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Given the high costs of constructing, maintaining, monitoring, and sampling
paired watersheds, it is prudent to ask “Are paired watershed studies still worth
the effort?” We present a compilation of 90 North American paired watershed
studies and use examples from the Caspar Creek Experimental Watersheds to
contend that paired watershed studies are still worth the effort and will continue
to remain relevant in an era of big data and short funding cycles. We offer three
reasons to justify this assertion. First, paired watersheds allow for watershed-
scale experiments that have produced insights into hydrologic processes, water
quality, and nutrient cycling for over 100years. Paired watersheds remain an
important guide to inform best management practices for timber harvesting
and other land-management concerns. Second, paired watersheds can produce
long climate, streamflow, and water quality records because sites are frequently
maintained over the course of multiple experiments or long post-treatment
periods. Long-term datasets can reveal ecological surprises, such as changes
in climate-streamflow relationships driven by slow successional processes.
Having multiple watershed records helps identify the cause of these changes.
Third, paired watersheds produce data that are ideal for developing and testing
hydrologic models. Ultimately, the fate of paired watersheds is up to the scientific
community and funding agencies. We hope that their importance continues to
be recognized.

KEYWORDS

paired watershed, experimental watershed, hydrology, treatment, timber harvest, data
management, water resources management, Caspar Creek

1. Introduction

Paired watershed designs have been used for over 100years (Neary, 2016), but the number
of active studies with recent treatments has trended downward in North America and elsewhere
(Ziemer and Ryan, 2000). The general approach to paired watershed experiments is that one
watershed serves as a control while one or more watersheds undergo a management treatment.

01 frontiersin.org


https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/ffgc.2023.1275392﻿&domain=pdf&date_stamp=2023-10-23
https://www.frontiersin.org/articles/10.3389/ffgc.2023.1275392/full
https://www.frontiersin.org/articles/10.3389/ffgc.2023.1275392/full
https://www.frontiersin.org/articles/10.3389/ffgc.2023.1275392/full
https://www.frontiersin.org/articles/10.3389/ffgc.2023.1275392/full
https://www.frontiersin.org/articles/10.3389/ffgc.2023.1275392/full
mailto:paul.richardson@conservation.ca.gov
https://doi.org/10.3389/ffgc.2023.1275392
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://doi.org/10.3389/ffgc.2023.1275392

Richardson et al.

A few years of calibration data are typically collected to develop a
baseline before the treatment begins. In some locations, climate
change or some other factor might affect one watershed differently
than other watersheds. In these cases, the “control” watershed is more
accurately referred to as a “reference” We use the terms
interchangeably in this paper.

Neary (2016) summarized common criticisms of paired watershed
studies as “too costly, unrepresentative, used leaky watersheds, had
questionable application of results, and did not contribute to scientific
progress on hydrologic processes,” but also offered an argument
originally made by Hewlett et al. (1969) in defense of paired
watersheds. Hewlett et al’s (1969) justification of paired watersheds
focused on the substantial benefit gained from the paired watershed
approach which enables investigators to separate vegetation cover
effects from climate effects in a manner not possible with alternative
empirical approaches. Ultimately, when considered across the large
number of studies, paired watersheds have contributed to major
hydrologic insights that have been critical for advancing the field of
hydrology (Burt and McDonnell, 2015). Nonetheless, the criticisms
summarized by Neary (2016) persist due to the high costs to establish
and maintain paired watershed studies and potential weaknesses
associated with poorly-paired control watersheds. However, even
when these limitations are considered, no alternative approach
currently exists that is capable of producing the same level of
land-use knowledge.

Given the cost and effort required to maintain long-term study
sites, we assessed their overall value and identified three key benefits
to using the paired watershed approach for forest hydrology.
We anecdotally draw from examples pertaining to the Caspar Creek
Experimental Watersheds in the northern California Coast Ranges, a
long-term paired watershed site, to highlight the importance of paired
watershed experiments and continued monitoring. We also offer an
overview of other experimental paired watersheds and present a
compilation of existing and prior paired watershed studies in North
America. To our knowledge, this is the largest compilation of North
American paired watershed studies yet produced. We summarize data
availability for these sites and include suggestions regarding how
we might keep paired watershed studies relevant and improve data
management for these studies and others.

