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Abstract The hyporheic zone (HZ) is a crucial
interface in riverbeds that links surface and subter-
ranean waters, supporting a unique ecological com-
munity. While recent reviews have explored theoreti-
cal and ecological aspects of HZ, this study focuses
on evaluating the advances in monitoring the quality
and conservation status. We conducted a global sys-
tematic review, screening 16,135 articles and retain-
ing a final data pool of 102 peer-reviewed studies
published between 1989 and 2024. We address four
main areas: (i) spatial and temporal distribution, (ii)
monitoring activities, (iii) methodologies employed,
and (iv) the impact of legislation. Despite advances
in technical knowledge, HZ monitoring efforts remain
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quantitatively limited. Geographically, research is
highly skewed, with Europe (51.0%), Asia (21.6%),
and North America (19.6%) dominating the field,
while other regions are severely underrepresented.
Taxonomically, studies predominantly focus on the
entire invertebrate community (35.5%) or micro-
organisms (30.3%), whereas efficient trait-based
approaches remain scarce (6.6%). Methodologically,
sampling is largely confined to shallow depths (up
to—50 cm). Furthermore, the enactment of environ-
mental legislation showed a localized, rather than
global, stimulus on monitoring outputs. This study
emphasizes the urgent need for standardized method-
ologies, integrated surface—groundwater approaches,
and targeted efforts to ensure effective water resource
management. Finally, we propose a strategic roadmap
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with short-, medium-, and long-term actions to guide
these improvements.

Keywords Biomonitoring - Groundwater -
Interstitial environment - Environmental legislation -
Environmental impact - Hyporheic exchange

Introduction

Freshwater security is one of the most pressing global
challenges of the twenty-first century (Vorosmarty
et al., 2010). Rapid population growth, urbaniza-
tion, agricultural intensification, and climate change
are placing unprecedented pressure on rivers, lakes,
wetlands, and groundwater worldwide (Moghaddam
et al.,, 2025; Steffen et al., 2015). Global water
demand is projected to increase substantially in the
coming decades, exacerbating water scarcity and
amplifying conflicts between human consumption,
food production, energy generation, and ecosystem
integrity (e.g., Boretti & Rosa, 2019). These pressures
directly threaten biodiversity, ecosystem functioning,
and the provision of essential ecosystem services,
including drinking water supply and nutrient cycling
(e.g., Sacco et al., 2024). The management of water
resources, public health interventions, and measures
to mitigate the environmental impact of uncontrolled
population growth remain critical areas of study (Bor-
setto et al., 2025).
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Water resource management has progressively
shifted from approaches focused solely on quanti-
tative allocation and physicochemical compliance
toward more integrated frameworks that incorporate
ecological perspectives (Birk et al., 2020; Dykes
et al., 2025; Mohammadpour et al., 2025). Biomoni-
toring has become a central component of contempo-
rary freshwater assessment frameworks worldwide. It
is especially valuable because it integrates the cumu-
lative responses of biological communities over time,
whereas traditional monitoring provides only short-
term snapshots that may fail to detect cumulative
impacts. However, an important exception remains
regarding groundwater (Di Lorenzo et al., 2024). In
Europe, groundwater assessment under the Water
Framework Directive and the Groundwater Directive
is still largely focused on quantitative and chemical
status, with no formal integration of biological qual-
ity elements, despite increasing scientific evidence
supporting their relevance (Di Lorenzo et al., 2024).
In contrast, other countries, notably Australia, have
explicitly incorporated groundwater-dependent eco-
systems and subterranean biota into their monitoring
and management frameworks (Environmental Protec-
tion Authority, 2016).

