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Abstract

Understanding stream fish responses to landscape stressors is fundamental to designing
management strategies to conserve and restore fluvial ecosystems. Landscape stressors, including
agricultural, pasture, and urban land use, often elicit threshold responses in stream fishes, causing rapid
declines in abundance with comparatively small increases in stressor intensity. However, the use of
thresholds to inform conservation and restoration decision-making remains limited, particularly when
targeting entire stream fish assemblages at continental spatial extents. Here, we apply known threshold
values to characterize the vulnerability of stream fishes across approximately 1.73 million stream reaches
in the United States and Europe. We develop a decision-support framework that integrates threshold status
indices with network catchment summaries of protected area coverage to prioritize (a) conservation
actions in poorly protected catchments approaching land use thresholds, and (b) restoration actions in
catchments that have exceeded thresholds despite high protected area coverage. Our findings highlight
the vulnerability of stream fishes to landscape stressors across two continents and demonstrate how
integrating threshold-based vulnerability assessments with protected area summaries can support

management decision-making and help address the freshwater biodiversity crisis.



Introduction

Freshwater fishes are threatened by human activities, including factors operating at the landscape
scalel?34, Stressors associated with agricultural production and urban development are ubiquitous
throughout the world, and they contribute to the freshwater biodiversity crisis® by altering natural
hydrological regimes, changing physical characteristics of streams (e.g., fragmentation, sedimentation),
and reducing water quality (e.g., nutrient enrichment)®’8°, To address the freshwater biodiversity crisis,
management efforts must account for complex responses of fish assemblages to multiple landscape
stressors!®!, and they must also consider underlying social and economic drivers that influence
conservation potential and restoration feasibility*>2,

Understanding how fish assemblages respond to landscape stressors is fundamental to designing
effective management strategies to conserve and restore stream habitats'*'®. Landscape stressors are
known to elicit continuous but non-linear responses in stream fishes, characterized by points at which
stream fish metrics decline rapidly with comparatively small increases in stressor intensity'61". Such
patterns can be identified using statistical analyses that quantify relationships between fish metrics (e.g.,
abundance of rheophilic fishes) and environmental factors (e.g., percent of urban land use within
catchments). In applied contexts, these relationships may be expressed as threshold values, serving as
empirical benchmarks that can readily be communicated to inform policy and management. These
benchmarks can inform proactive conservation strategies to prevent landscape stressors from exceeding
thresholds, while also guiding restoration efforts in degraded systems®1°2°_ Although thresholds have
considerable potential to inform conservation and restoration priorities?:?22324 efforts to incorporate
them into the management of stream fishes remain limited?>.

Ecosystem management must contend with financial constraints and limited institutional
capacities, requiring spatial planning to guide the strategic allocation of conservation and restoration

actions and to maximize cost-effectiveness?®2”28, Such approaches typically consider the distributions of



priority species and rare habitat types, but they may also incorporate vulnerability assessments to mitigate
risk associated with landscape stressors?®. The irreplaceability-condition-vulnerability (ICV) framework,
for instance, integrates measures of conservation potential and stressor exposure, thereby incorporating
risk into the decision-making process®®31:3232 Related approaches have incorporated thresholds into
spatial planning, although such applications have mostly been limited to relatively small regions®4. For
example, Ettinger et al.®® used urban land use thresholds to develop an index of pre-spawn mortality risk
for coho and Chinook salmon in the Puget Sound basin, identifying priorities for the preservation and
restoration of critical habitats. Comparable frameworks applicable to entire stream fish assemblages
across broader regional extents are lacking, highlighting the need to account for regional variation in the
responses of stream fishes to landscape stressors®.