2. Methods

We assembled a compilation of North American paired
watersheds by completing an extensive literature search and including
sites known to the authors that are undiscoverable in published
literature. We focused on non-agricultural, wildland sites (forest,
shrubland, grassland, and tundra) and extracted information about
each study’s location, experimental watershed sizes, vegetation type,
data availability, project description and design, funding sources, and
experimental networks to which they belong. We also identified and
contacted principal investigators or site managers when possible to
verify the information.

Some experimental sites were designed as paired watershed
studies while other sites have used paired watershed analytical
techniques for some of their analyses. We focus our attention primarily
on those sites that were designed as paired watershed experiments and
include experimental control and treated paired watersheds designed
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to include measurements before and after treatment. When
coordinates were not supplied, we estimated site locations from
published maps or site location descriptions. If multiple paired
watersheds were located in the same region and part of the same study;,
we typically report on the group of paired watershed studies as a single
site unless otherwise stated. We reported the maximum range of years
presented in cited literature, available online, or confirmed by lead
scientist or site managers. If data were not referenced in publications,
available online, or available from the lead authors, the data are
reported as “data unavailable / availability unknown?” Some data types
may have only been collected for a subset of reported years and
additional data types may also be available.

3. Paired watershed studies in North
America

Paired watersheds have been used to investigate both natural
disturbances (e.g., wildfire, insect outbreaks, and extreme hydrologic
events) and anthropogenic disturbances (Neary, 2016). Investigations
of hydrologic and water quality response to anthropogenic
disturbances are extensive and include controlled experiments on
timber harvesting (e.g., Harr, 1980; Blackburn et al., 1985; Burton,
1997; Ziemer, 1998; Stubblefield et al., 2017), forest thinning (e.g.,
DeBano et al,, 1999; Perry and Jones, 2017), road construction (e.g.,
King and Tennyson, 1984; Lewis, 1998; Troendle et al., 2001), salvage
logging (e.g., Moore and Scott, 2005; Elliot and Glaza, 2009; Niemeyer
etal,, 2020), prescribed fire (e.g., Gottfried et al., 2007; Neary D. G. et
al., 2012), use of fertilizers (e.g., Hetherington, 1985), rainfall
acidification (e.g., Cosby et al., 1996), and vegetation conversion (e.g.,
Ingebo, 1972; Dunn et al., 1988; Zhong et al., 2020). With each of these
investigations, it is possible to monitor a variety of hydrologic and
ecological responses including changes to total streamflow, peak flow
response, summer low flows, stream temperature, groundwater
storage, recharge and discharge, sediment concentrations and loads,
nutrient concentrations and loads, channel morphology, landslide
frequency and size, and biological responses (algae,
macroinvertebrates, fish, and amphibians). Our compilation (Figure 1;
Supplementary Table S1) includes studies with a wide range of
experimental designs and goals. Some studies have focused on a single
control and treatment watershed while other studies have included
multiple control and treatment watersheds. Studies that only include
a single control and treatment watershed are more likely to receive
criticism due to the lack of replication. Paired watershed studies that
included multiple control and treatment watersheds have improved
statistical power due to the increased number of measured responses,
better assessment of variability for the controls, and having multiple
replications of similar treatments or, in the case of different treatments,
stronger hypotheses regarding predictive relationships for the
treatment watersheds. As an example of the latter case, the third
experiment at Caspar Creek utilized a gradient in harvest intensities
across treatment watersheds (Dymond et al., 2021).

