other sociopolitical per-
spectives are important and we discuss them in Section 5, they
fall beyond the scope of this paper. The ecological perspec-
tive serves as a crucial baseline for conservation planning,
providing a foundational understanding of biodiversity pro-
tection before integrating socio-economic and policy dimen-
sions. In this context, the overall goal is to identify basin units
(sub-regions of river basins), where PAs should be established
to maximize the conservation of freshwater fish species. The
utility for protecting a region is measured by Rarity-Weighted
Richness (RWR) [IUCN, 2025b]. The rarity score of a basin
unit for a given species present in the basin is calculated as
the basin’s area divided by the species’ total habitable area.
Summing the rarity scores of all species in a basin unit yields
the basin’s RWR. The goal is to select basins to protect that
maximize the total RWR. The UN protection target can be en-
coded as a constraint where the total area of PAs should be at
most 30% of the world’s freshwater area. Moreover, to create
connected habitats where the fish can migrate freely, the PAs
should form connected components, expanded from existing
PAs.

To formally define the problem, we construct an undirected
graph G where vertices represent basin units, and an edge ex-
ists between two vertices if the river flows from one basin
unit to the other. For the 30x30 problem, since we are work-
ing with river networks where the river flows from higher to
lower elevation without any cycles, the underlying graph G is
a forest where each tree represents a connected river network.
For each basin unit, the protection cost is its currently unpro-
tected area and the protection utility is its RWR. The existing
PAs act as terminal vertices from which we expand the con-
nected protected components. Formally, the problem can be
described as:

Definition 1 (Expansion of Connected Components from Al-
ternative Terminals Problem (ECCAT)).

Input: Given an undirected graph G = (V, E) with terminal
vertices T' C 'V, vertex costs ¢ : V. — Rxq, vertex utilities

u:V — Rxq, and a cost bound C € Rx.

Output: Find a vertex-induced subgraph H of G that max-
imizes ), < u(v), subject to the constraints that (i) each
connected component in H contains at least one terminal ver-
tex, and (ii) ), . c(v) < C.

To better understand the ECCAT problem and its hardness,
we also consider the general case where the underlying G is
any graph, including those with cycles. It is clear that the
decision version of the problem is NP-complete for any class
of graph G (even when G is a tree), since it can be reduced
from the Knapsack problem [Kellerer ef al., 2004]. We also
show its strong NP-completeness in the theorem below:

Theorem 1 (Strong NP-completeness). The decision version
of the Expansion of Connected Components from Alternative
Terminals Problem (ECCAT) is strongly NP-complete when
the maximum degree of the graph is at least four.

Proof. See Appendix A. [

3 Model Formulation

To solve the ECCAT problem, we formulate it as a mixed in-
teger program (MIP). While the ECCAT problem is a gen-
eral problem, for a more intuitive explanation, we describe
its MIP formulation in the context of the 30x30 freshwater
conservation problem. In the experimental section, we also
consider more general settings. Given the river network G,
we denote the set of basin units as B = [n], the area of basin
unit ¢ as a;, and the currently protected area of basin unit ¢
as a;. We define the set of currently protected basin units as
P = {i]a = a;}. Moreover, we denote the area budget ratio
as (3, which is 30% for the 30x30 problem. Each basin unit i
is also associated with an r; denoting its RWR. We introduce
a decision variable x; € {0,1} for each basin unit ¢, where
x; = 1 represents protecting basin unit ¢. For all 1 € P, z; is
fixed as 1.

We use a flow-based encoding for the connectivity con-
straint that all the proposed PAs are expanded from existing
PAs. To do that, we turn the underlying graph G = (B, E)
into a directed graph G’ = (B’, E’), such that B’ = BU {s},
where s is an additional source vertex. For every undirected
edge ij € E, there are two directed edges ij and ji in F’.
Also, we add a directed edge si from the source s to every
1 € P, the existing PAs. We introduce a decision variable
fij € Rx for each directed edge ij € E’, representing the
amount of flow along edge 5. The problem can now be en-
coded as:
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While the objective maximizes the overall RWR of all fully
protected basins, constraint (1) ensures that the total area of
protection is under the area budget. Constraints (2) and (3)
encode the connectivity constraint. Together, they ensure that
flow goes into basin ¢ if and only if basin ¢ is protected, i.e.,
x; = 1. Flow is injected from the source into each exist-
ing PA and then propagates outward to expand the connected
component of protected areas.