In addition to using thresholds to characterize vulnerability of stream fishes to multiple landscape
stressors, spatial planning and decision-support frameworks can be strengthened by considering the
distribution and effectiveness of protected areas, defined as locations dedicated to the long-term
conservation of nature through legal or other effective means®. Catchments with a higher degree of
upstream protection may support better outcomes for stream fishes by mitigating effects of landscape
stressors®”38, while increases in institutional infrastructure often associated with protected areas may be
used as a general proxy of restoration feasibility3®4%4!, For example, conserving landscapes that are most
vulnerable to human activities is more cost-effective than protecting landscapes with a relatively low risk
of degradation®#2, whereas restoration may be more feasible in moderately disturbed landscapes*>*4,
Therefore, integrating threshold-based vulnerability and protected area assessments could inform policies
such as the Kunming-Montreal Global Biodiversity Framework, United Nations Decade on Ecosystem
Restoration, and European Union’s Nature Restoration Regulation!®>23:4546,

The primary goal of this study is to develop a decision-support framework for identifying

conservation and restoration priorities in fluvial ecosystems across a broad, continental spatial extent. To



achieve this, we first calculate threshold status indices to assess the vulnerability of stream fishes to
agricultural, pasture, and urban land use in catchments of approximately 1.73 million stream reaches
across the United States (US) and Europe — regions that offer contrasting case studies given their distinct
land use histories and regulatory frameworks*’. Second, we test empirical associations between
percentages of protected land area within network catchments and measures of stream fish abundance to
assess the potential benefits of landscape protection for stream fishes. We then integrate threshold status
indices with protected area summaries to prioritize conservation and restoration efforts for stream fishes,
and include two case studies to demonstrate how the same framework can be applied to inform
management of fluvial ecosystems across different social-ecological contexts.
Results
Summarizing threshold status indices across the conterminous United States and Europe

In total, we calculated 44 threshold status indices to characterize vulnerability of stream fishes to
agricultural, pasture, and urban land use within 19 ecoregions, including 14 ecoregions in the US and 5
ecoregions in Europe (Table 1; Figure S1). Thresholds for agricultural land use ranged from 0.10% for
rivers in the Middle Missouri ecoregion to 40.06% for creeks in the Western Iberia ecoregion. Thresholds
for pasture land use ranged from 1.52% for creeks in the Upper Mississippi ecoregion to 15.43% for rivers
in the Colorado ecoregion. Lastly, urban land use thresholds ranged from 0.08% for rivers in the Western
Iberia ecoregion to 12.30% for creeks in the Laurentian Great Lakes ecoregion (Table 1).
Evaluating the effectiveness of protected areas for supporting stream fishes

All four fish metrics showed a significant positive association with protected area coverage,
including the relative abundances of intolerant (Kruskal-Wallis chi-squared (y%) = 2425.7; p < 0.001),
migratory (x2 = 2005.7; p < 0.001), lithophilic (x* = 1176.3; p < 0.001), and rheophilic (*> = 1125.9; p <
0.001) fishes (Figure 2). For each fish metric, pairwise Wilcoxon rank sum tests revealed significant

differences among all protected area categories (i.e., low, medium, and high protection; all p values <



0.001). These findings, which were based on thousands of records of stream fishes sampled across two
continents, support the inclusion of protected area coverage as a complementary dimension in the
decision-support framework.
Case Study 1 - Central and Western Europe ecoregion

Our first case study focused on the Central and Western Europe ecoregion, which consisted of
141,132 catchments, including 107,597 creeks and 33,535 rivers. According to our threshold status
indices, 45.1% of creeks and 67.4% of rivers had exceeded the agricultural land use threshold, whereas
34.4% of creeks and 75.2% of rivers had exceeded the threshold for urban land use (Figure 3a, b; Table
S1). Most catchments were poorly protected, with 59.0% of creeks and 59.7% of rivers falling in the low
protection category. In contrast, 13.8% of catchments had medium protection and 27.1% had high
protection. Our investigation of multiple stressor configurations indicated that 30.5% of catchments had
exceeded both the agricultural and urban land use thresholds, whereas 36.0% of catchments had not
exceeded either threshold (Figure 4a). Additionally, 19.9% of catchments had exceeded the agricultural
but not the urban land use threshold, and 13.6% had exceeded the urban but not the agricultural land use
threshold (Figure 4a).

