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ABSTRACT

Water resource managers need Streamflow Duration Assessment Methods (SDAMs) to predict if streams are ephemeral, inter-
mittent or perennial. Although SDAMs exist for some regions of the United States, no validated SDAM has been developed for
Puerto Rico and the US Virgin Islands. This review lays the foundation for a US Caribbean SDAM that will be accurate and prac-
tical by characterizing trends in stream research and identifying flow class documentation, candidate indicators of streamflow
duration and a hydrogeographic framework. We screened 2081 titles and abstracts and 750 full-text documents. Despite many
Caribbean islands having only non-perennial streams or a mixture of perennial and non-perennial streams, our review identified
only 10 studies that evaluated stream characteristics between reaches with different flow duration. Candidate indicators include
drainage area, riparian herbaceous cover, two fish metrics and 19 aquatic invertebrate metrics. A total of 235 documents pro-
vided localities for 2282 stream reaches, 94.7% in Puerto Rico and 5.3% in the US Virgin Islands. Eighty-two documents classified
streamflow duration, but only 45 provided flow class and locality. From these, we identified 425 candidate SDAM study reaches,
of which 308, 103 and 14 were perennial, intermittent and ephemeral, respectively. Hydrology, chemistry and geomorphology
topics dominated the stream research literature. The ecological life zones framework is the most suitable of 13 hydrogeographic
frameworks for a US Caribbean SDAM. The subtropical dry forest zone contained most of the documented intermittent reaches,
whereas documented perennial reaches dominated the subtropical moist forest and subtropical wet forest zones.

1 | Introduction reaches have continuous surface flow that does not stop outside
of drought periods. Intermittent reaches have continuous sur-
Many classification terms have been used to describe stream- face flow for part of the year that is maintained by groundwater

flow duration, but perennial, intermittent and ephemeral are or another stable water source. Ephemeral reaches have surface
among the most used terms in water resource management and flow only during and immediately after precipitation events
hydrography (Busch et al. 2020; Fritz et al. 2013). Perennial (Nadeau 2015; Fritz et al. 2020).
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Hydrologic data and models that accurately describe flow dura-
tion for entire river networks are limited and are often dispro-
portionately focused on large rivers in densely populated regions
(Krabbenhoft et al. 2022). Remote sensing surveys may not cap-
ture the spatial extent and flow conditions of headwater streams
due to technical limitations in many regions (Christensen
et al. 2022). Streamflow Duration Assessment Methods
(SDAMs) are rapid, single-visit, field-based methods that can
accurately predict flow duration classes in support of reach-
scale (i.e., stream length ~40x channel width) management
decisions (e.g., water quality standards, riparian buffer widths
and regulatory jurisdiction [Fritz et al. 2020]). SDAMs have
been developed for the Pacific Northwest (Nadeau 2015), Arid
West and Western Mountains (Mazor et al. 2024), Great Plains
(James et al. 2024) and the Northeast and Southeast United
States (James et al. 2023), but there are no validated SDAMs
for the US Caribbean or other Caribbean islands. Despite this,
streamflow duration classification of stream reaches is used in
the application of Puerto Rico (PR) and the US Virgin Island
(USVI) Water Quality Standards Regulations (water quality
standard variance [DPNR 2019; PRDNER 2022]) and best man-
agement practices for erosion and sediment control (Puerto
Rico Environmental Quality Board and U.S. Department of
Agriculture Natural Resources Conservation Service 2005;
Horsley Witten Group 2022). Under USVI law there are also
several relevant provisions that recognize conservation of non-
perennial streams (e.g., USVI Code title 12 § 187(b), title 29 §
3-226(p); Reiblich and Ankersen 2016).

The key components of SDAMs are hydrologic data, study
reaches and physical and biological indicators (Fritz
et al. 2020). Hydrologic data represent the direct measure-
ment for the assignment of stream reaches to a flow duration
class. The relationship between hydrologic data and indica-
tors reflects the cause-and-effect relationship between stream
drying and inferential physical and biological variables. Such
variables may be environmental characteristics that control
streamflow duration or those that respond to streamflow du-
ration. Study reaches used in SDAM development need to rep-
resent the range of streamflow duration and other covariate
conditions (e.g., physiographic region, land use and stream
size) for which the SDAM will be implemented. Distributing
study reaches across expected strata or gradients will help
produce a robust SDAM that captures variability in how in-
dicators distinguish flow duration classes across the target re-
gion. A hydrogeographic framework that describes dominant
controls of streamflow duration should guide the spatially bal-
anced distribution of study reaches. This ensures the SDAM
can be applied adequately for the region, even in areas with
contrasting hydrologic conditions.

The development of SDAMs involves a multistep process to in-
tegrate the key SDAM components into implementable methods
(Fritz et al. 2020). The first step, preparation, involves conduct-
ing a literature review, engaging stakeholders and identifying
candidate indicators (single-visit, field-measurable geomorphic,
hydrologic or biotic factors) and study reaches (stream segments
with a documented streamflow duration class) to develop a
protocol for data collection. In step one (preparation) and step
two (data collection) of the Southeastern US SDAM develop-
ment, both PR and the USVI were included (James et al. 2023).

However, step three (data analysis) revealed that indicators
collected from study reaches in PR and the USVI differed from
those collected from the rest of the southeastern United States
(Gross et al. 2023). This is consistent with the region's unique
geology (volcanic origin and tectonic uplift), tropical climate,
high biodiversity, steep and short stream channels and intense
human pressures on freshwater resources (Boulton et al. 2008;
Smith et al. 2003; Heartsill Scalley 2012). The US Caribbean
was excluded from the SDAM effort in the Northeastern and
Southeastern regions because there were insufficient data col-
lected from PR and the USVT to develop a US Caribbean-specific
SDAM. Additionally, the beta SDAM developed for the Southeast
was only 42% accurate at classifying perennial, intermittent
and ephemeral reaches in PR and the USVI (Gross et al. 2023).
The literature review for the Northeastern and Southeastern
United States (James et al. 2022) also neglected to include any
references for stream studies in PR or the USVI. Therefore, a
US Caribbean-specific SDAM is still needed, and a systematic
review of the Caribbean stream literature is needed to provide a
foundation for its development.

The overarching objective of the systematic literature review is
to gather foundational information for the development of a US
Caribbean-specific SDAM. This literature review addresses four
questions aimed at informing and improving the understand-
ing of streamflow duration and the state of knowledge in the US
Caribbean.

1. What are candidate indicators for predicting flow duration
class of insular Caribbean streams?

2. Where are study reaches with documented streamflow du-
ration class in the US Caribbean?

3. What are the existing hydrogeographic frameworks that
capture important gradients (i.e., strata) related to stream-
flow duration in the US Caribbean?

4. What are the geographic and temporal distributions of
published stream research by topic in the US Caribbean?

2 | Methods

A detailed protocol was prepared to support consistency, re-
peatability, and objectivity of the systematic literature review
(Supporting Information S1). A summary of the protocol is de-
scribed here.

2.1 | Stakeholder Engagement

As a first step towards developing our systematic review, a
group of collaborators and stakeholders was assembled as a US
Caribbean Regional Steering Committee (RSC) to guide SDAM
development and implementation. The purpose of the RSC to
SDAM development is to share knowledge and connections to
the network of resource practitioners and organizations in the
region. RSC involvement from the onset is important for their
technical vetting of the regional SDAM development, enabling
representation from diverse perspectives and building owner-
ship that can improve subsequent adoption and implementation
of the SDAM. The contributions of the RSC to the systematic
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review included sharing relevant documents that were over-
looked in the systematic searches and providing feedback on the
organization and synthesis of information gathered.

2.2 | Systematic Searches for Documents

The literature databases used were Web of Science, ProQuest,
the Environmental Protection Agency's National Service Center
for Environmental Publications, the US Geological Survey's
Publication Warehouse, the National Oceanic and Atmospheric
Administration's Institutional Repository, the US Army Corps
of Engineers' Digital Library, the US Department of Agriculture
Forest Service's Treesearch, and the US Fish & Wildlife Service's
Publication Library to search for relevant articles, theses, disser-
tations, book chapters, and governmental reports (Table S-1). No
restriction for inclusion in the literature review was placed on
the year of publication.

Two systematic searches were made within each of the eight da-
tabases on 17 November 2023, one using an indicator and reach
search string (to address Questions 1, 2 and 4) and another using
a hydrogeographic framework search string (to address Question
3), resulting in 16 separate search corpora. Up to the first 100 doc-
uments (excluding any duplicates) identified in each search cor-
pus were compiled for screening. The search terms (Table S-2)
were selected to target location, hydrology and types of indica-
tors used in existing SDAMs or factors used in hydrogeographic
frameworks. Location, hydrology and indicator sets of terms were
combined into an indicator and study reach Boolean search string
and used to retrieve documents to address Questions 1, 2 and 4.
The location and framework sets of terms were combined into a
Boolean search string and used to retrieve documents to identify
hydrogeographic frameworks (Question 3) (Table S-3). Most terms
used were in English; however, some hydrology terms in Spanish
(quebrada, rio, riachuelo and ribererio) and the English-speaking
Caribbean region vernacular terms, gut and ghut (=stream), were
added based on RSC recommendations. Only sources in Spanish
and English were reviewed.

Our search strategy was designed to cover a broad scope of doc-
uments to address our review questions. However, to identify
additional documents for screening, we manually searched the
reference sections of documents identified through the system-
atic searches (SSDs) and relevant review articles and documents
provided by the RSC. These additional documents were col-
lectively referred to as non-systematic documents (NSDs). The
comprehensiveness of our SSD corpora was assessed relative to
our NSD corpora.

2.3 | Article Screening and Data Extraction

Documents were screened in two stages, a title and abstract stage
followed by a full-text stage (Figure S1.1). Documents without an
abstract, preface or executive summary (e.g., chapters of relevant
books) were screened only at the title level. Documents were el-
igible for the indicator criterion (Question 1) at the title and ab-
stract stage if the documents described the study of physical,
chemical or biological characteristics of streams or rivers from any
Caribbean island. Documents were eligible for the study reaches

criterion (Questions 2 and 4) if they included stream or river study
reaches in PR or the USVI. Documents were eligible for the hydro-
geographic frameworks (Question 3) if the titles and abstracts de-
scribed a Caribbean framework for organizing geographical units
based on climate, geology, hydrology, landform, ecology or other
pertinent variables. The documents were screened by the study's
authors as follows: The document screening was divided between
K.G.-R. and K.M.F., whereas A.C.E., T.H.-S., S.P.KX. and C.E.R.-S.
screened a random subset of documents (160 documents) to con-
firm screening consistency with KGR and KMF was at least 90%.

At the full-text screening stage, the eligibility criterion for candi-
date indicators was the assessment of one or more relationships
between an indicator metric and streamflow duration (or dry-
ing). Eligible documents for candidate study reaches in PR or
the USVTI included precise locality (latitude and longitude coor-
dinates, > 5 decimal places) or locality could be estimated from
a detailed study map. Documents were ineligible if no coordi-
nates for study reaches were provided or could not be estimated.
Eligible documents for hydrogeographic frameworks described
a Caribbean framework in the title and abstract for identifying
landscape units with similar hydrologic characteristics and bio-
physical associations. Such eligible documents could extend be-
yond but must have included PR and/or the USVI and described
variation in landscape-scale characteristics such as climate, ge-
ology, hydrology, landform, ecology or other pertinent variables.
The eligibility criterion at the full-text screening was having a
map or geodatabase that explicitly delineated the location of the
hydrogeographic framework. Lastly, review or editorial articles
that did not provide original data were considered ineligible for
data extraction to avoid duplication with cited original studies.

Because ephemeral and intermittent streams have been un-
derstudied globally compared to perennial streams (Leigh
et al. 2016; Allen et al. 2020), our literature review for candidate
indicators of streamflow duration broadly included Caribbean
studies that characterized indicator metrics for flow duration,
desiccation (lab experiments), drought or water diversions. The
data extracted from each eligible document about candidate in-
dicators included the indicator type for a specific metric, stream
drying treatment (i.e., flow duration, desiccation, drought or di-
version) and the reported relationship (i.e., directional, neutral,
or mixed) (Table S-4). Directional relationships could be positive
or negative, representing increases or decreases, respectively, of
an indicator metric with increasing flow duration or less expo-
sure to stream drying (e.g., non-drought). Neutral relationships
were identified for metrics having no reported relationship.
Mixed relationships were identified for metrics having some-
times positive, negative or no relationships with stream drying.