The USDA Forest Service oversees a vast network of experimental
forest and ranges, many of which include historic or active paired
watersheds (Adams et al., 2004; Lugo et al., 2006; Neary D. et al., 2012;
Hayes et al., 2014; Amatya et al., 2016). The first paired watershed
study in North America was Wagon Wheel Gap, Colorado. The study
began in 1910 to investigate how streamflow, erosion, and sediment
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FIGURE 1

Map of North America showing operational (green) and nonoperational (red) paired watershed study sites. Colored shading shows EPA Level 1
Ecoregions for North America, which include the United States, Mexico, and Canada (Omernik, 1987). The Domain level (coarsest level) of the USDA
Forest Service Ecoregions of the Continents categorizes Puerto Rico and Panama as Humid Tropical (Bailey, 1989). For our analysis, we consider
Panama and Puerto Rico as Tropical Wet Forests in the EPA Level 1 Ecoregions system. Operational paired watersheds represent 10 of the 15
Environmental Protection Agency (EPA) Level 1 Ecoregions in North America. In some cases, nonoperational paired watershed sites are still operational
experimental sites, but the paired watershed monitoring has ended. Please refer to Supplementary Table S1 for a description of each site.

transport respond to timber harvesting in the Rio Grande National
Forest (Bates and Henry, 1928). Over 150 paired watersheds have been
established globally (McDonnell et al., 2018). Like Wagon Wheel Gap,
many of the original studies were developed to investigate the
hydrologic response to timber harvesting. Overwhelmingly, these
studies found that timber harvesting typically leads to moderate initial
increases in water yield until vegetation regrows (Bosch and Hewlett,
1982; Stednick, 1996). Although we focus on paired watershed studies
in North America, we acknowledge the substantial effort that has been
made elsewhere to establish paired watersheds.

A substantial paired watershed network administered by the
USDA Agricultural Research Service (Slaughter and Richardson,
2000; Goodrich etal., 2021) also exists to address agricultural land-use
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concerns in the United States and was implemented after the
devastation caused by the Dust Bowl (Goodrich et al., 2021). However,
we excluded USDA Agricultural Research Service paired watersheds
from our compilation to limit the scope of this study to wildland sites
as defined above.

We heavily draw from examples at the Caspar Creek Experimental
Watersheds, which are located in the Jackson Demonstration State
Forest in northern California and include both an experimental pair
of watersheds (the North Fork and South Fork) and nested
subwatersheds (Figure 2). Three experimental timber harvests have
been completed at Caspar Creek during the 60-year research history
(Dymond et al,, 2021; Richardson et al., 2021c). We emphasize Caspar
Creek examples because the authors of this manuscript have
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Shaded relief map showing the Caspar Creek Experimental Watersheds. The South Fork (red) and the North Fork (blue) watersheds are the primary pair.
Nested paired subwatersheds are outlined (harvested subwatersheds outlined in yellow and control subwatersheds outlined in white). Some
subwatersheds include a nested subwatershed [for example, XYZ includes the subwatershed XRA (labeled)]. All outlined subwatersheds have been
gaged for a subset of the study period. Main waterways are shown in light blue. The location of Caspar Creek is marked with a star on the inset map of

conducted research at Caspar Creek, and we believe that focusing on
a single site helps to highlight the abundance and variety in scientific
potential that commonly exists at a single site. Many of the research
opportunities that exist at Caspar Creek also exist at other
experimental paired watersheds.

4. Results and discussion

4.1. The strength of paired watershed
studies

After over 100 years of paired watershed studies, it is reasonable
to pose the question “Are paired watershed studies still worth the
effort?” We believe they are for the reasons provided below.