Using the framework shown in Figure 5, we identified conservation and restoration priorities for
35.1% of creeks and 45.9% of rivers within the Central and Western Europe ecoregion (Figure S2a). For
creeks, 32.7% of priorities were associated with urban conservation, followed by 25.3% for agricultural
conservation, and 16.6% for agricultural restoration. For rivers, the top priorities were associated with
agricultural (24.0%) and urban restoration (18.3%).
Case Study 2 - Middle Missouri ecoregion

Our second case study focused on the Middle Missouri ecoregion, which consisted of 181,176
catchments, including 138,993 creeks and 42,183 rivers. According to our threshold status indices, 82.8%

of creeks and 90.8% of rivers had exceeded the agricultural land use threshold, whereas 65.6% of creeks



and 65.3% of rivers had exceeded the threshold for urban land use (Figure 3c, d; Table S1). Consistent
with our findings in the Central and Western Europe ecoregion, most catchments in the Middle Missouri
ecoregion were poorly protected, with 97.8% of creeks and 97.6% of rivers falling in the low protection
category. In contrast, just 1.1% of catchments had medium protection and 1.2% had high protection. Our
investigation of multiple stressor configurations indicated that 63.0% of catchments had exceeded both
the agricultural and urban land use thresholds, whereas 12.8% had not exceeded either threshold (Figure
4b). Additionally, 21.7% of catchments had exceeded the agricultural but not the urban land use threshold,
and 2.6% had exceeded the urban but not the agricultural land use threshold (Figure 4b).

Using the framework shown in Figure 5, we identified conservation and restoration priorities for
16.7% of creeks and 22.1% of rivers within the Middle Missouri ecoregion (Figure S2b). For creeks,
91.8% of priorities were associated with urban conservation, followed by 3.0% for agricultural restoration.
Similarly for rivers, the top priorities were associated with urban conservation (86.0%) and agricultural
conservation (7.4%).
Applying the framework across spatial scales

To illustrate how the framework can be applied across spatial scales, we aggregated priorities
identified at the catchment scale and considered implications for conservation and restoration in subbasins
of the Vistula River watershed, Poland (Figure 6). Compared to other subbasins in the Vistula River
watershed, the Bug River had a relatively low coverage of protected areas but had not yet exceeded the
agricultural or urban land use thresholds, suggesting that proactive conservation actions could prevent
further degradation. In contrast, contiguous sections of the Narew River were either moderately or highly
protected but had marginally exceeded both the agricultural and urban land use thresholds, making the
Narew River a high priority for agricultural and urban restoration efforts (e.g., riparian rewilding,
regulating pesticide and fertilizer application rates, addressing hydrologic alteration). The mainstem

Vistula River was identified as a high priority for agricultural restoration (Figure 6¢), whereas the Wkra



River was identified as a high priority for urban restoration (Figure 6d). Together, these examples
demonstrate how the framework can inform conservation and restoration priorities within subbasins and

across entire watersheds.

Discussion

Characterizing responses of stream fishes to landscape stressors is fundamental for informing
conservation and restoration efforts targeting the maintenance and recovery of stream habitats*®°, To
prioritize management actions in catchments throughout the conterminous United States and Europe, we
developed a decision-support framework that integrates threshold responses of stream fishes to landscape
stressors and summaries of protected area coverage within network catchments. In addition to
demonstrating an empirical association between the percentage of upstream protection and stream fish
abundance, we present two case studies in Central and Western Europe and Middle Missouri ecoregions
to showcase how this framework can be applied similarly to inform management across different regional
contexts. Below, we address practical considerations regarding its use and continued development.