Data extracted from the full-text screening were used to ad-
dress five criteria for identifying candidate indicator metrics:
(1) Discernable: Does the document report that an indicator
metric can discriminate between stream drying treatments?
(2) Repeatability: Can the indicator metric be consistently mea-
sured by different trained practitioners and across sampling
conditions? (3) Defensibility: Does the indicator metric have
a rational or mechanistic relationship with flow duration? (4)
Rapidness: Can the indicator metric be modified to be measured
during a 1-day site visit? (5) Objectivity: Does the indicator rely
on objective or quantitative measurement? Candidate indicators
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for developing a US Caribbean SDAM were those identified to
satisfy the five criteria. We further distinguished candidate indi-
cator metrics that met the discernable criterion based on statis-
tical analysis from those based on a non-statistically supported
interpretation of study data.

Among the documents identified in the review was a Puerto
Rico Department of Natural and Environmental Resources
technical report (hereafter called the PR Protocol) that de-
scribed the development of an SDAM for PR (PRDNER 2007).
The PR Protocol includes 26 indicator metrics that are scored
either ordinally (five levels) or as binary (present or absent) and
represent hydrology, geomorphology and biological indicator
metrics (Table S-5). Among the indicator metrics used, 24 were
adapted from indicators used in an SDAM developed for North
Carolina, USA (NCDWQ 2005), and two were novel indicator
metrics characterizing the presence of natural flow connectivity
and the presence of skeletonized leaves on the streambed. The
purpose of the PR Protocol was to develop a rapid method for
classifying whether a topographic feature is an ephemeral/in-
termittent (non-perennial) or perennial stream or not a stream.
However, the SDAM classes developed were based on the com-
bined indicator values rather than association with the actual
duration of channelized surface flow, nor has the method yet
been validated across stream reaches with varying flow dura-
tion (PRDNER 2007; Francisco A. Catald Miguez, personal
communication).

Although the PR Protocol did not describe the performance of
different indicator metrics (independently or jointly) for dis-
cerning flow duration classes, it contains information that can
be used to address Question 1 of our review. First, the docu-
ment includes scoring the importance of indicator metrics for
discriminating flow classes by a panel of 27 experts to derive
weighting factors used in the PR Protocol. Second, although
the actual streamflow duration classes of study reaches are un-
known, the 83 study reaches of the PR Protocol were selected
to represent a range of flow duration. Given this, metrics with
mostly uniform scoring across study reaches would be expected
to be less useful in distinguishing among streamflow duration
classes than metrics with varying scores. Lastly, we used con-
tingency tables (Fisher's exact test with Benjamini-Hochberg
procedure) to compare associations between ordinal scoring
of the observed base flow conditions recorded during one-
time, dry season (12/26/07 to 2/22/08) reach visits and the re-
corded scores of the other 25 PR Protocol metrics. Somers' delta
(DescTools 0.99.55 package in R v4.4.0) was used to measure
strength and direction between the ordinal base flow condition
scores and each of the scores of the other PR Protocol metrics
across the 83 study reaches. Although the observed base flow
conditions represent an instantaneous measure rather than
streamflow duration, exploring the associations between ob-
served flow conditions at the time of assessment provides in-
sight on relative responsiveness to stream drying among the PR
Protocol metrics.

Data extracted from documents identified as eligible for candi-
date study reaches included territory and municipality (for PR)
or island district (for the USVI); certainty of study locality (pro-
vided coordinates, coordinates estimated from detailed study
maps or coordinates unknown); reported streamflow duration

class (perennial, non-perennial, intermittent or ephemeral)
and associated definitions; and study data used to support
streamflow duration class (e.g., observation, streamgage, cam-
era or other types of data loggers). To address literature re-
view Question 4, we coded candidate study reaches identified
in eligible documents based on the data reported for different
research topics: hydrology, geomorphology, chemistry, microbi-
ology (bacteria, fungi and algae), vegetation (plants and organic
matter), invertebrates and vertebrates (fish, amphibians and
reptiles).

Data extracted from eligible documents for candidate hydrogeo-
graphic frameworks for use in SDAM development (Question
3) included the geographic scope, the factor categories (climate,
geology, hydrology, landform, ecology or other), factor type
(categorical or continuous), specific factor(s) used in the frame-
work, the number of regions identified in the framework and
the regionalization approach (qualitative or quantitative) used to
define regions. The extraction and coding of information from
eligible documents at the full-text stage was evaluated by ap-
plying the double-screening and consistency process to 12 ran-
domly chosen documents and resulted in 88% consistency in the
coding of extracted information.

The data extracted were synthesized to best inform the founda-
tional elements for the development of a US Caribbean-specific
SDAM. All maps were created using ArcGIS Pro 3.3 and graphs
were created in R v4.4.0 or SigmaPlot v15.0. To display the dis-
tribution of study locations, we intersected each unique study
reach with a boundary layer of PR municipalities and USVI
districts and aggregated them accordingly. We measured the
total stream kilometres (km) for each municipality and USVI
district using the National Hydrogeography Dataset (NHD)
(USGS 2023) flowline layer (f-codes 33400, 33600, 46003, 46006
and 55800) and described variation in the density of documented
study reaches relative to the total kilometres of NHD flowlines
across the US Caribbean.

3 | Results

The systematic searches to address questions for candidate in-
dicators, study reaches and research topics identified a corpus
of 14,358 documents, and the systematic searches for candidate
hydrogeographic frameworks identified a corpus of 11,867 doc-
uments. Of the identified documents, we screened the titles and
abstracts of 1270 SSDs and an additional 811 NSDs. Of those
documents, 139 SSDs and 611 NSDs were eligible for full-text
screening (Figure S2.1). All eligible SSDs for full-text screening
were in English, whereas 582 and 29 of NSDs were in English
and Spanish, respectively.

3.1 | What Are Candidate Indicators for Predicting
Flow Duration Class of Caribbean Streams?

We completed full-text screening of 677 documents for candi-
date indicators (Table S-6). We identified and excluded nine
documents from data extraction because they had redundant
content already extracted from other documents. We identified
25 documents that compared indicator metrics across drying
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TABLE1 | Candidate indicator metrics identified in literature review by indicator type, stream drying treatment and source document.

Indicator type Indicator metric Dry treatment Document
Catchment Drainage area (+) Flow duration Larsen and Santiago Roman (2001)
Drainage area (+) Flow duration Pike (2006)
Riparian vegetation Riparian herb cover (+) Flow duration Scatena (1990)
Aquatic invertebrates Mollusc presence (+) Flow duration Harrison and Rankin (1978)
Juvenile Thiaridae survival* (+) Flow duration Facon et al. (2004)
Tarebia granifera survival (—) Desiccation Chaniotis et al. (1980)
T. granifera density (+) Drought Yong et al. (1987)
T. granifera presence* (+) Flow duration Facon et al. (2004)
Biomphalaria glabrata abundance (+) Flow duration Pimentel and White (1957)

B. glabrata presence (+)

B.glabrata survival (+)

B. glabrata and Tropicorbis abundance (—)

B.glabrata survival* (—)

Medium B. glabrata survival* (—)

Large B. glabrata survival* (—)
Macrobrachium presence (—)
Atya density (+)

Atya density* (+)
Xiphocaris density* (+)

Percent gravid Atya females* (—)
Macrobrachium abundance* (—)
Macroinvertebrate density in riffles (+)

Macroinvertebrate density in pools (+)

Fish Fish presence (+)

Agonostomus monticola presence (—)

Flow duration Pimentel and White (1959a)

Desiccation Pimentel and White (1959b)
Diversion Ritchie et al. (1962)
Desiccation Sturrock (1970)
Desiccation Sturrock (1970)
Desiccation Sturrock (1970)
Diversion Sutton et al. (1997)
Drought Covich et al. (1998)
Drought Covich et al. (2003)
Drought Covich et al. (2003)
Drought Covich et al. (2003)
Drought Covich et al. (2006)
Drought Gutiérrez-Fonseca et al. (2020)
Drought Gutiérrez-Fonseca et al. (2020)
Flow duration Loftus (2003)
Diversion Sutton et al. (1997)

Note: + =positive relationship with dry treatment; — =negative relationship with dry treatment. Metrics with asterisk (*) identify statistical analysis supported

relationships; otherwise, relationships were based only on statements in documents.

treatments (only 1.6% of the 1521 total documents screened for
indicator metrics) through our full-text reviews. Among those
documents, metric responses were measured between flow
duration classes in 10 documents, between drought and non-
drought conditions in nine documents, between desiccation
exposures in four documents and between water diversion and
non-diversion treatments in two documents. Stream drying has
been most studied in PR relative to other Caribbean islands (19
of the 25 identified documents). The other six identified docu-
ments are studies in Cuba, Curacao, Martinique, St Lucia, St
Vincent and the USVI.

The number of indicator metrics evaluated in the 25 documents
ranged from 1 to 26. The most studied metric type we iden-
tified was invertebrates, with 45 different indicator metrics
across 18 identified documents (Table 1 and Table S-7). The
other 24 metrics evaluated organic matter (8 unique metrics),

riparian vegetation (6), algae (3), hydrology (3), fish (2), phys-
icochemistry (1) and catchment (1) measures between stream
drying treatments. Four metrics (drainage area, Biomphalaria
glabrata snail survival, Atya shrimp density and Xiphocaris
elongata shrimp density) were each evaluated in two identified
documents, resulting in a total of 73 metrics to evaluate across
the 25 documents (Table 1 and Table S-7). Based on relation-
ships reported in the identified documents, we scored 59% of
the 73 metrics as meeting the discernable criterion (Table 1
and Table S-7). Most metrics meeting the discernable criterion
decreased with stream drying duration, but there were density-
based metrics for invertebrates, algae and organic matter that
were higher during drought than non-drought conditions.
The discernable criterion for 46.6% of the identified indicator
metrics was based on results supported by statistical analyses
reported in the documents (Table 1 and Table S-7). Fifteen of
the identified metrics that met the discernable criterion were
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determined to not be easily modified for 1-day field assess-
ments (Table S-7).

There were 23 candidate metrics that satisfied the five eval-
uation criteria for candidate indicator metrics (Table 1). The
candidate metrics included drainage area, cover of riparian
herbaceous vegetation, two fish metrics, and 19 aquatic inver-
tebrate metrics. Fish metrics included presence of mountain
mullet (Agonostomus monticola) and presence of fish. Aquatic
invertebrate metrics included 12 for molluscs, five for shrimp
and two for overall macroinvertebrate density.

The PR Protocol metrics identified by the panel of experts as
being the most important in differentiating flow classes were
presence of fish, aquatic crustaceans, aquatic molluscs, aquatic
insects, filamentous green algae, red algae and skeletonized
leaves (Figure 1a). Presence of soil redox, soil chroma, histo-
sol soils, wetland plants, fibrous roots and terrestrial plants
in the channel were identified as being the least important
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FIGURE1 | Indicator metrics proposed for streamflow duration clas-
sification in a Puerto Rico Department of Natural and Environmental
Resources technical report (PDNER 2007). (a) Importance ranking fac-
tors for 26 indicator metrics for discriminating among flow classes as
scored by a panel of 27 experts, where higher values represent indica-
tor metrics considered more important in streamflow duration classi-
fication. (b) Indicator metric scores across 83 study reaches of varying
streamflow duration in Puerto Rico. Metrics scored as presence/absence
are shown on left and metrics scored ordinally (five levels) are shown on
right. Metrics are ordered by degree of uniformity across study reaches,
where high uniformity infers low discriminatory ability among stream-
flow classes. IOBF =iron-oxidizing bacteria and fungi.

indicators for flow classification of PR streams. Based on the
scoring of 83 study reaches, the PR protocol metrics that were
most uniformly scored (>90%) were presence/absence of con-
nectivity to downstream water, channel sinuosity and red algae
(Figure 1b). These three metrics are expected to be ineffective at
distinguishing perennial, intermittent and ephemeral reaches
in PR. Ordinal scoring of observed flow conditions at the time
of assessment varied significantly with scoring of prevalence
of leaf litter, degree of continuity of channel, wetland plant
categories, presence/absence of riffle-pool sequences, within-
channel differences in substrate distribution, in-channel ver-
sus out-of-channel substrate sizes, aquatic molluscs, aquatic
insects, fish, iron oxidizing bacteria and skeletonized leaves
across the 83 PR protocol study reaches (Fisher exact text
p<0.05; Table S-5). The presence-absence of aquatic insects,
riffle-pool sequence, and fish, and the degree of continuity of
channel, were the most strongly associated metrics with the
observed flow condition score (Somer's delta > 0.5; Table S-5).
Presence/absence of soil chroma indicative of redox, histosol
soils, natural levees, head cuts and skeletonized leaves had the
lowest correlation with observed flow condition scores and/or
the direction of the relationship was opposite of expected direc-
tion for the metrics.