Frontiers in Forests and Global Change

4.1.1. Paired watersheds provide excellent
opportunities for watershed-scale experiments

Paired watershed studies are the most rigorous field-based tools
that hydrologists have to study the impacts of a treatment or
disturbance on hydrologic processes at the watershed scale. While
watershed-scale models can certainly help develop hypotheses and
validate field results, field investigations are still the best way to
discover new mechanisms by which watersheds function (Burt and
McDonnell, 2015). For paired watershed studies to remain relevant,
they must be able to address new and exciting research questions and
move beyond investigations of streamflow response (McDonnell et al.,
2018). For example, as part of the third experimental harvest at Caspar
Creek, we are investigating how timber harvests influence physical,
biological, and chemical mechanisms that impact hydrologic processes
at the plot, hillslope, and watershed scales (Dymond et al., 2021).
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The three experimental timber harvests at Caspar Creek have
tested technological, operational, and regulatory innovations. The first
experiment tested impacts of minimally restricted road construction
and tractor yarding on streamflow and sediment delivery, which
informed modifications to the California Forest Practice Rules
(Cafferata and Reid, 2013). The second experimental harvest tested
best management practices (BMPs) designed to reduce sediment
delivery to streams that included placement of roads high on hillslopes
with mandatory drainage structures, riparian buffer strips following
the California Forest Practice Rules in place at the time, and cable
yarding (Cafferata and Reid, 2013). The increase in suspended
sediment yield following the North Fork harvest was typically less
than the increase following the South Fork harvest, reflecting
improvements in forest practices and in road network design (Lewis,
1998; Keppeler and Lewis, 2007).

The third experiment is assessing harvesting from 2017 to 2019
over a wide range of harvest intensities permitted under the current
California Forest Practice Rules and includes updated riparian buffer
requirements and additional watershed protections for anadromous
salmonids. These updated BMPs, which have been influenced by the
results from prior paired watershed experiments, include buffers with
no harvesting within 10 meters of fish-bearing streams (with the
exception of harvesting cable corridor trees where needed), very
minimal harvesting within 10 to 30 meters of fish-bearing streams,
increased protection measures for larger non-fish bearing and
ephemeral streams, and maintaining hydrologic disconnection
between roads and stream channels.

We anticipate that additional paired watershed experiments will
be necessary as technology continues to advance. For example, future
harvesting experiments may investigate watershed-scale impacts of
shovel logging (i.e., where a log loader is used to incrementally swing
logs from the forest to a road) or tethered logging (i.e., harvesting
equipment is anchored by cable and used on steep hillslopes). Other
experimental treatments may investigate fire resilience and fuel
reduction management techniques, which are important topics in
many forested communities. Even when new technologies are not
being tested, paired watershed studies can help assess cumulative
effects due to multiple harvesting cycles, serve as a check on current
practices, and provide feedback for within-regulation
adaptive management.

Paired watershed studies also help us assess restoration efforts. For
example, logging roads are hotspots for nonpoint source pollution in
the form of fine sediment (e.g., Reid and Dunne, 1984; Madej, 2001;
MacDonald and Coe, 2008). Because roads often increase the delivery
of fine sediment to streams, road decommissioning has been a major
focus of restoration efforts at Caspar Creek (e.g., Keppeler et al., 2007).
The long pre-decommissioning record of sediment transport coupled
with annual erosion inventories provided the baseline for an
assessment of the consequences of legacy erosion, road rehabilitation
sediment delivery, and road-stream connectivity (Keppeler et al,
2007). The third Caspar Creek experiment is also assessing the effects
of restoration treatments on erosion and sedimentation to help inform
guidance as to whether legacy road restoration should be done before,
coincidentally, or after timber harvest. These and other restoration and
resource protection practices, such as adding large wood to fish-
bearing channels, fuel reduction, and fuel break construction, may
be combined with future timber harvests. Many watersheds have
experienced substantial anthropogenic disturbance and restoring
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vulnerable watersheds to some pre-disturbance condition is often a
major environmental goal. Paired watershed studies can help us
quantify and rigorously assess whether the approaches used in
restoration will help achieve these goals.

4.1.2. Paired watersheds make ideal, long-term,
and detailed monitoring sites

Paired watersheds are ideal for developing long-term observational
records. Such studies are often long-lived because it is necessary to
collect pre-treatment, treatment, and post-treatment data. Also,
because of the longevity of infrastructure, new or modified
experiments can occur at the same site with less cost and effort relative
to establishment at new locations. Although some paired watershed
studies in our compilation lasted fewer than five years (Figure 3;
Supplementary Table S1), the mean total duration for data collection
was 27 years, with 15 of the 90 paired watersheds having continuous
records longer than 50years. The total number of paired watersheds
in our compilation peaked at 44 in 1979 and 1980 and decreased to
25 in 1990 before increasing to a total of 43 paired watersheds in 2009
(Figure 3). The revival starting in the 1990s was due to new
investigations of prior treatments (e.g., McBroom et al., 2003; Pomeroy
et al.,, 2012; Perry and Jones, 2017; Niemeyer et al., 2020), new
experimental treatments at previously operational sites (e.g.,

Neary D. G. etal,, 2012; Hatten et al., 2018), and the establishment of
new paired watershed sites (Figure 3B; Supplementary Table S1).