4 Related Work

Establishing protected areas for biodiversity conservation has
fostered much interdisciplinary research. Previous work has
proposed readily usable but restrictive frameworks for priori-
tizing protected areas that leverage simulated annealing [Ball
et al., 2009], integer linear programs [Beyer et al., 2016;
Hanson er al., 2024; Deléglise et al., 2024], iterative refine-
ment [Moilanen et al., 2005; Hamonic et al., 2023], con-
straint programming [Justeau-Allaire et al., 2021], and re-
cently reinforcement learning [Silvestro et al., 2022]. These
approaches were developed for generally selecting protected
areas without regard for the intricacies present in freshwa-
ter networks. Case studies have explored using these frame-
works in specific freshwater conservation domains consider-
ing connectivity [Hermoso et al., 2011], river flow [Hermoso
et al., 2012], protecting river stretches [Gomes-dos Santos
et al., 2019], inter-species interactions [Decker e al., 2017,
Nogueira et al., 2023], local regulations [Howard et al.,
20181, and various other criteria [Nogales ef al., 2023]. These
approaches, while raising interesting considerations, often
sacrifice fidelity to the challenge of protecting river networks
to fit in the confines of the restrictive general frameworks.
Previous work has also investigated tailoring optimiza-
tion models to incorporate additional considerations such as
enforcing connectivity of terrestrial corridors [Dilkina and
Gomes, 2010; Beger et al., 2022; Wang et al., 2022; Dickson
et al., 2019; Gonzalez-Saucedo et al., 2021; Lai et al., 2011;
Justeau-Allaire et al., 2018; Conrad et al., 2012], incorporat-
ing wildfire mitigation [Yemshanov ez al., 2023], and design-
ing spatial conservation networks [Beger er al., 2022]. These
approaches leverage techniques in graph theory, circuit the-
ory, network optimization, mathematical programming, and
constraint programming to encode intricate problem-specific
constraints and objectives to model ecological, social, be-
havioral, and environmental considerations. Several survey

articles provide overviews on related aspects such as opera-
tions research methods for corridor optimization [Alagador
and Cerdeira, 2022], circuit theory applications in conserva-
tion planning [Dickson et al., 2019], Al applications in land-
scape ecology [Frazier and Song, 2025], and the broader area
of computational sustainability [Gomes et al., 2019]. None
of these works address the same problem as ours, although
some adopt MIP models with related themes.

Variations of knapsack incorporating graph-related con-
straints have been explored in the literature. One of the
most relevant formulations is the Connected Knapsack prob-
lem [Dey et al., 2024], a standard knapsack problem optimiz-
ing the value of selected items subject to a budget constraint
but also requiring that the chosen subset forms a connected
component in a graph. This problem has been shown to be
strongly NP-complete. In [Dey e al., 2024], the authors also
proposed an approximation algorithm and an exact algorithm.
In Tree Knapsack Problem (TKP), the items also form a tree
structure but the subgraph of the selected items must include
a single fixed terminal. Here, previous work proposed exact
algorithms using dynamic programming [Johnson and Niemi,
1983], and branch-and-bound with specialized bounds [Shaw
and Cho, 1998], while other work explored applications in
network design [Shaw er al., 1997]. While these graph-
constrained variants of knapsack are thematically similar to
our work, the consideration that we expand from alterna-
tive existing terminals prevents us from readily applying the
polynomial or pseudo-polynomial algorithms from previous
works.

In a similar vein, previous work has explored knap-
sack variants incorporating dependency constraints between
items and presented pseudo-polynomial algorithms [Lalou
and Kheddouci, 2023]. In [Aghezzaf et al., 1995], the au-
thors investigate the problem of finding optimal unweighted
constrained subtrees rooted at specified nodes. Finally, the
knapsack problems with item conflicts and forcing constraints
have been extensively studied [Pferschy and Schauer, 2017,
Zhou et al., 2024], using dynamic programming [Gurski and
Rehs, 2019] in special graph classes, branch-and-bound [Bet-
tinelli e al., 2017]. A survey extensively covers knapsack
variants [Cacchiani et al., 2022]. However, none of these pre-
vious approaches resemble our problem formulation or can
be directly modified to solve it, due to the structural and com-
binatorial properties unique to our setting.