3.2 | Where Are Study Reaches With Documented
Streamflow Duration Class in the US Caribbean?

Across the 529 eligible documents for full-text review
(Table S-6), we identified 235 documents with detailed local-
ity for study reaches (2282 unique reaches) and 82 documents
with streamflow classifications for study reaches, but only 45
documents provided study reaches with flow class and de-
tailed locality. Among those 45 documents, we identified 425
unique candidate SDAM development reaches (Table S-8).
Most (72.5%) of the candidate study reaches we identified
were documented as perennial, with only 24.2% and 3.3% doc-
umented as intermittent and ephemeral, respectively. Only
four perennial reaches were in the USVI (all in St Thomas),
where most of the documented intermittent (72 of 103) and
ephemeral reaches (8 of 14) were identified. We only identi-
fied one candidate study reach that had different classifica-
tions across documents: the reach in St Thomas (the Dorothea
Gut—USGS station 50252000) was classified as intermittent
in two documents (Reid 1991; Gardner 2008) and perennial
in three other documents (Jordan and Cosner 1973; Ajayi and
Smith 1983; Benoit and Nemeth 2011). The methods used to
classify the 425 candidate study reaches among the 45 docu-
ments varied, with 48.7% of the reaches classified based on the
National Hydrography Dataset (NHD) and all being perennial
reaches. Candidate study reaches classified using streamgage
data accounted for 16.5%, whereas 12.5% of reaches were clas-
sified based on periodic observations or measurements. Most
of the reaches classified based on streamgage data and peri-
odic data (59 of 70 and 32 of 53, respectively) were perennial.
No basis for the flow classification was documented for 22.4%
of the candidate study reaches identified, and most (79 of 95)
represented intermittent reaches. Overall, 84% of the candi-
date study reaches had coordinates provided in the reviewed
documents, whereas 17% required locality estimation from
detailed maps.
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3.3 | What Are the Existing Hydrogeographic
Frameworks That Capture Important Gradients
(Strata) Related to Streamflow Duration in the US
Caribbean?

Full-text screening of 119 documents was completed for existing
hydrogeographic frameworks for the US Caribbean, but only 29
documents included existing frameworks (Table S-6). Among
those 29 documents, 13 unique candidate frameworks were
identified (Table 2). Of these 13 frameworks, three were statisti-
cally derived and based on continuous measures such as eleva-
tion, topographic relief, seasonal precipitation and temperature.
The number of regions included in frameworks ranged from 3 to
14, spanning part or all of the US Caribbean (Table 2).

All 13 candidate hydrogeography frameworks were presented
in the hybrid workshop with RSC members, and the Ewel and
Whitmore (1973) ‘ecological life zones’ framework emerged as
the most suitable existing framework for capturing important
gradients related to streamflow duration in the US Caribbean.
This choice was validated by the consensus that the chosen
framework for which an SDAM be developed should include PR
and the USVI. Ten of the 13 identified frameworks did not in-
clude the USVI. The physiographic province and climate regions
frameworks included PR and the USVI, and each divided the
US Caribbean into four regions (Table 2). However, compared
to the ecological life zones framework, these other two frame-
works did not integrate several characteristics that the RSC dis-
cussed as strongly influencing streamflow duration in the US
Caribbean; instead, they mainly draw four boundaries based on
generalized topography and annual precipitation. For this rea-
son, the ecological life zones framework, which considers mean
annual precipitation, mean annual biotemperature and poten-
tial evapotranspiration, was deemed the best existing frame-
work for designing a US Caribbean SDAM development study.
The ecological life zones framework includes six zones with
the subtropical moist forest (SMF), subtropical dry forest (SDF)
and subtropical wet forest (SWF) representing 73.2%, 22.0% and
3.0% of the US Caribbean, respectively. The SDF and SMF are
the only zones represented in the USVI and the outlying PR is-
lands of Vieques and Culebra. The subtropical rain forest (SRF),
low montane wet forest (LMWF) and low montane rain forest
(LMRF) zones together represent 1.8% of the US Caribbean and
are restricted to the main island of PR.

3.4 | What Are the Geographic and Temporal
Distributions of Published Stream Research by
Topic in the US Caribbean?

We identified 230 documents with detailed locality for study
reaches where reported stream data were collected. Across
the 230 documents, we identified 2282 unique study reaches
(three reaches were excluded because the reported coordi-
nates placed them in the Atlantic Ocean). About 5% of the
reaches were in the USVI and 95% were in PR. Within PR,
study reaches were heavily concentrated in the northeastern
(San Juan and Rio Grande) and central (Utuado) municipal-
ities of the main island (Figure 2a and Figure S2.2); these
areas also had among the highest total length of NHD flow-
lines (Figure 2b). The geographic distribution of study reaches

relative to the total length of NHD flowlines within munic-
ipalities further shows a geographic emphasis of stream re-
search in northeastern PR (San Juan, Rio Grande, Luquillo)
and the islands of Culebra, St Thomas and St John (Figure 2c).
No or few study reaches were identified in several smaller
coastal PR municipalities (e.g., Arroyo, Florida and Rincén)
with shorter NHD flowline extents. Some areas, such as the
municipalities in western PR (Cabo Rojo, Lajas, Las Marias
and San Sebastian), central PR (Orocovis) and southeastern
PR (Guayama and Salinas), have been understudied relative to
the extent of NHD flowlines.

The geographic distribution of data collection reveals that
some research topics are widely represented across the US
Caribbean, whereas others are primarily clustered in specific
areas and completely absent on some islands. Most identified
documents reported data across multiple topics, with 55%
reporting data collected for more than one topic and 45% re-
porting data for only one topic. Among individual topics, hy-
drology had the highest percentage of documents in both PR
(53.1%) and the USVI (63.6%) (Figure 3a), and hydrological
data collection exhibited widespread distribution across the
US Caribbean (Figure S2.3a). Chemistry and geomorphology
data were also reported in high percentages of documents in
PR (40.2% and 28.1%, respectively) and the USVI (45.5% and
27.3%, respectively). Chemistry and geomorphology data
collection were geographically clustered in northeastern PR
(Figure S2.3b,c). Chemistry data had a comparable geographic
range as geomorphology data, although we identified chemis-
try data from only one location in Culebra and no locations in
Vieques. Biological data were more sparsely collected in the
US Caribbean than hydrology, chemistry and geomorphol-
ogy data (Figures 3a and S2.3). Among biological topics, in-
vertebrate data collection was the most prevalent studied in
PR (33.5% of documents), clustered mainly in northeastern
PR (Figure S2.3f). In the USVI, invertebrate data collection
was only reported in 13.6% of the identified documents and
was restricted to reaches on St Thomas. Reported data on ri-
parian vegetation and organic matter were from 21.7% of the
identified PR studies and only 9.1% of identified USVI studies.
Stream microbiology (bacteria, fungi and algae) was the most
sparsely (4.5%) reported type of data from the USVI. Aquatic
vertebrate (fish, amphibian and reptile) data were reported
only from 12.6% of the PR studies but from 27.3% of the USVI
studies identified in our review.

Beyond geographic patterns, the temporal distribution of doc-
uments provides insight into changing research focus. The
oldest reported data we identified were from 1930 and re-
ported mainly data on fish and invertebrates (Figure 3b). We
identified few documents published during the 1930s-1950s,
and the reported data from those documents were mainly on
aquatic invertebrates, vertebrates and algae. From the 1960s
through 1980s, there was a gradual increase in reporting
chemistry, geomorphology, hydrology and microbiology data.
In contrast, the reporting of riparian vegetation, organic mat-
ter, aquatic vertebrate and invertebrate data continued to aver-
age less than one document per year during this period. From
the 1990s onwards, US Caribbean stream publications across
all topics experienced an increase in the mean number of doc-
uments published per year (Figure 3b). Hydrology, chemistry

Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

7 of 17

85U8017 SUOWILLIOD A1) 3|qeo! [dde au Aq peueob 8 Sapoie YO ‘8sh JO Sa|n 10} AIq18UlUO AB]IM UO (SUORIPUOD-PUR-SWBI LD AB|IM"A g1 |Bu1 [UO//:SdNL) SUORIPUOD pUe Swiie | 8u 89S *[9202/20/50] Uo Ariqiauliuo A8|Im ‘Ariq 801nes 159104 feuolieN Aq 9TE0L 9De/2Z00T 0T/10p/L0o A8 |IM AseIq Ul |Uo//Sdny Wo1j pepeojumod ‘T ‘9202 ‘SS0660T



10990755, 2026, 1, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/aqc.70316 by National Forest Service Library, Wiley Online Library on [05/02/2026]. See the Terms and Conditions (https:/onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

(8¥761) S1[BYDS Iop UBA aAnelrend 9 Aydei3odoy pazierousn Md saoutaoid orydeadorsAyg
(6T027) 'Te 32 NX aAnEITeN) € uonnqrisip swolq pazijerousH ad saworg
(8107) 19918I[BA-SALIO], {(HT0T) ‘T€ 12
ZJ3WOQH-ZAWOD) {(Z00T) ‘T& 19 UdSULIB] aAneITend LI09 uoneydroaid A[yjuow uedy Md SUOISIAIpP 9)eWI[)
SU0Z 911 “ad4) o001
(01027) ourd pue 0joS daneInuUEn) 1 ‘SSQUYSNOI “Q0BJINS ‘UOTIBAIH Md sjtun adeospue] [eInjeN
(vL6T) 9014 aAnelrend 8 uone)adaA [eursiQ Md $1S910J XBWI[D

muﬁuwuwgavu uru pue xewt
A@@m‘_”v ISJUIM pue Ewuwﬁ:mz ®>Emuﬁﬁw50 14 ‘ueaur ,Eo_u.mﬁ&“ovu& Teuoseas Ad S9uU0Z dnewrI|D

(1T07) ‘T 39 03NT {1661 BLISIS-SALIOT,
pue eddarg-ugo) (9861) eddarg-uojop aaneIend v Kyde13003 pue spurm apeI} PazZI[eIdUID Md souoz orydeidorpAHg

sonstIajoeIeyd uronpoid-[ios £q padnoid s3yoo1
‘uonjerrdsuerjodeas Tenusjod ‘@rnjersdurdloiq
(Z00?) ‘Te 12 IoWPH EINGLCA1 :3ile) 6 [enuue ueaw ‘voneiidroaid fenuue UL dd souoz Jurddew agew 9)1[[oIeS

Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

SOIIIAIIOR OIWIOUO0Dd PUE ‘UONRISSeA
($102) ‘T® 10 ZOWOH-Zowon HL6T 031 aaneIend 11 [eanjeu ‘orewr ‘Aydeigodos [rog ¥d suorge1 orydeisosn

(¥102) " 30 ZoWOH-ZoWON
{(2002) ‘Te 30 U Uy ‘9661 31e33R],
PUR 9AJA (L861) ZOWOH-ZaWOD)
{(0861) [9SIOH PUE ZoWQH-ZAWQH aAneend 8 sainyedj oryderdorsAyd pue sjrun o130[099 Md saouiaold I19jeMpuUNOID

(1207) 1oy31aS-SWeI[IM
(666T) T8 19 (I (9661) 11e33e,
pue 9A3A (0861) 0IUON

{(LL6T) 90IUOIN {(9L6T) QOIUON sAneIend v orydeidodo) pazijerausn IASN “4d saouraoid oryderdorsAyg
(9107) T 3 WoNasnag uep wonjendioaid fenuue
((#10T) 'Te 30 WOoYIsNag ueA aAnEINUEND ¥ pue saduel ureyunow Jofe IASN “9d suorgar arew|)