A major strength of the paired watershed approach relative to a
single watershed approach is that paired watersheds allow treatment
effects to be disentangled from multi-decadal climatic trends.
Specifically, because the relationships between climatic inputs and
watershed responses are determined for both control and treated
watersheds prior to treatment, relative changes in these relationships
during the post-treatment period can be attributed to the treatment
and not climate. Perry and Jones (2017) present another example that
highlights the utility of paired watershed studies. Using streamflow
records from multiple paired watersheds in the Oregon Cascades, they
found that conversion of old-growth forest to Douglas-fir plantations
resulted in declining streamflow—a result not detectable in larger
basins due to the confounding effects of climate change with past
forest management. One potential limitation of the paired watershed
approach is if the control watershed experiences conditions that vary
from the treated watershed. Suitable watersheds that experience
similar meteorological and geological conditions must be identified to
limit differences that may occur between watersheds.

As the temporal record lengthens for a paired watershed study,
each watershed record can be investigated independently and within
the context of the treatment effects, and spatial variability across close
proximity can be assessed more easily because two or more unique
datasets exist for the same period. As hydrologic models improve, the
opportunity for single watershed experimental treatments will
increase (e.g., Zégre et al., 2010), but paired watershed studies will still
prove advantageous for certain experiments, such as investigating the
consequences of land-use on subsurface water storage (e.g.,
McDonnell et al., 2018).

Although in some cases we may be able to infer expected impacts
of technological or operational advances on watershed resources
without new paired watershed studies, complex ecosystem responses
are likely to be missed without a long-term observational record. For
example, Reid (2012) found that summer low flows following the
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FIGURE 3

(A) The quantity of operational paired watershed sites and their current data availability and (B) timeline showing operational periods and data
availability for paired watershed studies included in this compilation. (A,B) Share the same legend. Reported years for each site are the first and last year
of known data collection during the paired watershed study. Figure 1 maps the location of each site and Supplementary Table S1 includes site
summaries. A dagger symbol () after the study name denotes that the site is an operational experimental site, but no longer an operational paired
watershed. We define the data availability categories as follows: “Most data available online” when the major components of the study are available at
all intervals measured; “"Some data available online” when we identified major components of the study that were not available at all time intervals
measured; "Data available by request” when a statement was made by one of the investigators on a website or in a publication and the contact
information for requests was valid; and "Data unavailable/availability unknown” when we could find no information about data availability publicly or
through contact with the investigators or the contact information was not valid.
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South Fork harvesting at Caspar Creek increased for approximately
seven years before decreasing for the next 20 years. Understanding the
post-harvest summer low flow response is important because
decreased low flows can be stressful to fish and other aquatic biota
(e.g., Harvey et al,, 2006; Bradford and Heinonen, 2008). Without
continued, long-term post-harvest monitoring of the South Fork, this
low flow response would likely have been missed. Another similar
example is found at the Coweeta Hydrologic Laboratory in North
Carolina, where continued monitoring captured an unexpected shift
to reduced streamflow and increased dissolved inorganic nitrogen
decades after harvesting and the initial observations of a return
towards pre-disturbance conditions (Jackson et al., 2018). Research on
the impacts of new harvest technology and practices is paramount for
understanding the full effects of these changes, and paired watersheds
are the most suitable method for measuring these impacts.