5 Experimental Results

In this section we present empirical results for the ECCAT
problem. Our main focus is to address the real-world appli-
cation of the UN 30x30 target for freshwater fish conserva-
tion. Additionally, we seek to deepen our understanding of
the empirical complexity of general instances of the problem,
particularly by identifying its critical complexity parameters.
To this end, we conducted a series of experiments to assess
its typical-case complexity. We examined both general pla-
nar graphs, which well capture the structure of land conser-
vation problems, and trees, which model the configuration of
freshwater ecosystems. This dual approach allows us to ex-
plore the factors influencing the problem complexity across
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different but relevant graph topologies.

We first discuss the empirical complexity of the ECCAT
problem instances for planar and tree-structured graphs, fol-
lowed by results concerning the real-world UN 30x30 target
for worldwide freshwater fish conservation. For all experi-
ments, we used Gurobi 11.0.0 on a cluster with Intel Xeon
3.47 GHz CPUs and 1.5TB of memory.

5.1 Empirical Easy-Hard-Easy Complexity
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Figure 2: Runtime vs. Area Budget Ratio for a 20 x 20 grid (400
decision variables). We observe an easy-hard-easy pattern in the
empirical complexity as we vary the area budget ratio, with the hard-
est instances occurring when the area budget ratio is around 15%.
The easy-hard-easy pattern is observed for different numbers of ex-
isting protected areas, but interestingly, the overall computational
complexity decreases as the number of protected areas increases.

We start by considering planar graphs modeled as { x [
lattices (grids) of basin nodes, in which we randomly place
k existing protected basins, varying the budget ratio with re-
spect to the unprotected area'. These graph structures capture
the topology of maps and are therefore suitable for land con-
servation studies.

For each target budget ratio in our experiments, we gener-
ate 20 instances with randomly placed protected basins. For
each instance, we perform 10 runs where the basin area and
score values are uniformly sampled from (0, 100). The run-
time for an instance is computed as the median of the 10 runs.
The overall runtime is then determined as the median across
the 20 instances.

Figure 2 summarizes the computational time for 20 x 20
grid instances (400 decision variables per instance). We
observe a clear “easy-hard-easy” pattern in the empirical
computational complexity (see e.g., [Mitchell ez al., 1992;
Conrad et al., 2012; Yadav et al., 2018]), with the hardest in-
stances occurring around a 15% budget ratio. While the easy-
hard-easy pattern is consistent across different numbers of ex-
isting protected areas (PAs), interestingly, the overall compu-
tational complexity decreases as the number of existing PAs

"For example, a budget ratio of = 0.2 means that 20% of the
unprotected area can be selected for protection, independently of
the area of protected basin units, which varies across instances.

increases. Intuitively, having more existing PAs reduces the
number of effective choices and constrains the solution space,
making the problem “easier” to solve.

Trees

The 30x30 worldwide freshwater conservation problem con-
cerns river networks, where the underlying graph G is a for-
est, with each tree representing a connected river system.
Given this structure, we also examined the empirical com-
plexity of tree instances, specifically in a “star” shape, where
each instance consists of [ branches extending from a center
node, with [ additional nodes along each branch (except for
one branch with [ — 1 additional nodes), denoted as [ x [ stars.

For runtime comparisons, we generated instances the same
way as for the planar graphs and analyzed instances of the
same size. Figure 3 summarizes the runtime results for
20 x 20 star instances (400 decision variables per instance),
matching the instance sizes plotted in Figure 2. The most
striking takeaway from Figure 3 is that the runtimes for trees
are exponentially lower than those for planar graphs, with a
three-order-of-magnitude speedup. We hypothesize that this
efficiency stems from the network-flow nature of our encod-
ing, which effectively leverages the hierarchical structure of
trees.

As we will discuss in the next section, the tree structure
of real-world instances combined with additional problem-
specific structures (as opposed to randomly generated data),
further enhances computational efficiency—Ileading to sur-
prisingly fast runtimes. Further research is needed to identify
the critical parameters of trees.
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Figure 3: Runtime vs. Area Budget Ratio for 20 x 20 star in-
stances (400 decision variables per instance). The key message
from this plot is that the runtimes for trees are exponentially faster
than those for planar graphs of the same size (see Figure 2), with a
three-order-of-magnitude speedup.