(¥107) BO3SUO-Z31I91INY) pue
zoxrwrey {($107) 'Te 19 uosyoLyg

{(6007) 03nT pue I (8661) J1B[D uonesidsuenjodeas [enusjod ‘vinjeradwalorq
{(SL6T) QIOWIY A PUB [oMT sAneIend 9 [enuue ueaw pue uoneydosid [enuue UBIN IASN “¥d SQUOZ 9J1] [ed130[00H
SIOUAIIY yoeoadde suor3aix yo s103oeq JUIIXd JI0MIUWIRI} d)epIpue)
uonjezifeuorSoy JquinN orqdeaSoan

‘(s1sATeUE TRONISIIB)S ‘TROLISWINU = dATIeIUEND SuoweSpnl 2anoa(qns ‘0andrIosap = aanejrenb) paurgep a1om suordar moy jo uondriosop
rerouad e sopraoid yoeordde uonyezijeuordar Yy, ‘syromauresy orgderdoo501pAy Y3 ur suordar jo roquinu Y} £q paqriosap Afferyeds ore jey) SOIISII)ORIRYD Y} I SI0JOBJ UL "1oq I0 (JASN) SPUB[ST
ur1ip SN ‘(Yd) 0ory oyreng o) Ajdde syromaureIy oY) J1 SAIFIIUAPT Jud)xd d1yder30a3 oy ], "SuTUaI0S JX3)-[[NJ U PAIJIIUIPI UBIQQLIL) SN ) 0] syIomawrery Aydei30o301pAy ajeprpued oyl | ¢ ATAV.L

8of 17



Number of study reaches
C3Jo-10 B8 40-59
[J11-20 A 60-102
C3J21-39 W 103-225 3 8

Stream kilometers
[ 0.0-754 N 178.4-234.8
3 754-1349 HEE 2348 -289.3
[ 134.9-178.4 I 289.3 - 460.5 v 8

Study reaches / Stream km
[ 0.00-004 EEE 0.17-0.24
[ 0.04-0.10 HEEE 0.24-0.41
1 0.10-0.17 N 041-1.88 v 8

FIGURE 2 | (a) Number of study reaches by Puerto Rico municipality or US Virgin Island district. (b) Total length of National Hydrographic

Dataset (NHD) flowlines within municipality or district. (c) Number of study reaches by municipality and district relative to the total length of NHD

flowlines within municipalities or district.

and geomorphology emerged as the most frequently published
data from US Caribbean streams.

4 | Discussion

This systematic review assembled and synthesized baseline
information on candidate indicators, candidate study reaches
and a hydrogeographic framework as foundational elements
for the development of an SDAM specific to the US Caribbean.
Consultation with the RSC ensured that the SDAM would be
informed by existing regional knowledge to its fullest extent and
enhanced engagement of local stakeholders for successful im-
plementation. Although the questions were specifically asked
to provide a foundation for developing a US Caribbean SDAM,

the information synthesized provides a state of knowledge for
stream drying in the Caribbean and an overview of the geo-
graphic and temporal patterns of stream and river research in
PR and the USVI.

4.1 | Candidate SDAM Indicators

Based on our literature review, flow duration in Caribbean
streams has been infrequently studied. Despite many Caribbean
islands having only non-perennial streams or a mixture of peren-
nial and non-perennial streams (Matalas and Grossling 2002;
Heartsill Scalley 2012), our review identified only 10 studies
that evaluated stream characteristics between reaches with dif-
ferent flow duration. Additionally, we supplemented our review

Aquatic Conservation: Marine and Freshwater Ecosystems, 2026
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FIGURE3 | Geographic and temporal distributions of published stream and river research by topic. (a) The percent of documents for each topic in
Puerto Rico and the US Virgin Islands. The number above each bar is the total number of documents. (b) The mean number of documents per years

by decade regarding seven different topics.

of candidate indicators of flow duration by including studies in-
vestigating the effects of drying associated with drought in pe-
rennial streams, control of disease vectors and water diversions.
The indicator metrics identified in our review as candidates to
evaluate in a US Caribbean SDAM study include mainly aquatic
macroinvertebrate and fish metrics. Aquatic macroinvertebrates
and fish are commonly included and considered among the most
important indicators in SDAMs developed for other regions (e.g.,
Fritz et al. 2013; Nadeau 2015; Mazor et al. 2021) and so would be
expected to be among candidate indicators to evaluate for a US
Caribbean-specific SDAM. Some candidate invertebrate metrics
are tailored to the US Caribbean fauna, namely, the presence

or abundance of some aquatic snails (Thiaridae and B.gla-
brata) and amphidromous shrimp (Atyidae and Palaemonidae).
Including aquatic macroinvertebrates and fish among candidate
metrics is further supported by their relative importance in the
PR Protocol (PRDNER 2007) and by their strong association
with observed base flow conditions.

Our review also identified some support for drainage area and
cover of riparian herbaceous vegetation as candidate indicators
of streamflow duration class. Pike (2006) used a 6-ha drain-
age area threshold to define the extent of the perennial stream
network in a Luquillo Mountain basin in northeast PR. For a
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southeast PR basin draining the Cayey Mountains, the extent of
the perennial stream network was defined by a 0.72-ha drainage
area threshold (Larsen and Santiago Roman 2001). Drainage
area has been commonly identified as an important geospatial
predictor of streamflow duration class (e.g., Gonzalez-Ferreras
and Barquin 2017; Sando et al. 2022) and regional flow-duration
and low-flow frequency statistics (e.g., Williams-Sether 2021).
Scatena (1990) reported that riparian herbaceous vegetation
cover was 100% along perennial reaches draining headwater
watersheds in the Luquillo Mountains but was < 50% along up-
stream intermittent reaches.

In addition to aquatic invertebrate and fish metrics, our analy-
sis of the PR Protocol metrics supports some rapid measures of
geomorphology, iron-oxidizing bacteria and fungi and organic
matter metrics that were modified from an SDAM developed
for North Carolina (NCDWQ 2005). Reaches with well-defined
channel continuity, no or very patchy leaf litter, presence of
riffle-pool sequences, iron-oxidizing bacteria and fungi and
differences of channel substrate texture and distribution tended
to be associated with reaches having some observed base flow,
whereas reaches observed to lack these features tended to be
dry reaches or reaches with surface water restricted to isolated
pools. Future research should assess the utility of the metrics
used in the PR Protocol across stream reaches of known flow
duration.

4.2 | Candidate SDAM Study Reaches

A sufficient sample size of reaches of each flow class with a
spatially balanced distribution is needed to develop a robust re-
gional SDAM. Stream reaches with documented flow class in
the US Caribbean are dominated by perennial reaches in PR and
intermittent reaches in the USVI. Additionally, the reliability of
streamflow classifications in this systematic literature review
was challenged by inconsistent reporting methods for classifi-
cation across most studies. Our results indicate that most of the
documented perennial reaches were classified using the NHD
or streamgage data. In contrast, intermittent and ephemeral
reaches were under-represented and frequently lacked classifica-
tion details, causing more uncertainty of the flow classification
of the non-perennial candidate study reaches. USGS stream-
flow gages on the USVI and outlying PR islands of Culebra and
Vieques, which were primarily on non-perennial reaches, have
been inactive since at least 2006 (Lancellotti and Hensley 2024;
USGS 2016).

Identifying reaches based on existing hydrological data or docu-
mented flow duration is an initial step for selecting SDAM study
reaches. Identifying more candidate study reaches through dis-
cussions with the RSC and local management agencies, includ-
ing those focused on publicly accessible stream reaches, will be
necessary. Interviews with managers and neighbours of streams
and use of crowdsourced information and street view and ae-
rial imagery where the channel is visible (Gallart et al. 2016;
Scheller et al. 2024) are options to add study reaches of expected
flow classes that are needed to balance geographic coverage.
Incorporating local knowledge through collaboration with
stakeholders, regional organizations and targeted field visits

may help improve the identification of intermittent and ephem-
eral study reaches. Data from active streamgages or low-cost
data loggers (e.g., Chapin et al. 2014; Noto et al. 2022) should be
used to classify streamflow duration of study reaches, whereas
candidate indicators are measured for developing the regional
SDAM. Additional study reaches may need to be added once
the actual streamflow duration classes have been determined to
further balance study reaches spatially among flow classes so
the training dataset for SDAM model development is sufficiently
robust for flow class prediction throughout the region.

We used the NHD flowline data to gauge the geographic distri-
bution of documented study reaches across the US Caribbean,
and some of the candidate sites identified in the review used the
NHD to specify perennial reaches. The NHD includes f-codes
for intermittent and perennial but not ephemeral reaches, so
the NHD cannot be used to initiate candidate study reach se-
lection for an SDAM that distinguishes ephemeral reaches.
Additionally, the NHD flowlines and blueline streams on stan-
dard topographic maps overlook the smallest streams, poten-
tially underrepresenting the full extent of stream networks in
at least some parts of the US Caribbean (Leon et al. 2021). This
underscores the importance of supplementing NHD data with
more finely detailed channel networks derived from a high-
resolution elevation layer (1 m?2), such as the Light Detection
and Ranging (LIDAR)-based 3D Elevation Program. Efforts
to refine hydrological network maps to include undocumented
non-perennial streams, as demonstrated by Leon et al. (2021) in
the Luquillo Experimental Forest using high-resolution LIDAR,
would benefit future SDAM efforts if extended to other regions
of PR and the USVI.

4.3 | Candidate SDAM Hydrogeographic
Frameworks

Despite being a small region compared to other regions with
developed SDAMs, the US Caribbean has strong gradients
controlling stream hydrology. For instance, mean total annual
rainfall greatly varies (~700 to >4000mm/year) across PR,
largely because of steep topography near the ocean (Gémez-
Goémez et al. 2014). The ecological life zones framework (Ewel
and Whitmore 1973; Figure 4a) emerged as the most suitable
framework for SDAM development. Based on discussions
with the RSC, the ecological life zones framework best cap-
tures important gradients, such as precipitation, temperature
and vegetation, that influence streamflow variability and re-
lationship strength with potential indicators. However, to our
knowledge, ecological life zones have not been evaluated as
a reflection of the hierarchical differences in stream charac-
teristics in the US Caribbean. One concern with using the
ecological life zones framework is the limited size of expected
stream density within some ecological life zones. Specifically,
the SRF and LMRF zones each represent only 0.1% of the US
Caribbean area (Ewel and Whitmore 1973). Modifying the
framework by combining these zones with the similarly sit-
uated LMWF would enable greater representation of study
reaches, but there has been no research to support whether
streams in these three zones are more or less similar to those
draining other zones.
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FIGURE 4 | (a) Map of ecological life zones for the US Caribbean
(Ewel and Whitmore 1973). The subtropical rain forest and lower
montane rain forest ecological life zones are restricted to the Luquillo
Mountains in the northeastern part of Puerto Rico. (b) Percent of land
area in the US Caribbean distributed among ecological life zones. (c)
Percent of the 425 stream reaches extracted from reviewed publica-
tions by documented streamflow class distributed among ecological life
Zones.

The distribution of the candidate study reaches we identified
across the ecological life zones was representative of the areal
extent of the ecological life zones (Figure 4b,c). However, when
considering their documented streamflow duration classification,
ephemeral reaches are under-represented across all ecological
life zones. In contrast, perennial reaches are underrepresented in
the SDF zone but overrepresented in the SMF and SWF zones.
The SDF zone represents much of the outlying PR islands and the
USVI. The limited number of documented perennial study reaches
in the USVI appears to be tied to historical changes in stream-
flow. St John lacks perennial streams (Browning et al. 2016), and
perennial streams in St Croix and St Thomas have experienced
notable reductions in streamflow over time, with many streams
no longer maintaining consistent perennial flow as they once did
(Jordan 1972; Lancellotti and Hensley 2024). Although the driv-
ers of perennial to non-perennial shifts have not been identified,
changes in land use and groundwater extraction and recharge
are suspected to contribute (Jordan 1972; Gardner et al. 2008).
Moreover, increasing precipitation variability and temperatures
will likely influence the extent of ecological life zones (Gould
et al. 2018). Reductions in the extent of wetter zones and increases
in the extent of drier ones could potentially lead perennial reaches
to regularly cease flowing in the US Caribbean, as documented
elsewhere (Carlson et al. 2024).