The long data records produced by paired watersheds may also aid
us in reassessing older data. At Caspar Creek, the revaluation of
previous data in the context of longer records has occasionally led to
revised conclusions relative to former analyses. For example, Thomas
(1990) suggested that by 1985 increases in South Fork Caspar Creek
streamflow related to the early 1970s harvest experiment had
ameliorated and sediment discharge had returned to pre-treatment
conditions. Subsequent data indicated that both summer flows (Reid,
2012) and sediment production (Keppeler, 2012) had not yet entirely
recovered. Additionally, Keppeler et al. (2009) reported that two-year
recurrence interval peak flows in the South Fork had increased 14%
for the eight-year period following the completion of harvesting, while
earlier analyses had not found increases for larger winter peak flows
(Ziemer, 1981). New analytical approaches may allow us to further
explore older data and either confirm or better define conclusions.

4.1.3. Paired watershed data are well-suited for
advancing hydrologic modeling

Burt and McDonnell (2015) called for “outrageous hydrologic
hypotheses” within the context of field-based observations, but maybe
the age of outrageous field-based observations has ended. Nearing
et al. (2021) may have answered the call for outrageous hydrologic
revelations by suggesting that the future of hydrologic predictions may
require limited input from hydrologists and instead rely on machine
learning algorithms that consider complex relationships between data
and do not include hydrologic processes. Nearing et al’s (2021)
predictions mesh well with the transition to the “fourth paradigm of
science (i.e., data-intensive scientific discovery)” (Silvello, 2018).
Whether or not the input from hydrologists is critical for developing
the next generation of predictive hydrologic models, we expect that
the need for high-quality hydrologic data, such as the data collected
at Caspar Creek and other paired watersheds, will remain strong and
that it will continue to be collected by hydrologists. We also expect
that machine learning will lead to substantial advances in hydrologic
prediction and model formulation (e.g., Pate et al., 2020; Wilder et al.,
2020), but we believe that there will still be a substantial need for field
investigations that can deepen our knowledge of physical, biological,
and chemical processes while also inspiring new hydrologic concepts
and contributing to improved BMPs.

Machine learning offers a framework that allows for a high
degree of model complexity (Gupta and Nearing, 2014). Although
not unique to complex models, model results that are detached from
well-understood physical mechanisms risk higher likelihood of
equifinality. This is an important issue facing the hydrologic
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community, especially those who focus on hydrologic modeling
(Beven, 2006); equifinality can be summarized as “getting the right
answer for the wrong reasons” In other words, if we think
we understand how a watershed works in a modeling framework and
then apply treatments, we may predict incorrect watershed responses
when the model is applied to these new scenarios. In order to
advance our understanding of hydrologic processes and reduce the
likelihood of equifinality in hydrologic models of increasing
complexity, measurements and observations must be made at
experimental sites. Paired watersheds, in addition to other
experimental watersheds (e.g., Goodrich et al., 2021), offer the
scientific community a way to test these models and assess their
ability to predict the consequences of land-use management decisions.

Treatments enable us to test hydrologic models under substantially
different environmental conditions. Paired watershed studies that
include treatments allow researchers to complete differential split-
sample tests where different conditions and processes are represented.
This is valuable because differential split-sample tests are considered
superior to typical split-sample tests (Kirchner, 2006). In each type of
test, a dataset is split into two periods, and one period is used to
calibrate the model while the other period is used to verify the model.
A differential split-sample test adds a level of rigor to the verification
because it relies on a substantial change in conditions for the two
periods, such as an experimental timber harvest.

In addition to advancing hydrologic modeling efforts, paired
watershed data may also contribute to synthesis analysis between sites.
Comparative analysis may help us achieve McDonnell’s (2003) goal of
breaking the “mantra” of documenting experimental watershed
idiosyncrasies and instead enable us to “seek commonality of response
among watersheds” Studies that analyze large compilations of paired
watershed data may help us find commonality among watersheds and
improve our understanding of the primary factors that influence a
given treatment such as timber harvest at a more global scale.
We expect that big data studies and machine learning techniques that
are capable of analyzing large experimental watershed data
compilations will become more prevalent in the future and contribute
to this goal. We anticipate the compilation provided in
Supplementary Table S1 will support additional cross-watershed
meta-analysis and synthesis.