Vulnerability assessments are useful for determining where management strategies can best be
applied to proactively conserve or retroactively restore stream habitats. The threshold status indices
developed here are unique in that they quantify how far catchments are from exceeding land use thresholds
known to elicit rapid declines in the abundance of stream fishes, providing opportunities to investigate
patterns in the relative vulnerability of stream fishes across several large, heterogeneous ecoregions. This
builds upon previous examples in which individual land use thresholds have been applied to inform
management of focal species within specific local contexts®, extending their applicability to entire stream
fish assemblages across multiple spatial scales’. Because our basic unit of analysis was the network
catchment, our indices can be used in local applications or scaled up to draw inferences about the relative

vulnerability of subbasins, watersheds, or administrative units, making our approach relevant to a variety



of research and management activities including local stakeholder engagements, regional planning
exercises, and even national assessments?’505152,

While we considered changes in the relative abundance of stream fishes, our framework is not
limited to this choice of indicator. Any biodiversity metric for which meaningful response relationships
or thresholds can be quantified — such as species richness, functional diversity, or rarity — could be
incorporated, assuming the requisite data are available. This is an important consideration because
biodiversity is inherently multidimensional and different metrics may respond differently to
environmental factors across different regional contexts®>°+%, Accordingly, metric selection should be
aligned with specific management objectives, with explicit consideration of how variation among metrics
shapes ecological interpretation and influences management priorities®*°.

Whether protected areas are an effective means for conserving biodiversity is a topic that has been
debated in both the terrestrial and marine realms®®’, Because the criteria for a protected area to be
considered effective are likely to vary based on specific management objectives, such assessments should
be included as a component of any spatial planning effort®®. Recent assessments conducted in freshwater
ecosystems have provided evidence that protected areas can, in some cases, be effective for supporting
freshwater biodiversity®®. Consistent with these findings, we demonstrate a positive association between
the percentage of protected land area within network catchments and the relative abundances of intolerant,
migratory, lithophilic, and rheophilic fishes across the conterminous United States and Europe. However,
we also show that most catchments in Central and Western Europe and Middle Missouri ecoregions were
poorly protected. In the Iberian peninsula, Hermoso et al.>® showed that Natura 2000 sites, which are
designated to safeguard threatened species and habitats in Europe, failed to provide adequate coverage
for several freshwater taxa, and similar findings have been observed for stream fishes in the Brazilian

Amazon®® and in the conterminous United States®!. Together, these findings indicate that protected areas



can benefit stream fishes, while underscoring the need to explicitly incorporate freshwater ecosystems in
the design of future protected areas to help close gaps in representation®262,

Here, we summarized the percentage of protected land area within network catchments and used
this as a proxy of restoration feasibility. Upstream protection is expected to benefit freshwater ecosystems
by mitigating cumulative effects of landscape pressures, particularly in cases where in-stream protection
has not explicitly been mandated®. In this context, restoration may occur both within protected areas and
in the surrounding landscape matrix, consistent with integrated approaches to river basin management®4°
(see below). This proxy could be refined by accounting for variation in IUCN protected area management
categories (e.g., strict protection), or adapted to represent additional spatial configurations (e.g., riparian
or headwater protection). Nonetheless, protected area coverage provides complementary, policy-relevant
information that, in conjunction with threshold-based vulnerability assessments, helps to identify where
conservation and restoration efforts may be most cost-effective®.

While our decision-support framework identifies management priorities based on the proximity
of catchments to known land use thresholds, the management decision-making process is complex and
must be informed by additional data inputs that account for synergies and trade-offs among measures of
cultural, economic, and social relevance3®%768, This framework was designed to inform regional priorities
by identifying catchments most vulnerable to landscape stressors, but local management decisions must
ultimately be made in collaboration with local stakeholders®® . Although stakeholder engagement is a
significant determinant of the success of conservation programs’®, stakeholder feedback is rarely
considered in spatial planning processes?”.

Our results provide a basis for engaging policymakers, natural resource managers, and local
stakeholders in planning and implementing on-the-ground management actions. In the context of the
DPSIR (Driver-Pressure-State-lImpact-Response) framework, targeted local assessments are needed to

better understand how agricultural and urban land use contribute to site-specific pressures that modify the



physical or chemical state of local habitats’®. Local insights into how human pressures — such as
fragmentation, hydrologic alteration, sedimentation, and nutrient enrichment — impact stream habitats and
the fishes they support are crucial for identifying appropriate mitigation strategies and shaping societal
responses’®. Proactive conservation strategies, including the establishment of protected areas and
conservation easements, are essential to limit further degradation of stream habitats in catchments where
land use thresholds have not yet been exceeded. Conversely, restoration efforts should seek to promote
recovery of species and ecological processes within freshwater ecosystems*®#4475 In urban settings, this
may include building green infrastructure to minimize hydrological change and contain nutrient runoff’®,
while in agricultural settings, improved land use practices — such as reduced pesticide and fertilizer
application, or riparian rewilding — can help mitigate non-point source pressures’’. In both contexts,
conservation and restoration efforts will require local habitat condition assessments to characterize
specific mechanisms of impairment.