Because the ecological life zones framework was designed for
land classification, it is unlikely to represent all key controls
on streamflow duration. For such reasons, one recommenda-
tion from the RSC was to modify the selected framework to
consider incorporating dominant lithology, as this can heavily
influence streamflow duration (Shanafield et al. 2020). For ex-
ample, PR's northern karst belt, which covers 27.5% of the main
island (Lugo et al. 2001), tends to have fewer surface streams
due to its subterranean drainage patterns (Monroe 1976) and
lower baseflow compared to volcanic areas (Giusti 1978). In
addition, potential vegetation indicators are likely to vary
by lithology, as karst forests, with shallower soils and rapid
drainage, support smaller, drought-tolerant trees compared
to the deeper, more stable soils of volcanic regions; these dif-
ferences are even more prevalent in the dry southern karst of
PR, where rainfall is lower (Lugo et al. 2001). This suggests
that karst and non-karst areas within the same ecological life
zone may respond differently to similar climatic conditions.
Consistent with the recommendation from the RSC, a recent
study in St Croix found that a volcanic-dominated subcatch-
ment had higher runoff responsiveness compared to the en-
tire catchment, which includes carbonate hydrogeology. This
finding further supports how different geological zones di-
rectly influence runoff generation and streamflow dynamics
(Hensley et al. 2025). An existing hydrogeographic framework
divides PR into eight groundwater provinces partly defined by
dominant lithology (Gémez-Gomez et al. 2014). Adapting the
ecological life zones framework by incorporating the distribu-
tion of dominant lithology (e.g., karst, volcanic and alluvium)
may better meet the needs for robust SDAM development and
future US Caribbean stream research.

4.4 | Geographic and Temporal Distributions of US
Caribbean Stream Research

Geographic concentration and differences in well-established
research stations may have contributed to the higher docu-
mentation of perennial reaches and limited documentation of
intermittent and ephemeral ones. The high concentration of
study reaches in northeast PR, especially within the Luquillo
Long-Term Ecological Research (LTER) site and Luquillo
Experimental Forest (LEF), reflects the influence of estab-
lished research infrastructure that supports ongoing studies
(Scatena 1989; McDowell et al. 2021). Supported by consistent
funding, these stations have likely brought more research ef-
forts to perennial reaches within accessible and well-supported
locations. In contrast, the southern and western regions of PR,
Culebra, Vieques and the USVI, which lack consistently funded
research infrastructure, have fewer documented study reaches.
The northeastern region has experienced higher human popula-
tion growth than other parts of PR (Martinuzzi et al. 2007), and
this has likely concentrated recent research on water quality,
flooding and other environmental concerns commonly priori-
tized in urban settings.

Temporal changes in research focus are likely influenced by
factors such as funding availability, local challenges and the
frequency of extreme events (Ramos-Scharrén et al. 2023;
Lancellotti and Hensley 2024). Periods of increased research
on hydrology, geomorphology and chemistry may reflect
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shifts in funding towards these topics in response to extreme
weather events and disasters like hurricanes and droughts,
and growth in general, for certain topics (e.g., environmen-
tal flows and urban streams). For example, hydrology data
collection increased during decades impacted by Hurricanes
Hugo (1989), Georges (1998), Irma (2017) and Maria (2017).
The frequency of extreme events and their impact on biodiver-
sity and freshwater systems have likely driven more interdisci-
plinary approaches, as reflected by the increase in research on
aquatic community patterns and stream ecosystem processes
and the greater percentage of documents addressing multiple
freshwater science topics, compared to those that focus on a
single topic.

5 | Conclusions

Candidate indicators, study reaches and a hydrogeographic
framework were identified in this review of published docu-
ments to inform the development of a US Caribbean-specific
SDAM. This literature review was intended to support a robust
assessment tool, but it also revealed gaps, clusters, and trends
in stream research in the US Caribbean. Although there has
been some research related to drought, desiccation control
of disease vectors, and impacts of water diversion in the US
Caribbean, relatively little is known about ephemeral and in-
termittent stream reaches and how they may differ from peren-
nial reaches. Stream drying can lead to indirect changes, such
as water quality deterioration, biological interaction intensi-
fication and lost connectivity. These topics have been studied
to a greater degree in perennial reaches in PR, due to other
drivers like wastewater management, instream-flow analysis,
invasive species and dams. Perhaps this existing knowledge
of Caribbean streams can inform a better understanding of
the indirect changes associated with stream drying. There is
also a need for more stream research that explores how strong
gradients captured by the numerous existing hydrogeographic
frameworks are realized in the biotic structure and function
of Caribbean streams.

Author Contributions

Katiana Garcia-Rosado: conceptualization, data curation, visual-
ization, writing — original draft, investigation, methodology, writing
- review and editing. Ken M. Fritz: conceptualization, data curation,
formal analysis, funding acquisition, project administration, supervi-
sion, resources, visualization, writing - original draft, investigation,
methodology, writing — review and editing. Augustin C. Engman:
investigation, methodology, validation, writing - review and editing.
Tamara Heartsill-Scalley: investigation, methodology, validation,
writing - review and editing. Sean P. Kelly: investigation, method-
ology, validation, writing - review and editing. Carlos E. Ramos-
Scharrén: investigation, methodology, validation, writing - review
and editing. Sofia Olivero-Lora: funding acquisition, project adminis-
tration, supervision, resources, investigation, methodology, validation,
writing - review and editing.

Acknowledgements

The authors would like to thank the Region 2 ORD Regional Science
Liaison, Mindy Pensak and other members of the US Caribbean
Regional Steering committee (Jose Alicea-Pou, Sofia Burgos-
Caraballo, Francisco A. Catald Miguez, Gabrielle David, Alasdar

Dunlap-Smith, Alexandra M. Galindo, Julieta Godmez-Fragoso,
Gregory Guannel, Pablo Gutiérrez-Fonseca, David Hensley, Rebeca
de Jesus Crespo, Hilary Lohmann, Felix Lopez, Marirosa Molina,
Carlos Santos Flores and Karen M. Urelius) for providing advice and
support. We are grateful for the librarian assistance from Jamilah
McDowell (ASRC, contractor to USEPA), Hope Matyas (ADS Agile
Decision Sciences, contractor to USEPA) and Yariliz Quiles Martinez
(IITF, National Forest Service Library). Thanks to Christina DeJesus
Villanueva, Daniel Sullivan and Tammy Newcomer-Johnson and Kate
Schofield for helpful feedback. The views expressed in this manu-
script are those of the authors and do not necessarily reflect the views
or policies of the USEPA, US Department of Energy or Oak Ridge
Associated Universities (ORAU)/Oak Ridge Institute for Science and
Education (ORISE). Any use of trade, firm or product names is for
descriptive purposes only and does not imply endorsement by the US
Government.

Funding

This work was funded by the U.S. Environmental Protection Agency.
K.G.-R. was supported through a fellowship with USEPA Research
Participation Program administered by ORISE and funded by a
Regional-Office of Research Applied Research Program (ROAR) grant
to K.MLF. and S.O.L. ORISE is managed by ORAU under DOE contract
number DE-SC0014664. Artificial intelligence was not used in prepara-
tion of the manuscript.

Ethics Statement

The authors have nothing to report.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Data are provided in the Supporting Information, and data in manu-
script figures are available on request.

References

Ajayi, O., and H. Smith. 1983. “Compendium of Water Resources Data
for the U.S. Virgin Islands.” Technical Report 12. St. Thomas, U.S.
Caribbean Research Institute. https://uvi.edu/files/documents/Resea
rch_and_Public_Service/ WRRI/Compendium_of_Water_Resources_
Data.pdf.

Allen, D. C., T. Datry, K. S. Boersma, et al. 2020. “River Ecosystem
Conceptual Models and Non-Perennial Rivers: A Critical Review.”
WIREs Water 7, no. 5: €1473. https://doi.org/10.1002/wat2.1473.

Benoit, G., and D. Nemeth. 2011. “Investigation of Sediment Export
From St. Thomas Watersheds.” Virgin Islands Water Resources
Research Institute.

Boulton, A. J., L. Boyero, A. P. Covich, M. Dobson, S. Lake, and R.
Pearson. 2008. “Are Tropical Streams Ecologically Different from
Temperate Streams?” In Tropical Stream Ecology, edited by D. Dudgeon,
257-284. Academic Press. https://doi.org/10.1016/B978-012088449-0.
50011-X.

Browning, T. N., D. E. Sawyer, R. A. Larson, B. O'Donnell, J. Hadfield,
and G. R. Brooks. 2016. “Linking Land & Sea: Watershed Evaluation
and Mineralogical Distribution of Sediments in Eastern St. Johns,
USVL.” Caribbean Journal of Science 49, no. 1: 38-56. https://doi.org/10.
18475/cjos.v49il.a5.

Busch, M. H., K. H. Costigan, K. M. Fritz, et al. 2020. “What's in a
Name? Patterns, Trends, and Suggestions for Defining Non-Perennial
Rivers and Streams.” Water 12, no. 7: 1980. https://doi.org/10.3390/
w12071980.

Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

13 of 17

85U8017 SUOWILLIOD A1) 3|qeo! [dde au Aq peueob 8 Sapoie YO ‘8sh JO Sa|n 10} AIq18UlUO AB]IM UO (SUORIPUOD-PUR-SWBI LD AB|IM"A g1 |Bu1 [UO//:SdNL) SUORIPUOD pUe Swiie | 8u 89S *[9202/20/50] Uo Ariqiauliuo A8|Im ‘Ariq 801nes 159104 feuolieN Aq 9TE0L 9De/2Z00T 0T/10p/L0o A8 |IM AseIq Ul |Uo//Sdny Wo1j pepeojumod ‘T ‘9202 ‘SS0660T


https://uvi.edu/files/documents/Research_and_Public_Service/WRRI/Compendium_of_Water_Resources_Data.pdf
https://uvi.edu/files/documents/Research_and_Public_Service/WRRI/Compendium_of_Water_Resources_Data.pdf
https://uvi.edu/files/documents/Research_and_Public_Service/WRRI/Compendium_of_Water_Resources_Data.pdf
https://doi.org/10.1002/wat2.1473
https://doi.org/10.1016/B978-012088449-0.50011-X
https://doi.org/10.1016/B978-012088449-0.50011-X
https://doi.org/10.18475/cjos.v49i1.a5
https://doi.org/10.18475/cjos.v49i1.a5
https://doi.org/10.3390/w12071980
https://doi.org/10.3390/w12071980

Carlson, S. M., A. Ruhi, M. T. Bogan, et al. 2024. “Losing Flow in Free-
Flowing Mediterranean-Climate Streams.” Frontiers in Ecology and the
Environment 22, no. 5: €2737. https://doi.org/10.1002/fee.2737.

Chaniotis, B. N., J. M. Butler, F. F. Ferguson, and W. R. Jobin. 1980.
“Thermal Limits, Desiccation Tolerance, and Humidity Reactions of
Thiara (Tarebia) granifera mauiensis (Gastropoda: Thiaridae) Host of
the Asiatic Lung Fluke Disease.” Caribbean Journal of Science 16, no.
1: 91-93.

Chapin, T. P., A. S. Todd, and M. P. Zeigler. 2014. “Robust, Low-Cost
Data Loggers for Stream Temperature, Flow Intermittency, and Relative
Conductivity Monitoring.” Water Resources Research 50, no. 8: 6542—
6548. https://doi.org/10.1002/2013WR015158.

Christensen, J. R., H. E. Golden, L. C. Alexander, et al. 2022. “Headwater
Streams and Inland Wetlands: Status and Advancements of Geospatial
Datasets and Maps Across the United States.” Earth Science Reviews
235:104230. https://doi.org/10.1016/j.earscirev.2022.104230.

Clark, J. J. 1998. “Determination of a Regional Skew Coefficient for
Puerto Rico.” In Tropical Hydrology and Caribbean Water Resources,
edited by R. I. Segarra-Garcia, 59-64. American Water Resources
Association.

Colén-Dieppa, E. 1986. “Puerto Rico Surface-Water Resources.” In
National Water Summary 1985 - Hydrologic Events and Surface-Water
Resources. Water-Supply Paper 2300, edited by D. W. Moody, E. B.
Chase, and D. A. Aronson, 399-406. U.S. Geological Survey. https://doi.
org/10.3133/wsp2300.