4.2. Good data management returns
interest

In order for paired watershed studies to most benefit the scientific
community, the resulting data must be high quality, understandable,
and easily accessible, but this is not an easily achieved goal. In 1931,
Horton lamented the inaccessibility of hydrologic data (Horton,
1931), and almost a century later we continue to struggle to
consistently make data easily accessible. The challenges of data
management are evident in our compilation: Of the 35 operational
paired watersheds, only 11 sites have made most of their data publicly
available in an online archive (Figure 3; Supplementary Table S1). The
lack of accessible data suggests that over two-thirds of the operational
paired-watershed studies in our compilation face scientific
obsolescence because they may not have appropriate data available for
reanalysis endeavors. To reduce the risk of irrelevance, data from long-
term experiments should be maintained in periodically-updated,
publicly-accessible formats.
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Previous efforts to distribute Caspar Creek data included use of
paper records, punch cards, reel tapes, DVDs, websites, and via email
attachments. Recently, much of the data from the first and second
experimental harvests at Caspar Creek were made publicly available
online on the USDA Forest Service Research Data Archive
(Richardson et al,, 2021a,b) and are described in Richardson et al.
(2021¢). Improving access to data should be a major goal of those
responsible for collecting and managing paired watershed data, and
several other data repositories are supported by publishers and
funding organizations to help meet this goal.

Many publications now require that all data used in their articles
be archived in a public repository according to the FAIR (findable,
accessible, interoperable, and reusable) Data Principles [see Wilkinson
etal. (2016) for additional information about FAIR principles]. These
data policies are important for guaranteeing transparency and
increasing data availability, but they also place higher demands on
data managers. In line with those policies, the USDA Forest Service
strongly encourages archiving data and improving public access to
data managed by the Forest Service, but much of previously collected
Forest Service data are still not easily accessed online. Similarly,
National Science Foundation (NSF)-funded projects require that data
collected with NSF funds be made publicly available.

Since 2007, the NSF has funded Critical Zone Observatories
(CZOs), which have often included a more in-depth scientific
investigation of watersheds (e.g., Brantley et al., 2017) and have been
paramount to natural process discovery. However, CZOs do not
typically include treatments and are therefore unable to produce the
same level of land-use information as using a manipulative
experimental approach. A new wave of funding (Critical Zone
Collaborative Network) began in 2020 that is intended to support
new studies and includes support for a single Coordinating Hub,
which is responsible for archiving data for the CZOs (NSF Program
Solicitation 19-586). Those responsible for paired watershed studies
would benefit from adopting a similar approach of centralized
data management.

Until recently, the time-consuming efforts to improve data quality
and accessibility have received limited recognition. Many authors have
advocated for increased recognition of data publication in the form of
citations (e.g., Callaghan et al., 2012; Kratz and Strasser, 2014; Candela
etal,, 2015), and some journals have developed publication types that
are specifically intended to describe data. Receiving credit in the form
of citations for published datasets without an accompanying
manuscript would further incentivize proper archiving and
documenting of data (Callaghan et al., 2012). As an example, the
USDA Forest Service, among other organizations, has recently
recognized published datasets as research products in its personnel
evaluation standards.

Another issue facing scientists and data managers is that
hydrologic analyses can only be as good as the data they are derived
from, and this should encourage those of us responsible for archiving
and disseminating data to do so with the utmost care. A careful
balance must be struck to maintain high data quality while also
making it available in a timely manner. A common protocol does not
exist for data standards, although approaches have been suggested
(e.g., Cai and Zhu, 2015; Gudivada et al.,, 2017). While it would
be challenging to develop and implement, adopting a standard
protocol for reviewing data would benefit the hydrologic community
and encourage a minimum data review standard.
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As with making data accessible, assessing data quality and
maintaining consistent, high-quality data can be difficult, and
developing an approach for assuring data quality and consistency
throughout long records is an important consideration. Long-term
studies often collect the same data using different protocols, which can
complicate interpretation of results. For example, at Caspar Creek,
suspended sediment samples have been collected using five different
methods. Each method improved estimated suspended sediment
loads but led to temporal changes in the record. Assessing and
improving spatial and temporal consistency of data from long-term
studies should be an important goal of the experimental watershed
community. The use of machine learning techniques for data quality
management is promising and may lead to a robust data quality
assurance approach because machine learning can be used to identify
questionable data and fill data gaps (e.g., Gudivada et al., 2017; Kim
et al., 2020).