However, in recent decades, there has been a
growing interest in subsurface waters, especially
the hyporheic zone (HZ) (Mugnai et al., 2015a).
The term was originally proposed by Orghi-
dan (1959, 2010), who described it as a discrete
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interfacial compartment in the riverbed that hosts
a unique community, functioning as a critical part
of river ecosystems by connecting surface water and
groundwater. Later, Boulton et al. (1998) defined it
as an ecotone, or transition zone, between surface
water and groundwater. The HZ is a dynamic tran-
sition boundary where the bidirectional exchange
between surface water and a fixed sediment bed
drives small-scale vertical fluxes of water and sol-
utes, distinguishing it from both surface flow and
regional groundwater pathways (Tonina & Buft-
ington, 2007). Recent fundamental studies have
emphasized how bedform morphology, sediment
characteristics, and pressure-driven “pumping”
processes regulate hyporheic exchange, solute resi-
dence times, and microbial activity. These studies
highlight the strong feedbacks between hydrody-
namics, biofilm development, and biogeochemical
cycling that are central to river functioning and
restoration (e.g., Cook et al., 2020). In addition to
the HZ in lotic environments, a similar ecotone, the
hypolentic zone, exists in lentic waters, serving as
the interface between surface water and groundwa-
ter in those systems (Winter, 2001).

From a biological perspective, the HZ serves as a
nursery and refuge for benthic species, a feeding area,
and a habitat for species exclusive to this environment
(Datry & Larned, 2008; Stubbington et al., 2009). The
hyporheic community, referred to as the hyporheos,
represents a unique entity that is distinct from those
in surface waters and groundwater, although it shares
characteristics with both ecosystems (Peralta-Mara-
ver et al., 2018). Within the HZ, stygobites (species
that complete their life cycle in subterranean aquatic
habitats) are commonly observed in upwelling areas,
while surface taxa are typically found in downwelling
zones (Williams et al., 2010).

The hydrological, chemical, biological, and
metabolic characteristics of the HZ are specific to
this zone and distinct from both surface waters and
groundwater (Krause et al., 2011; Lewandowski et al.,
2019; Tonina & Buffington, 2023). In general, the HZ
represents an area of significant importance for pro-
ductivity, nutrient cycling (e.g., Boulton et al., 1998;
Brunke & Gonser, 1997; Findlay, 1995), and pol-
lutant processing (Lewandowski et al., 2019), hous-
ing highly diverse invertebrate communities (Boul-
ton et al., 2004; Gibert, 1991). Furthermore, in the
last decade, the HZ has gained attention for its role

in public health; it is an area prone to the accumula-
tion of toxic substances and can act as a reservoir and
transport pathway for zoonotic agents and viruses,
such as COVID-19 (Kumar et al., 2020; Mugnai
etal., 2015a, b).

The HZ is subject to numerous impacts, whether
physical, chemical, or microbiological (Boulton et al.,
1998; Hancock, 2002; Mugnai et al., 2015b). Physical
impacts, such as sediment clogging resulting from the
deposition of particles in stream and riverbeds, can
significantly reduce the permeability of sediments in
interstitial environments, disrupting hyporheic micro-
bial processes and the circulation of nutrients (Nog-
aro et al.,, 2010; Schilchli, 1992). Recent advances
highlight how changes in sediment structure and
flow dynamics strongly regulate contaminant trans-
port and attenuation in subsurface exchange zones,
emphasizing the role of residence time distributions
and reactive interfaces in controlling pollutant fate
(e.g., Saeibehrouzi et al., 2025). Chemical pressures
include heavy metals, pharmaceutical residues, and
contaminants derived from urban, agricultural, and
industrial activities, which can accumulate within
hyporheic sediments and alter microbial community
composition and ecosystem functioning (Redzovié
et al., 2023; Rutere et al., 2020; Sonne et al., 2018).
The occurrence and transport of microplastics within
the HZ have recently emerged as a key research focus
(Stride et al., 2025). Regarding microbial pollution,
the presence of pathogenic bacteria such as Escheri-
chia coli and Salmonella is of significant concern,
as this contamination poses a serious risk to public
health and requires urgent mitigation measures (Mug-
nai et al., 2015b).