Colén-Dieppa, E., and H. Torres-Sierra. 1991. “Puerto Rico Floods and
Droughts.” In National Water Summary 1988-89 — Hydrologic Events
and Floods and Droughts. Water-Supply Paper 2300, edited by R. W.
Paulson, E. B. Chase, R. S. Roberts, and D. W. Moody, 475-482. U.S.
Geological Survey. https://doi.org/10.3133/wsp2375.

Covich, A. P., T. A. Crowl, and F. N. Scatena. 2003. “Effects of
Extreme Low Flows on Freshwater Shrimps in a Perennial Tropical
Stream.” Freshwater Biology 48, no. 7: 1199-1206. https://doi.org/10.
1046/j.1365-2427.2003.01093.x.

Covich, A. P, T. A. Crowl, and T. Heartsill-Scalley. 2006. “Effects of
Drought and Hurricane Disturbances on Headwater Distributions
of Palaemonid River Shrimp (Macrobrachium spp.) in the Luquillo
Mountains, Puerto Rico.” Journal of the North American Benthological
Society 25, no. 1: 99-107.

Covich, A. P, T. A. Crowl, S. L. Johnson, and F. N. Scatena. 1998.
“Drought Effects on Pool Morphology and Neotropical Stream Benthos.”
In Tropical Hydrology and Caribbean Water Resources, edited by R. I.
Segarra-Garcia, 91-96. American Water Resources Association.

Department of Planning & Natural Resources. (DPNR). 2019. “Virgin
Islands Water Quality Standards.” U.S. Virgin Islands. Accessed
December 4, 2023. https://www.epa.gov/sites/default/files/2014-12/
documents/viwgs.pdf.

Erickson, H. E., E. H. Helmer, T. J. Brandeis, and A. E. Lugo. 2014.
“Controls on Fallen Leaf Chemistry and Forest Floor Element Masses
in Native and Novel Forests Across a Tropical Island.” Ecosphere 5, no.
4:1-28. https://doi.org/10.1890/ES13-00263.1.

Ewel, J. J., and J. L. Whitmore. 1973. “The Ecological Life Zones
of Puerto Rico and the U.S. Virgin Islands.” U.S. Department of
Agriculture Forest Service Research Paper ITF-18. Rio Piedras, Puerto
Rico: U.S. Department of Agriculture, Forest Service, International
Institute of Tropical Forestry.

Facon, B., E. Machline, J. P. Pointier, and P. David. 2004. “Variation in
Desiccation Tolerance in Freshwater Snails and Its Consequences for
Invasion Ability.” Biological Invasions 6, no. 3: 283-293. https://doi.org/
10.1023/B:BINV.0000034588.63264.4e.

Fritz, K. M., T.-L. Nadeau, J. E. Kelso, et al. 2020. “Classifying
Streamflow Duration: The Scientific Basis and an Operational

Framework for Method Development.” Water 12, no. 9: 2545. https://
doi.org/10.3390/w12092545.

Fritz, K. M., W. R. Wenerick, and M. S. Kostich. 2013. “A Validation
Study of a Rapid Field-Based Rating System for Discriminating Among
Flow Permanence Classes of Headwater Streams in South Carolina.”
Environmental Management 52, no. 5: 1286-1298. https://doi.org/10.
1007/s00267-013-0158-x.

Gallart, F., P. Llorens, J. Latron, N. Cid, M. Rieradevall, and N. Prat.
2016. “Validating Alternative Methodologies to Estimate the Regime
of Temporary Rivers When Flow Data Are Unavailable.” Science of the
Total Environment 565: 1001-1010. https://doi.org/10.1016/j.scitotenv.
2016.05.116.

Gardner, L. 2008. “Changes in Riverine Hydrology on St. Thomas, US
Virgin Islands: A Pilot Study.” Water Resources Research Institute.
https://www.uvi.edu/files/documents/Research_and_Public_Service/
WRRI/changes_riverine.pdf.

Gardner, L., S. Henry, and T. Thomas. 2008. “Watercourses as
Landscapes in the U.S. Virgin Islands: State of Knowledge.” Water
Resources Research Institute, https://uvi.edu/files/documents/Resea
rch_and_Public_Service/ WRRI/watercourses_landscapes.pdf.

Giusti, E. V. 1978. “Hydrogeology of the Karst of Puerto Rico.”
Professional Paper 1012. United States Geological Survey. https://doi.
org/10.3133/ppl012.

Goémez-Gomez, F. 1987. “Planning Report for the Caribbean Islands
Regional Aquifer-System Analysis Project.” Water-Resources
Investigations Report 86-4074. United States Geological Survey. https://
doi.org/10.3133/wri864074.

Gomez-Goémez, F.,andJ. E. Heisel. 1980. “Summary Appraisals of the
Nation's Ground-Water Resources — Caribbean Region.” Professional
Paper 813U. United States Geological Survey. https://doi.org/10.3133/
pp813U.

Goémez-Goémez, F., J. Rodriguez-Martinez, and M. Santiago. 2014.
“Hydrogeology of Puerto Rico and the Outlying Islands of Vieques,
Culebra, and Mona.” Scientific Investigations Map 3296. United States
Geological Survey. https://doi.org/10.3133/sim3296.

Gonzalez-Ferreras, A. M.,and J. Barquin. 2017. “Mapping the Temporary
and Perennial Character of Whole River Networks.” Water Resources
Research 53: 6709-6724. https://doi.org/10.1002/2017WR020390.

Gould, W. A., E. L. Diaz, N. L. Alvarez-Berrios, et al. 2018. “U.S.
Caribbean.” In Impacts, Risks, and Adaptation in the United States:
Fourth National Climate Assessment, Volume II, edited by D. R.
Reidmiller, C. W. Avery, D. R. Easterling, K. E. Kunkel, K. L. M.
Lewis, T. K. Maycock, and B. C. Stewart, 809-871. U.S. Global Change
Research Program. https://doi.org/10.7930/NCA4.2018.CH20.

Gross, S., M. Eddy, K. M. Fritz, et al. 2023. “Development and Evaluation
of the Beta Streamflow Duration Assessment Methods for the Northeast
and Southeast.” EPA-843-R-23003. United States Environmental
Protection Agency. Accessed November 12, 2024. https://www.epa.gov/
system/files/documents/2023-11/development-of-beta-sdam-neandse-
nov2023update.pdf.

Gutiérrez-Fonseca, P., A. Ramirez, C. M. Pringle, et al. 2020. “When
the Rainforest Dries: Drought Effects on a Montane Tropical Stream
Ecosystem in Puerto Rico.” Freshwater Science 39, no. 2: 197-212.
https://doi.org/10.1086/708808.

Harmsen, E. W.,, M. R. Goyal, and S. Torres-Justiniano. 2002.
“Estimating Evapotranspiration in Puerto Rico.” Journal of Agriculture
of the University of Puerto Rico 86, no. 1-2: 35-54. https://doi.org/10.
46429/jaupr.v86il-2.3182.

Harrison, A. D., and J. J. Rankin. 1978. “Hydrobiological Studies of
Eastern Lesser Antillean Islands. III. St. Vincent: Freshwater Mollusca:
Their Distribution, Population Dynamics and Biology.” Archiv fiir
Hydrobiologie Supplement (Monographische Beitrdge) 54, no. 2: 123-188.

14 of 17

Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

85U8017 SUOWILLIOD A1) 3|qeo! [dde au Aq peueob 8 Sapoie YO ‘8sh JO Sa|n 10} AIq18UlUO AB]IM UO (SUORIPUOD-PUR-SWBI LD AB|IM"A g1 |Bu1 [UO//:SdNL) SUORIPUOD pUe Swiie | 8u 89S *[9202/20/50] Uo Ariqiauliuo A8|Im ‘Ariq 801nes 159104 feuolieN Aq 9TE0L 9De/2Z00T 0T/10p/L0o A8 |IM AseIq Ul |Uo//Sdny Wo1j pepeojumod ‘T ‘9202 ‘SS0660T


https://doi.org/10.1002/fee.2737
https://doi.org/10.1002/2013WR015158
https://doi.org/10.1016/j.earscirev.2022.104230
https://doi.org/10.3133/wsp2300
https://doi.org/10.3133/wsp2300
https://doi.org/10.3133/wsp2375
https://doi.org/10.1046/j.1365-2427.2003.01093.x
https://doi.org/10.1046/j.1365-2427.2003.01093.x
https://www.epa.gov/sites/default/files/2014-12/documents/viwqs.pdf
https://www.epa.gov/sites/default/files/2014-12/documents/viwqs.pdf
https://doi.org/10.1890/ES13-00263.1
https://doi.org/10.1023/B:BINV.0000034588.63264.4e
https://doi.org/10.1023/B:BINV.0000034588.63264.4e
https://doi.org/10.3390/w12092545
https://doi.org/10.3390/w12092545
https://doi.org/10.1007/s00267-013-0158-x
https://doi.org/10.1007/s00267-013-0158-x
https://doi.org/10.1016/j.scitotenv.2016.05.116
https://doi.org/10.1016/j.scitotenv.2016.05.116
https://www.uvi.edu/files/documents/Research_and_Public_Service/WRRI/changes_riverine.pdf
https://www.uvi.edu/files/documents/Research_and_Public_Service/WRRI/changes_riverine.pdf
https://uvi.edu/files/documents/Research_and_Public_Service/WRRI/watercourses_landscapes.pdf
https://uvi.edu/files/documents/Research_and_Public_Service/WRRI/watercourses_landscapes.pdf
https://doi.org/10.3133/pp1012
https://doi.org/10.3133/pp1012
https://doi.org/10.3133/wri864074
https://doi.org/10.3133/wri864074
https://doi.org/10.3133/pp813U
https://doi.org/10.3133/pp813U
https://doi.org/10.3133/sim3296
https://doi.org/10.1002/2017WR020390
https://doi.org/10.7930/NCA4.2018.CH20
https://www.epa.gov/system/files/documents/2023-11/development-of-beta-sdam-neandse-nov2023update.pdf
https://www.epa.gov/system/files/documents/2023-11/development-of-beta-sdam-neandse-nov2023update.pdf
https://www.epa.gov/system/files/documents/2023-11/development-of-beta-sdam-neandse-nov2023update.pdf
https://doi.org/10.1086/708808
https://doi.org/10.46429/jaupr.v86i1-2.3182
https://doi.org/10.46429/jaupr.v86i1-2.3182

Heartsill Scalley, T. 2012. “Freshwater Resources in the Insular
Caribbean: An Environmental Perspective.” Caribbean Studies 40, no.
2:63-93.

Helmer, E. H., O. Ramos, T. M. del Lépez, M. Quifiones, and W. Diaz.
2002. “Mapping the Forest Type and Land Cover of Puerto Rico, a
Component of the Caribbean Biodiversity Hotspot.” Caribbean Journal
of Science 38, no. 3-4: 165-183.

Hensley, D. A., T. Knappenberger, B. V. Lancellotti, et al. 2025.
“Runoff Generation in Ephemeral Streams of the Virgin Islands: The
Case of Salt River, St. Croix.” Journal of Hydrology: Regional Studies
59:102372.

Horsley Witten Group. 2022. “Virgin Islands Environmental Protection
Handbook: A Guide to Stormwater Management Standards and Control
Measures.” Virgin Islands Department of Planning and Natural
Resources, Division of Environmental Protection. Accessed November
12, 2024. https://dpnr.vi.gov/wp-content/uploads/2023/08/2022-VI-
Environmental-Protection-Handbook_Full.pdf.

James, A., K. McCune, and R. Mazor. 2022. “Review of Flow Duration
Methods and Indicators of Flow Duration in the Scientific Literature
Northeast and Southeast of the United States.” EPA-840-B-2007. U.S.
Environmental Protection Agency. Accessed November 12, 2024.
https://www.epa.gov/system/files/documents/2023-05/Literature-
Review-Beta-SDAM-NE-and-SE.pdf.

James, A., K. M. Fritz, B. Topping, et al. 2024. “Streamflow Duration
Assessment Method for the Great Plains of the United States, Version
2.0.” EPA-843-B2-24001. U.S. Environmental Protection Agency.
Accessed November 12, 2024. https://www.epa.gov/system/files/
documents/2024-10/gp-sdam_user_manual_october2024.pdf.