5.2 Adapting the UN’s 30x30 Framework for
Global Conservation of Freshwater Fishes

To address the UN 30x30 target for worldwide freshwater fish

conservation, we optimized the PA expansion of the world by

solving the ECCAT problem using the formulation described

in Section 3 with a global 30% area budget ratio. Apart from
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this, we also performed a second experiment where we im-
posed the 30% area target per main basin (a connected, in-
dependent river network, e.g., the Amazon). The first ex-
periment with global 30% target is referred to as the Global
approach, and the second experiment with main-basin-wise
30% area budget ratio is referred to as the Per Main Basin
approach (details in Appendix B). We compare the current
status with the outcomes of both approaches and discuss their
tradeoffs, focusing on the effectiveness of species protection
and practical feasibility.

Dataset

We combined two key datasets: the HydroBASINS dataset
[Lehner et al., 2022] and the IUCN Red List [TUCN, 2025a].
The HydroBASINS dataset partitions the world’s freshwater
area into 190,675 basin units across 23,996 main basins. Each
main basin is a connected river network, a tree in our model,
consisting of connected basin units. For each basin unit, we
calculate its total area and currently protected area [UNEP-
WCMC and IUCN, 2024]. Current PAs cover 11.81% of the
world (Figure 4, top panel). The IUCN Red List provides data
on the habitats of 13,740 freshwater fish species. By merging
these datasets, we calculate the total Rarity-Weighted Rich-
ness (RWR) of each basin.

Metrics

We calculate several metrics to evaluate the conservation suc-
cess and feasibility of the two approaches. For each fish
species, we compute a) the percentage of its habitat that is
protected, referred to as the “protection score”, and b) its pro-
tection score counting only connected components of pro-
tected basin units with a total area of at least the species’
Minimum Viable Range (MVR), referred to as the “effective
protection score”. The MVR is the smallest geographic area
required to support a self-sustaining long-term population of
the species. Out of the 13,740 species, [TUCN, 2025a] pro-
vided MVR on 11,451 of them, for which we calculate the ef-
fective protection score. Additionally, we computed the frac-
tion of the protected land within each country.

Results and Discussion

The runtime of the Global approach experiment was 1h
20min — a remarkable result given the scale of the prob-
lem, which involves 190,675 decision variables correspond-
ing to the basin units. This efficiency suggests that the rich
tree-structure of the real-world instance is well-suited to the
network-flow nature of our encoding, leading to a relatively
fast runtime, despite the large number of decision variables.

The solution under the Global approach suggests the ex-
pansion of densely connected PAs from existing ones (Fig-
ure 4, middle panel). Notably, due to the ecological goal of
maximizing the conservation of freshwater fish species, sig-
nificant PA expansions occur in some of the world’s most
biodiverse rivers, such as the Mississippi and Amazon rivers
in the Americas, the African Great Lakes, and the Western
Ghats and Mekong River in southern Asia (Figure 1).

The Per Main Basin approach (Figure 4, bottom panel) pro-
duces a more spatially distributed PA expansion plan com-
pared to the Global Approach. Allocating protections up to

the 30% target within every major river basin avoids concen-
trating PAs in only the most species-rich basins, thereby in-
creasing protection in regions that might otherwise receive
less priority under a global optimization strategy. Since some
species are endemic to these smaller basins and do not exist
in the large, highly biodiverse river systems, this Per Main
Basin approach also provides a more balanced protection for
a broader range of species, as we will discuss more in the
paragraphs below.

Species Protection Figure 5 shows histograms of the pro-
tection score and effective protection score of the species for
the current status, the Global approach, and the Per Main
Basin approach. Notably, both approaches shift the distribu-
tions towards higher protection score compared to the current
status where protection scores are highly skewed towards low
values. Currently, the aggregate species protection score is
2189.33, whereas the Global approach increases it to 8462.28
(a 286.5% increase) and the Per Main Basin approach in-
creases it to 6930.44 (a 216.6% increase). For the aggre-
gate effective protection score, the value is increased from
the current 213.38 to 6552.37 (about 31 times) by the Global
approach, and to 4732.42 (about 22 times) by the Per Main
Basin approach. Notably, both approaches lead to a drastic in-
crease in the effective protection scores, since enforcing con-
nectivity results in large, contiguous protected areas. These
areas create protected regions that are sufficiently extensive
to support self-sustaining species populations.