One limitation of our approach is that while network catchments account for cumulative upstream
influences, downstream interactions are not explicitly represented, potentially influencing prioritization
outcomes in systems with varying degrees of fragmentation. Future work could address this limitation by
integrating river network connectivity and longitudinal processes into the decision-support
framework?®> 787980,

A second limitation is that we identified restoration priorities based on the assumption that habitat
degradation is inherently reversible. However, the literature suggests that most restoration projects fall
short of attaining pre-disturbance conditions*. In part, the effectiveness of restoration projects is limited
by uncertainties in the conditions under which a degraded system can be fully restored to a reference
state?® (i.e., hysteresis). Under high levels of uncertainty, an alternative strategy may be to intentionally
direct the transformation of a degraded ecosystem toward a new, desirable state®! — a process that must

ultimately be shaped by local stakeholders.



Initiatives such as the Kunming-Montreal Global Biodiversity Framework, United Nations
Decade on Ecosystem Restoration, and the European Union’s Nature Restoration Regulation®® represent
formal commitments to addressing the freshwater biodiversity crisis?>#28, To help achieve the ambitious
conservation and restoration targets set forth by such initiatives, spatial planning efforts conducted at
broad spatial extents must account for complex responses of fish assemblages to multiple landscape
stressorstt. By characterizing vulnerability of stream fishes to multiple landscape stressors, our decision-
support framework promotes the use of ecological thresholds in decision-making applications throughout
the conterminous United States and Europe. More broadly, our decision-support framework provides a
transferable approach for incorporating thresholds into conservation and restoration planning for
freshwater ecosystems throughout the world.

Methods
Defining our study region and spatial framework

This study was conducted in streams located throughout the conterminous United States (US) and
Europe. Stream networks were defined using the National Hydrography Dataset®* (NHDPIusV2) and the
Catchment Characterization and Modelling Database®® (CCM2). Using these established hydrographic
datasets, we delineated network catchments — the total upstream land area draining to a given stream
reach® — to account for integrated and directional influences of landscape stressors on stream habitats and
the fishes they support. To account for natural biogeographic differences in climate, geology, and
physiography, analyses were conducted within freshwater ecoregions (Freshwater Ecoregions of the
World® (FEOW); Figure S1) and further stratified by stream size (hereafter, strata). Stream reaches were
assigned to one of two strata: those with a network catchment area larger than 100 km? were classified as
rivers (R), and all others were classified as creeks®® (C).

Identifying threshold responses of fishes to human landscape stressors



Thresholds characterizing responses of fish assemblages to landscape stressors were sourced
from!’, who identified thresholds by testing responses of four fish metrics — representing abundances of
intolerant, migratory, lithophilic, and rheophilic fishes — to percentages of agricultural, pasture, and urban
land use summarized within both local and network catchments. These fish metrics are commonly used
in vulnerability assessments because they are sensitive to factors such as chemical pollution,
fragmentation, sedimentation, and hydrologic alteration®®°. Thresholds were identified using piecewise
linear regression and verified using a combination of change-point analysis and visual confirmation®’.
Within each ecoregion, analyses were repeated for each combination of fish metric, land use type,
catchment unit, and stratum, yielding up to 48 thresholds per ecoregion'’. For this study, we extracted
thresholds for network catchments and retained the lowest threshold value across all four fish metrics —
for each land use type and stratum — to represent the minimum land use intensity at which changes in fish
assemblages were expected to occur (e.g., a single threshold characterizing influences of urban land use
on fish assemblages in creeks). A summary of these stratum-specific threshold values is provided in Table
1.