James, A., T.-L. Nadeau, K. M. Fritz, et al. 2023. “User Manual for a
Beta Streamflow Duration Assessment Method for the Northeast and
Southeast of the United States, Version 1.1.” EPA-843-B-23001. U.S.
Environmental Protection Agency. Accessed November 12, 2024.
https://www.epa.gov/system/files/documents/2023-11/development-
of-beta-sdam-neandse-nov2023update.pdf.

Jordan, D. G. 1972. “Land-Use Effect on the Water Regimen of the
U.S. Virgin Islands.” In Geological Survey Professional Paper 800-D.
Geological Survey. D211-D216. https://doi.org/10.3133/pp800D.

Jordan, D. G., and O. J. Cosner. 1973. “A Survey of the Water Resources
of St. Thomas, Virgin Islands.” Open-File Report 72-201. U.S. Geological
Survey. https://doi.org/10.3133/0fr72201.

Krabbenhoft, C. A., G. H. Allen, P. Lin, et al. 2022. “Assessing Placement
Bias of the Global River Gauge Network.” Nature Sustainability 5, no. 7:
586-592. https://doi.org/10.1038/s41893-022-00873-0.

Lancellotti, B. V., and D. A. Hensley. 2024. “The State of Knowledge
of Freshwater Resources in the U.S. Virgin Islands: Data Scarcity and
Implications.” Journal of the American Water Resources Association 60,
no. 6: 1270-1292. https://doi.org/10.1111/1752-1688.13241.

Larsen, M. C., and A. Santiago Romdn. 2001. “Mass Wasting and
Sediment Storage in a Small Montane Watershed: An Extreme Case
of Anthropogenic Disturbance in the Humid Tropics.” In Geomorphic
Processes and Riverine Habitat, edited by J. M. Dorava, F. Fitzpatrick,
B. B. Palcsak, and D. R. Montgomery, 119-138. American Geophysical
Union. https://doi.org/10.1029/WS004p0119.

Leigh, C., A. J. Boulton, J. L. Courtwright, et al. 2016. “Ecological
Research and Management of Intermittent Rivers: An Historical
Review and Future Directions.” Freshwater Biology 61, no. 8: 1181-1199.
https://doi.org/10.1111/fwb.12646.

Leon, M. C., T. Heartsill-Scalley, I. Santiago, and W. H. McDowell. 2021.
“Hydrological Mapping in the Luquillo Experimental Forest: New Local
Datum Improves Watershed Ecological Knowledge.” Hydrology 8, no. 1:
54. https://doi.org/10.3390/hydrology8010054.

Loftus, W. F. 2003. “Inventory of Fishes in Inland Fresh- and Brackish-
Water Habitats of Virgin Islands National Park.” U.S. National Park
Service Inventory and Monitoring Program.

Lugo, A. E., A. Garcia Martino, and F. Quifiones Marquez. 2011.
“Cartilla del Agua Para Puerto Rico.” Acta Cientifica 25, no. 1-3: 4-131.

Lugo, A. E., L. M. Castro, A. Vale, et al. 2001. “Puerto Rican Karst -
A Vital Resource.” General Technical Report WO-65. United States
Department of Agriculture Forest Service. https://doi.org/10.2737/
WO-GTR-65.

Malmgren, B. A., and A. Winter. 1999. “Climate Zonation in Puerto
Rico Based on Principal Components Analysis and an Artificial Neural
Network.” Journal of Climate 12, no. 4: 977-985. https://doi.org/10.1175/
1520-0442(1999)012<0977:CZIPRB>2.0.CO;2.

Martinuzzi, S., W. A. Gould, and O. M. R. Gonzalez. 2007. “Land
Development, Land Use, and Urban Sprawl in Puerto Rico Integrating
Remote Sensing and Population Census Data.” Landscape and Urban
Planning 79, no. 3-4: 288-297. https://doi.org/10.1016/j.1andurbplan.
2006.02.014.

Matalas, N. C., and B. F. Grossling. 2002. “Habitat and Environment of
Islands - Primary and Supplemental Island Sets.” Professional Paper
1590, U.S. Geological Survey. https://doi.org/10.3133/pp1590.

Mazor, R., A. James, K. M. Fritz, et al. 2024. “Streamflow Duration
Assessment Methods for the Arid West and Western Mountains of the
United States, Version 2.0.” EPA-843-B2-24002. U.S. Environmental
Protection Agency. Accessed November 12, 2024. https://www.epa.gov/
system/files/documents/2024-10/aw-wm-sdam_user_manual_octob
er2024.pdf.

Mazor, R. D., B. J. Topping, T.-L. Nadeau, et al. 2021. “Implementing an
Operational Framework to Develop a Streamflow Duration Assessment
Method: A Case Study From the Arid West United States.” Water 13, no.
22:3310-3340. https://doi.org/10.3390/w13223310.

McDowell, W. H., M. C. Leon, M. D. Shattuck, et al. 2021. “Luquillo
Experimental Forest: Catchment Science in the Montane Tropics.”
Hydrological Processes 35, no. 4: el4146. https://doi.org/10.1002/hyp.
14146.

Miller, G. L., and A. E. Lugo. 2009. “Guide to the Ecological Systems
of Puerto Rico. IITF-GTR-35.” Department of Agriculture, Forest
Service, International Institute of Tropical Forestry.

Miller, J. A., R. L. Whitehead, S. B. Gingerich, D. S. Oki, and P. G. Olcott.
1999. “Ground Water Atlas of the United States Segment 13 Alaska,
Hawaii, Puerto Rico and the U.S. Virgin Islands.” Hydrologic Atlas 730-
N. U.S. Geological Survey. https://doi.org/10.3133/ha730N.

Monroe, W. H. 1976. “The Karst Landforms of Puerto Rico.” Professional
Paper 899. U.S. Geological Survey. https://doi.org/10.3133/pp899.

Monroe, W. H. 1977. “Las Divisions Geomorficas de Puerto Rico.”
In Geovision de Puerto Rico — Aportaciones Recientes al Estudio de la
Geografia, edited by M. T. B. de Galifanes, 1-43. Universidad de Puerto
Rico.

Monroe, W. H. 1980. “Some Tropical Landforms of Puerto Rico.”
Professional Paper 1159 U.S. Geological Survey. https://doi.org/10.3133/
pp1159.

Nadeau, T.-L. 2015. “Streamflow Duration Assessment Method for the
Pacific Northwest.” EPA/910/K-14/001. U.S. Environmental Protection
Agency. Accessed November 12, 2024. https://www.epa.gov/system/
files/documents/2022-03/sdam-pnw_nov-2015-final.pdf.

North Carolina Division of Water Quality (NCDWQ). 2005.
“Identification Methods for the Origins of Intermittent and Perennial
Streams, Version 3.1.” North Carolina Department of Environment and
Natural Resources, Division of Water Quality. https://www.nrc.gov/
docs/ML0914/ML091470581.pdf.

Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

150f 17

85U8017 SUOWILLIOD A1) 3|qeo! [dde au Aq peueob 8 Sapoie YO ‘8sh JO Sa|n 10} AIq18UlUO AB]IM UO (SUORIPUOD-PUR-SWBI LD AB|IM"A g1 |Bu1 [UO//:SdNL) SUORIPUOD pUe Swiie | 8u 89S *[9202/20/50] Uo Ariqiauliuo A8|Im ‘Ariq 801nes 159104 feuolieN Aq 9TE0L 9De/2Z00T 0T/10p/L0o A8 |IM AseIq Ul |Uo//Sdny Wo1j pepeojumod ‘T ‘9202 ‘SS0660T


https://dpnr.vi.gov/wp-content/uploads/2023/08/2022-VI-Environmental-Protection-Handbook_Full.pdf
https://dpnr.vi.gov/wp-content/uploads/2023/08/2022-VI-Environmental-Protection-Handbook_Full.pdf
https://www.epa.gov/system/files/documents/2023-05/Literature-Review-Beta-SDAM-NE-and-SE.pdf
https://www.epa.gov/system/files/documents/2023-05/Literature-Review-Beta-SDAM-NE-and-SE.pdf
https://www.epa.gov/system/files/documents/2024-10/gp-sdam_user_manual_october2024.pdf
https://www.epa.gov/system/files/documents/2024-10/gp-sdam_user_manual_october2024.pdf
https://www.epa.gov/system/files/documents/2023-11/development-of-beta-sdam-neandse-nov2023update.pdf
https://www.epa.gov/system/files/documents/2023-11/development-of-beta-sdam-neandse-nov2023update.pdf
https://doi.org/10.3133/pp800D
https://doi.org/10.3133/ofr72201
https://doi.org/10.1038/s41893-022-00873-0
https://doi.org/10.1111/1752-1688.13241
https://doi.org/10.1029/WS004p0119
https://doi.org/10.1111/fwb.12646
https://doi.org/10.3390/hydrology8010054
https://doi.org/10.2737/WO-GTR-65
https://doi.org/10.2737/WO-GTR-65
https://doi.org/10.1175/1520-0442(1999)012%3C0977:CZIPRB%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012%3C0977:CZIPRB%3E2.0.CO;2
https://doi.org/10.1016/j.landurbplan.2006.02.014
https://doi.org/10.1016/j.landurbplan.2006.02.014
https://doi.org/10.3133/pp1590
https://www.epa.gov/system/files/documents/2024-10/aw-wm-sdam_user_manual_october2024.pdf
https://www.epa.gov/system/files/documents/2024-10/aw-wm-sdam_user_manual_october2024.pdf
https://www.epa.gov/system/files/documents/2024-10/aw-wm-sdam_user_manual_october2024.pdf
https://doi.org/10.3390/w13223310
https://doi.org/10.1002/hyp.14146
https://doi.org/10.1002/hyp.14146
https://doi.org/10.3133/ha730N
https://doi.org/10.3133/pp899
https://doi.org/10.3133/pp1159
https://doi.org/10.3133/pp1159
https://www.epa.gov/system/files/documents/2022-03/sdam-pnw_nov-2015-final.pdf
https://www.epa.gov/system/files/documents/2022-03/sdam-pnw_nov-2015-final.pdf
https://www.nrc.gov/docs/ML0914/ML091470581.pdf
https://www.nrc.gov/docs/ML0914/ML091470581.pdf

Noto, S., F. Tauro, A. Petroselli, C. Apollonio, G. Botter, and S. Grimaldi.
2022. “Low-Cost Stage-Camera System for Continuous Water-Level
Monitoring in Ephemeral Streams.” Hydrological Sciences Journal 67,
no. 9: 1439-1448. https://doi.org/10.1080/02626667.2022.2079415.

Picd, R. 1974. The Geography of Puerto Rico. Aldine Publishing
Company.

Pike, A. S. 2006. “Application of Digital Terrain Analysis to Estimate
Hydrological Variables in the Luquillo Mountains of Puerto Rico.” In
Climate Variability and Change—Hydrological Impacts, edited by S.
Demuth, A. Gustard, E. Planos, F. N. Scatena, and E. Servat, 81-85.
International Association of Hydrological Sciences.

Pimentel, D., and P. C. White. 1957. “Geographic Distribution of
Australorbis glabratus, the Snail Intermediate Host of Schistosoma
Mansoni in Puerto Rico.” American Journal of Tropical Medicine and
Hygiene 6, no. 6: 1087-1096. https://doi.org/10.4269/ajtmh.1957.6.1087.

Pimentel, D., and P. C. White. 1959a. “Biological Environment and
Habits of Australorbis glabratus.” Ecology 40, no. 4: 541-550. https://doi.
0rg/10.2307/1929806.

Pimentel, D., and P. C. White. 1959b. “Physiochemical Environment
of Australorbis glabratus, the Snail Intermediate Host of Schistosoma
Mansoni in Puerto Rico.” Ecology 40, no. 4: 533-541. https://doi.org/10.
2307/1929805.

Puerto Rico Department of Natural & Environmental Resources
(PRDNER). 2007. “Protocolo Para la Caracterizacion e Identificacién
de Quebradas no Cartografiadas en Puerto Rico.” Departamento de
Recursos Naturales y Ambientales.

Puerto Rico Department of Natural & Environmental Resources
(PRDNER). 2022. “Puerto Rico Water Quality Standards Regulation.”
Departamento de Recursos Naturales y Ambientales. Accessed
November 12, 2024. https://www.epa.gov/sites/default/files/2014-12/
documents/prwqgs.pdf.