Despite the ecological importance of the HZ
for the sustainability of water resources and pub-
lic health, and the substantial volume of theoreti-
cal research published over the past 70 years, spe-
cific legislation for its protection exists in only a few
regions. These include the USA (Safe Drinking Water
Act Amendments of 1996), the European Union
(Groundwater Directive 2006/118/EC), and Aus-
tralia (Water Act 2007). Furthermore, there is a lack
of comprehensive information regarding the current
status of HZ monitoring and the most commonly uti-
lized methodologies (Malard et al., 2002). Address-
ing this knowledge gap is essential for standardizing
monitoring activities globally and developing effec-
tive policies to mitigate impacts on the HZ.
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Previous bibliographical reviews have primarily
focused on the theoretical and ecological aspects of
the HZ (e.g., Boulton et al., 1998; Mugnai et al.,
2015a; Pascuale et al., 2024). While this foun-
dational knowledge is essential, there remains a
clear gap regarding the practical implementation
of monitoring strategies to assess ecological sta-
tus, evaluate degradation, and enforce conservation
measures. To address this gap, this study provides
a systematic review of the scientific literature on
HZ monitoring at a global scale. Specifically, we
aim to (i) analyze the spatial and temporal distri-
bution of monitoring efforts, (ii) identify the types
of monitoring activities conducted, (iii) examine
the methodologies employed, and (iv) evaluate the
extent to which legislative frameworks influence
monitoring practices. Ultimately, this work seeks
to establish a foundational knowledge base and
identify critical data gaps, informing the develop-
ment of environmental policies necessary for the

Identification

Screening

Included

Exclusion Criteria:

« Focus on marine/brackish water or terrestrial
invertebrates.

+ Studies in micro/mesocosms or laboratory
settings.

« Hydrological modeling without direct
biological/chemical data.

. Lack of essential methodological details or not
related to microbial/metazoan communities.

sustainable management of hyporheic zones. Fur-
thermore, we propose actionable strategies that can
be implemented in the short, medium, and long
term to support this process.

Materials and methods
Literature search and eligibility criteria

To conduct a systematic and comprehensive literature
search, we followed the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA)
guidelines (Page et al., 2021) (Fig. 1). First, we devel-
oped a literature search protocol to identify peer-
reviewed articles in indexed journals. Initially, we
compiled a core set of relevant studies to refine the
final search string. This core was obtained through a
combination of backward citation tracking from key
papers independently selected by the authors and an

Identification

Articles identified
from databases
n=16,135

Excluded
n=15,035 &

Screened (abstract+title)

n=1,100

Studies included in review
n=102

Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) for this study. Flow diagram depicting the
flow of information through the different phases of the systematic literature survey

@ Springer
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independent literature search conducted by the first
author using Google Scholar. After reviewing the
initially extracted papers, we reached a consensus
among co-authors on the final search string, which
was then applied across multiple scholarly databases,
including Web of Science, PubMed, Google Scholar,
and Scopus: TS =(“Hyporheic” AND “Groundwater”
AND “Interstitial environment”) AND TS =(“Bio-
monitoring” AND “Monitoring”).

We limited our search to articles, review papers,
and book chapters written in English. No chronologi-
cal restrictions were applied to the search, and all rel-
evant publications up to 2024 were included. Thus,
the time period analyzed strictly reflects the natural
availability of published literature on this topic. We
initially extracted 16,135 papers. This high initial
number was driven by the comprehensive nature of
the databases consulted (e.g., Google Scholar) and
the interdisciplinary overlap of our search terms with
marine, soil, and purely hydrogeological literature.
We manually checked for duplicates and thoroughly
screened all titles and abstracts. Rigorous application
of the exclusion criteria was necessary to filter out
this non-target “noise” and isolate true in situ fresh-
water studies, excluding clearly irrelevant references
based on the following criteria: (1) studies focusing
on marine, brackish water taxa, or non-aquatic (soil)
invertebrates; (2) research conducted in micro- or
mesocosms or under laboratory conditions; (3) stud-
ies centered on hydrogeological modeling lacking
direct biological and chemical measurements; and (4)
documents lacking critical methodological details or
unrelated to microbial or metazoan communities.