Calculating threshold status indices

To address our first objective (Figure 1), we summarized the percentage of agricultural, pasture,
and urban land use within network catchments®. Land use data were sourced from the 2019 National
Land Cover Database® (NLCD; US), and from the 2018 Coordination of Information on the Environment
Land Cover Dataset® (CORINE; Europe). Agricultural land use includes areas dedicated to the
production of cultivated crops, including orchards and vineyards (NLCD class 82; CORINE classes 2.1,
2.2, and 2.4); pasture is defined separately to include areas planted for livestock grazing and fodder
production (NLCD class 81; CORINE class 2.3).

For each ecoregion, we calculated a threshold status index for each catchment by dividing network

catchment land use summaries by stratum-specific threshold values. Index values greater than 1 indicate



that a catchment has exceeded a given land use threshold (higher disturbance), whereas values of 1 or less
indicate the threshold has not yet been exceeded (lower disturbance). To facilitate interpretation, we used
a quantile classification to assign these index values to one of four categories, designating whether each
catchment was far above, just above, just below, or far below each land use threshold.
Summarizing protected area coverage within network catchments

To address our second objective and justify inclusion of protected areas in the decision-support
framework, we investigated associations between stream fish metrics and protected area coverage (Figure
1). Protected area data were sourced from the World Database of Protected Areas® (WDPA), processed
using a dissolve operation in ArcGIS Pro®, and summarized as the percentage of protected land area
within each network catchment. While protected area coverage and human land use are related, they are
not mutually exclusive measures as catchments often include semi-natural or low-intensity lands that lack
formal protection. To facilitate interpretation, catchments were assigned to one of three equal interval
categories corresponding to classes of low (<33.3%), medium (> 33.3% and < 66.6%), and high (> 66.6%)
protection. We then used Kruskal-Wallis and Wilcoxon rank sum tests (o= 0.017, Bonferroni correction)
to assess differences among protection categories for each of the four fish metrics described above®.
Developing the decision-support framework

To address the primary goal of this study, we integrated insights from both the threshold status
and protected area assessments to develop a decision-support framework for prioritizing conservation and
restoration efforts (Figure 1). In this framework, catchments with low protection that were just below a
given land use threshold were considered high priority for conservation. These catchments are particularly
vulnerable to crossing a land use threshold and would likely benefit from implementing proactive
conservation efforts to limit degradation of stream habitats. In contrast, catchments with medium or high
protection that were just above a given land use threshold were considered high priority for restoration.

Despite being relatively well-protected, these catchments have marginally exceeded one or more land use



thresholds and are expected to be more amenable to restoration than catchments draining highly disturbed
or unprotected landscapes.
Case studies

To illustrate the utility of this framework, we mapped results for each recommended management
action and summarized their frequency by ecoregion and stratum (e.g., percentage of catchments
identified as high priority for urban conservation). Because stream catchments support multiple human
activities that degrade stream habitats and contribute to biodiversity loss, we demonstrated how threshold
status indices can be combined to identify catchments that have exceeded multiple thresholds®”-%%,
Lastly, using the Vistula River watershed, Poland as an example, we show how the framework can be
applied across scales, from identifying opportunities within individual catchments to drawing broader
inferences about subbasins and entire watersheds.
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Figure 1. Workflow for integrating land use thresholds and summaries of protected area (PA) coverage
(i.e., upstream protection) into a decision-support framework to identify conservation and restoration
priorities for stream fishes.
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Figure 2. Relationships between protected area categories (low, medium, or high protection) and stream
fish metrics in reaches sampled throughout the conterminous United States and Europe. Fish metrics
correspond to the relative abundance of (a) intolerant, (b) migratory, (c) lithophilic, and (d) rheophilic

fishes.
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Figure 3. Threshold status classifications for catchments in the Central and Western Europe (a, b) and
Middle Missouri (c, d) ecoregions. Classifications were derived by applying quantile breaks to threshold
status indices reflecting the percentage of urban (a, c) and agricultural (b, d) land use within network