While the Per Main Basin approach affords smaller aggre-
gate protection to freshwater fish species, it achieves more
spatially balanced protection. As is shown in Figure 5, for
both the protection score and effective protection score, the
Global approach results in U-shape distributions, indicating
a bimodal and uneven allocation of species protection where
many species receive either very low or very high scores. This
imbalance is mitigated to some extent by the Per Main Basin
approach, which results in a more convex frequency distri-
bution. Currently, 1,282 species have zero protection score
(i.e., their habitats are completely outside of existing PAs),
where the Global approach reduces the count to 558, and the
Per Main Basin Approach further reduces it to 345. As for
the effective protection score, the number of species with a
zero score is reduced from the current 8,031 to 2,885 by the
Global approach, and further to 1,690 by the Per Main Basin
approach. We observe that most of the unprotected species
only inhabit areas with low species richness. For example, for
each species, we calculate the total RWR across all the basin
units it inhabits. The median is 21.23 across all species, while
among the 1,690 species that observe zero effective protec-
tion score by the Per Main Basin approach, 1,507 of them
have the total habitat RWR below this median. Thus, these
species are left out from protection because assigning their
habitats as PAs would not provide efficient protection across
all species.

Protected Areas per Country As shown in Figure 6 mid-
dle panel, the Global approach imposes highly uneven pro-
tection requirements on different countries (e.g. Brazil would
have to protect 79% of its territory), making global conserva-
tion efforts less balanced and potentially challenging to im-
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Figure 4: World map colored by the freshwater protection level. The color coding reflects the proportion of each basin unit protected.
Top panel: current status. Basins colored in yellow are currently fully protected and provide the starting points from which new protected
areas expand. Middle panel: Global approach. Solution enforcing the 30% protection target globally. Bottom panel: Per Main Basin
approach. Solution enforcing the 30% protection target per main basin, rather than globally, distributing the conservation efforts more
equitably than the global target approach. Details in Section 5.2.
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Figure 5: Histograms of species protection scores and effective
protection scores. Top panel: current status. Middle panel:
Global approach. Bottom panel: Per Main Basin approach. Both
approaches significantly increase the total protection of the species
and the effective protection score. While the Per Main Basin ap-
proach is less optimal in terms of the aggregate protection, it pro-
vides a more even protection across species. Details in Section 5.2.

Figure 6: Protected Areas per Country. Top panel: current status.
Middle panel: Global approach. Bottom panel: Per Main Basin
approach. Compared to the Global approach, the Per Main Basin
approach results in a more equitable distribution of conservation ef-
forts across different countries.

plement. This issue is alleviated by the Per Main Basin ap-
proach, which results in a more equitable distribution of con-
servation efforts across countries (Figure 6, bottom panel) .

6 Conclusions

We introduced the Expansion of Connected Components from
Alternative Terminals Problem, characterized its typical-case
and worst-case complexity, and proposed novel formulations
and algorithms to solve it. Our experimental results on planar
graphs reveal an easy-hard-easy pattern in their typical com-
plexity, and substantial faster runtimes for trees, which is the
topology of our motivational application: the UN 30x30 tar-
get for worldwide freshwater fish conservation. Remarkably,
our methods scale to a global level, despite the large problem
size — approximately 200,000 decision variables and 13,000
species. In this study, we emphasized an ecological perspec-
tive, focusing on maximizing freshwater fish species protec-
tion, while enforcing PA connectivity, under the 30% global
conservation target. Our algorithm naturally identified con-
servation expansions in some of the world’s most biodiverse
rivers, yet creating an imbalance conservation effort for dif-
ferent regions in the world. We also explored a variant of
the problem in which the 30% protection constraint was ap-
plied per main basin rather than globally. While this approach
is suboptimal from a total protection score perspective, it of-
fers two main advantages: it redistributes conservation efforts
more equitably across different basins and countries, and pro-
vides effective protected habitats for more species.