Puerto Rico Environmental Quality Board and U.S. Department of
Agriculture Natural Resources Conservation Service. 2005. “Puerto
Rico Erosion and Sediment Control Handbook for Developing Areas.”
Accessed December 4, 2023. https://www.epa.gov/sites/default/files/
2018-09/documents/puerto_rico_erosion_and_sediment_control _
handbook_for_developing_areas.pdf.

Ramirez, A., and P. E. Gutiérrez-Fonseca. 2014. “Puerto Rico.” In
Diversidad, Conservaciony Uso delos Macroinvertebrados Dulceacuicolas
de México, Centroamérica, Colombia, Cuba y Puerto Rico, edited by P.
Alonso-Eguialis, J. M. Mora, B. Campbell, and M. Springer, 419-442.
Instituto Mexicano de Tecnologia del Agua.

Ramos-Scharron, C. E., E. E. Alicea, Y. F. Sinchez, et al. 2023. “Three
Decades of Road and Trail Runoff and Erosion Work in the Northeastern
Caribbean - A Research Program Perspective.” Journal of the American
Society of Agricultural and Biological Engineers 66, no. 1: 35-45.

Reiblich, J., and T. Ankersen. 2016. “Got Guts? The Iconic Streams
of the U.S. Virgin Islands and the Law's Ephemeral Edge.” Journal of
Environmental Law & Litigation 32, no. 1: 71-118.

Reid, K. 1991. “Cost-Effectiveness of the Stream-Gaging Program
in Puerto Rico and the U.S. Virgin Islands.” Water-Resources
Investigations Report 90-4088 U.S. Geological Survey. https://doi.org/
10.3133/wri904088.

Renken, R. A., W. C. Ward, L. P. Gill, F. Gémez-Gémez, and J. Rodriguez-
Martinez. 2002. “Geology and Hydrogeology of the Caribbean Islands
Aquifer System of the Commonwealth of Puerto Rico and the U.S.
Virgin Islands.” Professional Paper 1419. U.S. Geological Survey.
https://doi.org/10.3133/pp1419.

Ritchie, L. S., M. G. Radke, and F. F. Ferguson. 1962. “Populations
Dynamics of Australorbis glabratus in Puerto Rico.” Bulletin of the
World Health Organization 27, no. 1: 171-181.

Sando, R., K. L. Jaeger, W. H. Farmer, et al. 2022. “Predictions and
Drivers of Sub-Reach-Scale Annual Streamflow Permanence for the
Upper Missouri River Basin: 1989-2018.” Journal of Hydrology X 17:
100138. https://doi.org/10.1016/j.hydroa.2022.100138.

Scatena, F. N. 1989. “An Introduction to the Physiography and History
of the Bisley Experimental Watersheds in the Luquillo Mountains
of Puerto Rico.” General Technical Report SO-72. United States
Department of Agriculture Forest Service. https://doi.org/10.2737/
SO-GTR-72.

Scatena, F. N. 1990. “Selection of Riparian Buffer Zones in Humid
Tropical Steeplands.” In Research Needs and Applications to Reduce
Erosion and Sedimentation in Tropical Steeplands, edited by R. R.
Ziemer, C. L. O'Loughlin, and L. S. Hamilton, 328-337. International
Association of Hydrological Sciences.

Scheller, M., 1. van Meerveld, and J. Seibert. 2024. “How Well Can
People Observe the Flow State of Temporary Streams?” Frontiers in
Environmental Science 12: 1342697. https://doi.org/10.3389/fenvs.2024.
1352697.

Shanafield, M., S. A. Bourke, M. A. Zimmer, and K. H. Costigan. 2020.
“An Overview of the Hydrology of Non-Perennial Rivers and Streams.”
WIRESs Water 8, no. 2: e1504. https://doi.org/10.1002/wat2.1504.

Smith, G. C., A. P. Covich, and A. M. D. Brasher. 2003. “An Ecological
Perspective on the Biodiversity of Tropical Island Streams.” BioScience 53,
no.11:1048-1051. https://doi.org/10.1641/0006-3568(2003)053[1048:AE
POTB]2.0.CO;2.

Soto, S., and J. Pintd. 2010. “Delineation of Natural Landscape Units in
Puerto Rico.” Applied Geography 30, no. 4: 720-730. https://doi.org/10.
1016/j.apgeog.2010.01.010.

Sturrock, R. F. 1970. “An Investigation of Some Factors Influencing
the Survival of St. Lucian Biomphalaria glabrata Deprived of Water.”
Annals of Tropical Medicine and Parasitology 64, no. 3: 365-371. https://
doi.org/10.1080/00034983.1970.11686706.

Sutton, R. J., W. J. Miller, and S. J. Patti. 1997. “Application of the
Instream Flow Incremental Methodology to a Tropical River in Puerto
Rico.” Rivers 6, no. 1: 1-9.

Torres-Valcarcel, A. R. 2018. “Teleconnections Between ENSO
and Rainfall and Drought in Puerto Rico.” International Journal of
Climatology 38, no. S1: €1190-e1204. https://doi.org/10.1002/joc.5444.

United States Geological Survey (USGS). 2016. “National Water
Information System Data Available on the World Wide Web (USGS
Water Data for the Nation).” Accessed November 12, 2024. http://water
data.usgs.gov/nwis/.

United States Geological Survey (USGS). 2023. “National Hydrography
Dataset (NHDPlus High Resolution).” Accessed November 12, 2024.
https://www.usgs.gov/national-hydrography/access-national-hydro
graphy-products.

Van Beusekom, A. E., L. E. Hay, R. J. Viger, W. A. Gould, J. A. Callazo,
and A. H. Khalyani. 2014. “The Effects of Changing Land Cover on
Streamflow Simulation in Puerto Rico.” Journal of the American Water
Resources Association 50, no. 6: 1575-1593. https://doi.org/10.1111/jawr.
12227.

Van Beusekom, A. E., W. A. Gould, A.J. Terando, and J. A. Collazo. 2016.
“Climate Change and Water Resources in a Tropical Island System:
Propagation of Uncertainty From Statistically Downscaled Climate
Models to Hydrologic Models.” International Journal of Climatology 36,
no. 9: 3370-3383. https://doi.org/10.1002/joc.4560.

Van der Schalie, H. 1948. “The Land and Fresh-Water Mollusks of
Puerto Rico.” Miscellaneous Publications of the Museum of Zoology 70:
1-134.

Veve, T. D., and B. E. Taggart. 1996. “Atlas of Ground-Water Resources
in Puerto Rico and the U.S. Virgin Islands.” Water-Resources

16 of 17

Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

85U8017 SUOWILLIOD A1) 3|qeo! [dde au Aq peueob 8 Sapoie YO ‘8sh JO Sa|n 10} AIq18UlUO AB]IM UO (SUORIPUOD-PUR-SWBI LD AB|IM"A g1 |Bu1 [UO//:SdNL) SUORIPUOD pUe Swiie | 8u 89S *[9202/20/50] Uo Ariqiauliuo A8|Im ‘Ariq 801nes 159104 feuolieN Aq 9TE0L 9De/2Z00T 0T/10p/L0o A8 |IM AseIq Ul |Uo//Sdny Wo1j pepeojumod ‘T ‘9202 ‘SS0660T


https://doi.org/10.1080/02626667.2022.2079415
https://doi.org/10.4269/ajtmh.1957.6.1087
https://doi.org/10.2307/1929806
https://doi.org/10.2307/1929806
https://doi.org/10.2307/1929805
https://doi.org/10.2307/1929805
https://www.epa.gov/sites/default/files/2014-12/documents/prwqs.pdf
https://www.epa.gov/sites/default/files/2014-12/documents/prwqs.pdf
https://www.epa.gov/sites/default/files/2018-09/documents/puerto_rico_erosion_and_sediment_control_handbook_for_developing_areas.pdf
https://www.epa.gov/sites/default/files/2018-09/documents/puerto_rico_erosion_and_sediment_control_handbook_for_developing_areas.pdf
https://www.epa.gov/sites/default/files/2018-09/documents/puerto_rico_erosion_and_sediment_control_handbook_for_developing_areas.pdf
https://doi.org/10.3133/wri904088
https://doi.org/10.3133/wri904088
https://doi.org/10.3133/pp1419
https://doi.org/10.1016/j.hydroa.2022.100138
https://doi.org/10.2737/SO-GTR-72
https://doi.org/10.2737/SO-GTR-72
https://doi.org/10.3389/fenvs.2024.1352697
https://doi.org/10.3389/fenvs.2024.1352697
https://doi.org/10.1002/wat2.1504
https://doi.org/10.1641/0006-3568(2003)053[1048:AEPOTB]2.0.CO;2
https://doi.org/10.1641/0006-3568(2003)053[1048:AEPOTB]2.0.CO;2
https://doi.org/10.1016/j.apgeog.2010.01.010
https://doi.org/10.1016/j.apgeog.2010.01.010
https://doi.org/10.1080/00034983.1970.11686706
https://doi.org/10.1080/00034983.1970.11686706
https://doi.org/10.1002/joc.5444
http://waterdata.usgs.gov/nwis/
http://waterdata.usgs.gov/nwis/
https://www.usgs.gov/national-hydrography/access-national-hydrography-products
https://www.usgs.gov/national-hydrography/access-national-hydrography-products
https://doi.org/10.1111/jawr.12227
https://doi.org/10.1111/jawr.12227
https://doi.org/10.1002/joc.4560

Investigations Report 94-4198. U. S. Geological Survey. https://doi.org/
10.3133/wri944198.

Williams-Sether, T. 2021. “Estimating Flow-Duration Statistics and
Low-Flow Frequencies for Selected Streams and the Implementation of
a StreamStats Web-Based Tool in Puerto Rico.” Scientific Investigations
Report 2021-5054 U.S. Geological Survey. https://doi.org/10.3133/sir20
215054.

Yong, M., R. Sanchez, G. Perera, R. Ferrer, and O. Amador. 1987.
“Seasonal Studies of Two Populations of Tarebia granifera.” Walkerana
2, no. 8:159-163.

Yu, M., E. Rivera-Ocasio, T. Heartsill-Scalley, D. Davila-Casanova,
N. Rios-Lopez, and Q. Gao. 2019. “Landscape-Level Consequences
of Rising Sea-Level on Coastal Wetlands: Saltwater Intrusion Drives
Displacement and Mortality in the Twenty-First Century.” Wetlands 39,
no. 6: 1343-1355. https://doi.org/10.1007/s13157-019-01138x.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Data S1: Supporting Information.
Data S2: Supporting Information. Data S3: Supporting Information.

Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

17 of 17

85U8017 SUOWILLIOD A1) 3|qeo! [dde au Aq peueob 8 Sapoie YO ‘8sh JO Sa|n 10} AIq18UlUO AB]IM UO (SUORIPUOD-PUR-SWBI LD AB|IM"A g1 |Bu1 [UO//:SdNL) SUORIPUOD pUe Swiie | 8u 89S *[9202/20/50] Uo Ariqiauliuo A8|Im ‘Ariq 801nes 159104 feuolieN Aq 9TE0L 9De/2Z00T 0T/10p/L0o A8 |IM AseIq Ul |Uo//Sdny Wo1j pepeojumod ‘T ‘9202 ‘SS0660T


https://doi.org/10.3133/wri944198
https://doi.org/10.3133/wri944198
https://doi.org/10.3133/sir20215054
https://doi.org/10.3133/sir20215054
https://doi.org/10.1007/s13157-019-01138-x

	Foundational Elements for Developing a US Caribbean Streamflow Duration Assessment Method
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Stakeholder Engagement
	2.2   |   Systematic Searches for Documents
	2.3   |   Article Screening and Data Extraction

	3   |   Results
	3.1   |   What Are Candidate Indicators for Predicting Flow Duration Class of Caribbean Streams?
	3.2   |   Where Are Study Reaches With Documented Streamflow Duration Class in the US Caribbean?
	3.3   |   What Are the Existing Hydrogeographic Frameworks That Capture Important Gradients (Strata) Related to Streamflow Duration in the US Caribbean?
	3.4   |   What Are the Geographic and Temporal Distributions of Published Stream Research by Topic in the US Caribbean?

	4   |   Discussion
	4.1   |   Candidate SDAM Indicators
	4.2   |   Candidate SDAM Study Reaches
	4.3   |   Candidate SDAM Hydrogeographic Frameworks
	4.4   |   Geographic and Temporal Distributions of US Caribbean Stream Research

	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Funding
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