catchments.
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Figure 4. Multiple stressor configurations for catchments in the (a) Central and Western Europe and (b)
Middle Missouri ecoregions. Catchments that have not passed an agricultural or urban land use threshold
(0) are shown in grey, whereas those that have exceeded (1) both thresholds are shown in purple.
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Figure 5. Relationship between protected area coverage and threshold status indices for rivers in the
Middle Missouri ecoregion. In the left panel, the red horizontal line that intersects the y-axis at a value
of 1 corresponds to the urban land use threshold. Black points located above this line represent
catchments that have exceeded the threshold. In the right panel, red horizontal lines differentiate among
the four threshold status classifications depicted in Figure 3; red vertical lines separate catchments into
the low, medium, and high protection categories depicted in Figure 2. Catchments that are just below the
threshold and in the low protection category are considered high priority for urban conservation because
they are relatively close to crossing the threshold and have relatively little protection. Similarly,
catchments that are just above the threshold and in the medium or high protection categories are
considered high priority for urban restoration, as existing protected areas provide opportunities for
implementing restoration actions, reducing landscape pressures, and potentially improving the
ecological status of fishes. In this framework, catchments that are far from a threshold in either
direction, highly protected and relatively undisturbed, or poorly protected and relatively disturbed are
not considered priorities.



Figure 6. Recommendations for catchments (colored) within subbasins of the Vistula River watershed,
Poland (outlined in black), depicted as subsets of Figure S2a. The figure shows locations of priority
catchments in relation to protected areas (grey polygons) and stream networks (blue lines). In general, the
Bug River has yet to exceed thresholds for agricultural and urban land use but is characterized by
relatively low levels of protection. According to the framework presented in Figure 5, this combination
of factors makes the Bug River a high priority for proactive agricultural and urban conservation efforts
(a; brown). Similarly, contiguous sections of the Narew River (b) are moderately to highly protected but
have marginally exceeded both agricultural and urban land use thresholds, making the Narew River a high
priority both for agricultural and urban (b; green), and urban (d; pink), restoration efforts. Throughout its
course, the Vistula River was identified as a high priority for agricultural restoration (c; purple), whereas
the Wkra River was identified as a high priority for urban restoration (d; pink). Together, these examples
illustrate how the framework can be applied across scales, from identifying opportunities within
individual catchments to drawing broader inferences about subbasins and watersheds.



Tables

Table 1. A summary of thresholds for creeks (C) and rivers (R) in ecoregion across Europe and the
United States (US). Thresholds were sourced from Ublacker et al.}” and correspond to percentages of
agriculture, pasture, and urban land use within network catchments. Ecoregion 1Ds align with those
reported in Figure S1.

ID Ecoregion % Agriculture % Urban

Europe

1 Cantabric Coast — Languedoc 1.23 (R) 1.05 (R)

2 Central and Western Europe  24.58 (C*) 3.50 (C); 2.25 (R)
3 Dniester — Lower Danube 4.68 (C); 5.15(R)
4 Upper Danube 3.90 (R)

5 Western Iberia 1.75 (C); 0.08 (R)
uUS

6 Appalachian Piedmont 2.49 (C); 0.58 (R) 9.31 (R)

7 Central Prairie

8 Chesapeake Bay 7.01 (R)

9 Colorado 5.05 (C); 1543 4 95 (C): 0.61 (R)
10 Columbia Unglaciated 0.20 (C); 5.97 (R) 10.04 (C)

11 Cumberland

12 Laurentian Great Lakes 12.30 (C)

13 Middle Missouri 0.25(C); 0.10 (R) 2.54 (C); 2.08 (R)
o o S 1510

15 Ozark Highlands 1.05(C); 6.67 (R)

16 Sacramento — San Joaquin

17 Teays — Old Ohio 9.58 (R)

18 Upper Mississippi 3.79(C); 6.22 (R)
19 Upper Missouri 0.88 (R)

*For illustrative purposes, the threshold value for rivers was assumed to be the same as that for creeks.