4.3. What does the future hold for paired
watersheds?

Paired watershed studies are demanding. They operate best when
scientists and funding agencies are committed to high-quality and
consistent long-term management, including the data products.
Short-term funding cycles and demanding publication timelines are
unfortunately not conducive to maintaining long-term experimental
sites. In recent years, when post-harvest monitoring duties are
substantial, six to twelve USDA Forest Service employees are involved
with the collection, processing, maintenance, and analysis of Caspar
Creek data. The California Department of Forestry and Fire Protection
(CAL FIRE) and other funding agencies and partners provide
additional support. Since the project’s inception, hundreds of USDA
Forest Service and CAL FIRE personnel, other state and federal
employees and volunteers, university scientists, and students have
been involved with collecting and analyzing Caspar Creek data. One
of the goals for those involved with Caspar Creek is to make the data
accessible for a wide range of studies (e.g., Keppeler et al., 2003; Ferrier
et al., 2005; Keppeler, 2016; Coble et al., 2020; Richardson et al., 2020).
This is not a small task and funds specifically allotted to data review
and distribution have helped achieve this goal at Caspar Creek.

Neary (2016) suggested that although landscape-level monitoring
(e.g., USGS monitoring of 7,200 gaging stations) is important, paired
watershed studies are essential and more likely to identify changes in
hydrologic processes under changing climate conditions. The next
generation of paired watershed studies are likely to adopt analytical
approaches that enable investigations of shallow groundwater movement
and the ecohydrologic connections between streamflow, soil moisture,
rock moisture, land use, and vegetation. Indeed, these analytical
approaches are being applied to the third Caspar Creek experiment
(Dymond et al,, 2021). Acknowledging the importance of continuing
paired watershed studies into the 21st century, Neary (2016) realized that
a large-scale monitoring network of paired watersheds is cost prohibitive.
Instead, Neary (2016) suggested that a balance must be struck between
higher spatial coverage offered by monitoring networks such as the
NSE-funded USA Long Term Ecological Research (LTER) network and
the National Ecological Observatory Network (NEON), and less spatial
coverage but higher detail offered at paired watersheds. Opportunities
also exist to develop new paired watershed studies in North America
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where spatial gaps are present, such as the EPA Level 1 Ecoregions that
have few or no paired watershed studies (Figure 1). Maintaining paired
watershed studies in as many ecoregions of North America as possible is
important for understanding how climate change may affect these areas
differently and to address region-specific science questions and best
management practices. We expect that paired watersheds will remain an
essential research and monitoring tool throughout the 21st century.
Moving forward, the critical decision may be deciding how many paired
watersheds we can afford to monitor and which ones are
maintained continuously.

5. Conclusion

Long-term studies like Caspar Creek and others included in our
compilation of North American paired watersheds are invaluable for
testing treatments, gaining insight into hydrologic and geomorphic
processes, and developing and confirming hydrologic and climate
models. We presented three main reasons why paired watershed
experiments are still relevant, including: they allow for watershed-
scale experiments that inform us about hydrologic processes, water
quantity, water quality, and nutrient cycling; they produce long
climate, streamflow, and water quality records which are essential for
long-term trend assessments; and they produce data that are ideal for
developing and testing hydrologic models. For paired watershed
studies to maximize their continued relevance, new and important
questions that are well-suited to the paired watershed approach will
need to be tested and the effects of land-use management decisions
will need to be continually assessed. In addition to Caspar Creek,
we hope that many other paired watershed experiments will continue
to operate into the next century, and that their past and future data are
made accessible. These experiments continue to prove invaluable for
addressing a range of questions regarding best management practices,
offer insight into hydrologic processes, and serve as important
bellwethers for climate change and cumulative effects.
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