As with most sustainability challenges, real-world progress
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relies not only on ecological perspectives but also integration
of socio-economic and geopolitical factors that are central
to conservation outcomes, like countries’ uneven responsi-
bility in freshwater biodiversity protection and possible off-
setting mechanisms. While these considerations are beyond
the scope of this paper, they are critical for the practical im-
plementation of large-scale conservation policies. We will
further explore these issues in future multi-objective studies
to develop more balanced and actionable conservation strate-
gies. Neverthess, our ecological framework provides a criti-
cal foundation for freshwater conservation planning, serving
as a baseline before integrating broader socio-economic and
policy considerations. By demonstrating scalable methods
for optimizing connected conservation areas, we hope this re-
search paves the way for other researchers to contribute to the
implementation of the UN 30x30 target, expanding its appli-
cability to diverse ecosystems and policy contexts worldwide.

A Proof of Theorem 1

Proof. Clearly, ECCAT is in NP, as one can verify in poly-
nomial time that the cost and utility of the connected com-
ponents satisfy the decision bounds and that each connected
component contains at least one terminal. To show NP-
hardness, we reduce from CONNECTED KNAPSACK, which
was shown to be strongly NP-complete, when the maximum
degree of the graph is at least four [Dey et al., 2024].

Given an instance (G, (w(w))yey, (@(w))yev,s,d) of
CONNECTED KNAPSACK [Dey et al., 2024], we can solve
for each v € V(G) an instance (G = G,T = {v},c =
w,u = «a,C = s,U = d) of ECCAT (where U is introduced
to turn ECCAT into a decision problem where one needs to
find whether an H exists such that ) | _; u(v) > U).

If any of the ECCAT instances is a YES instance, then there
is a connected subgraph H of G such that ) . c(v) < C
and ), u(v) > U. Then we know that the CONNECTED
KNAPSACK instance is a YES instance. If none of the EC-
CAT instances is a YES instance, then there is no vertex
v € V(G) such that there exists a connected subgraph H
where » yc(v) < Cand ) yu(v) > U. Thus the
CONNECTED KNAPSACK instance is a NO instance. O

B Per Main Basin Approach

In Section 5.2, we introduced the Per Main Basin approach
to apply a 30% area budget ratio within each main basin, as
an alternative of the Global approach. Herein, we explain the
details of this Per Main Basin approach.

Among the 23,996 main basins, 277 have an Rarity-
Weighted Richness (RWR) of zero. These main basins are
left unchanged, as establishing PAs in these regions would
provide no conservation benefit. Additionally, 4,713 main
basins have already designated at least 30% of their area as
PAs, meeting the protection target. Therefore, these main
basins are also left unchanged. Ultimately, after enforcing
the 30% area budget ratio for main basins with nonzero RWR
and less than 30% current protection, the final solution allo-
cates 27.04% of the global area for protection, slightly below
the 30.00% protected area with the Global approach.

Currently, 22,118 main basins have nonzero RWR but no
existing protected basins (i.e., basin units that are currently
fully protected). This suggests that with our model formula-
tion in Section 3, these main basins would get zero protec-
tion because there is no existing PA to expand from. How-
ever, many of them have non-negligible species richness (e.g.
11,455 of them have RWR above 0.0056, which is the median
across all main basins), and provide habitat to some endemic
and rare species. Therefore, it is crucial to establish PAs in
these main basins. To address this, we modified our model
to allow each of these main basins to choose one unprotected
basin unit (the “seed” of expansion) to be protected and ex-
pand it to one connected component of PAs, while still mak-
ing sure the total protected area is below the area constraint.
Specifically, in our encoding, we introduce binary decision
variables z;, Vi € B, indicating if basin unit ¢ should be the
“seed” of expansion. Formally:

maximize g T,

i€B
s.t. Z(ai —a))z; <8 Zai - Zag 4)
i€B i€B i€B
ngij < nxj, VijEE/
(5
kai:Zfij+$i, Vie B
ki€ B’ ijEE
(6)
i€B
fsi < nz, Vi€ B
3
Ti 2 %y Vie B
9
z; € {0,1}, Vi€ B
x; =1, Vie P
2 € {0,1}, Vie B
(10)

Constraint (7) ensures that there is exactly one “seed”, and
constraint (8) ensures that flow can only be injected into the
graph through the “seed” (i.e., the basin with z; = 1). Con-
straint (9) ensures that the “seed” is protected. Same as the
encoding in Section 3, constraint (4) ensures that the total area
of protection is under the area budget, and constraints (5) and
(6) encode the connectivity by ensuring that flow goes into
basin ¢ if and only if basin ¢ is protected, i.e., x; = 1.
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