Data categorization

The categories include (1) general data (title,
authors, year of publication, and journal) to docu-
ment the bibliometric aspects of HZ monitor-
ing research; (2) broad geographic region (North
America, Central and South America, Europe
(European Union), Oceania (Australia), Asia, and
Africa) to assess global research distribution and
identify underrepresented regions; (3) coordinates
of the sampling sites to enable spatial analysis and
heatmap visualization of monitoring efforts; (4)
location of the study to provide a finer-scale under-
standing of geographic distribution; (5) timing of

the paper’s publication in relation to the enact-
ment of key laws (before and after the Groundwater
Directive 2006/118/EC in Europe, the Safe Drink-
ing Water Act Amendments of 1996 in the USA,
and the Water Act 2007 in Australia) to evaluate
the potential influence of environmental legisla-
tion on HZ research trends; (6) investigated group
(crustaceans, insects, entire invertebrate commu-
nity, and other taxa, including microorganisms
and non-arthropod invertebrates) to analyze taxo-
nomic focus and the use of trait-based approaches
in monitoring. To prevent data overlapping, these
categories were mutually exclusive. Studies focus-
ing solely on a specific taxon were assigned only
to that group, whereas studies evaluating broader
benthic assemblages were categorized exclusively
as the “entire invertebrate community; (7) ecologi-
cal classification of invertebrate fauna (epigean,
hypogean, hyporheic, and phreatic) to explore
the distribution of studied taxa across different
aquatic habitats; (8) sampling depth (0 to—10,— 10
to—20,—20 to—-30,—-30 to—40,—40 to-50,
and> — 50 cm) to assess how studies explore dif-
ferent vertical strata of the HZ and identify poten-
tial biases toward specific depths; (9) investigated
impacts (heavy metals, industrial pollution, antibi-
otics, urban pollution, microplastics, agricultural
pollution, clogging, eutrophication, viruses, bacte-
ria, salinity, and others) to determine the primary
environmental concerns addressed in HZ research
and identify gaps in impact assessment; (10) water
body recovery to track studies focusing on HZ
restoration and post-disturbance monitoring; (11)
correlation with surface water (whether the study
also considers characteristics of surface waters)
to evaluate how frequently HZ research integrates
surface—subsurface interactions; (12) sampling
techniques employed (permanent station, mini-
piezometer, Bou-Rouch, and others, such as cores
and traps) to document methodological approaches
and assess the evolution of sampling strategies over
time; (13) sampling effort (number of sampling
sites and number of samples) to compare the scope
of different studies and assess their representative-
ness; and (14) sampling over time (whether tem-
poral sampling replication exists) to differentiate
between snapshot studies and long-term monitoring
efforts.

@ Springer
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This information was organized in an Excel
file as a single dataset (Online Resource 1). These
classes were deliberately organized to address the
four key analytical dimensions of this review: (i)
the spatial and temporal distribution of monitor-
ing efforts globally, (ii) monitoring activities, (iii)
methodologies employed, and (iv) the impact of
legislation on monitoring activities.

Data analysis

Bibliometric variables were quantitatively analyzed
to characterize the structure of the compiled data-
set. Publication year, journal, geographic region, and
study type were treated as either categorical or contin-
uous variables and were summarized using frequency
counts, proportions, and temporal distributions. Pub-
lication clustering and regional representation were
assessed by calculating the relative contribution (%)
of each category to the total dataset. Temporal pub-
lication trends were evaluated using exponential
regression models, while differences among categori-
cal variables were tested using chi-square analyses.
To evaluate publication trends in detail, the data
were categorized by the year and type (biological ver-
sus abiological) of publication. We then analyzed the
temporal distribution of publications using exponential
growth models, as a preliminary visual inspection sug-
gested a non-linear increase over time. Model selection
was based on a visual assessment of fit and goodness-
of-fit metrics. Separate models were applied to both the
annual and cumulative numbers of publications. The
percentages for each category were calculated based on
the total number of studies and visualized graphically.
To determine whether the observed differences among
biological groups, ecological classifications, environ-
mental impacts, and sampling methods were statisti-
cally significant, chi-square tests were applied.
Additionally, to evaluate whether legislative enact-
ments influenced research output on HZ monitoring,
we conducted chi-square goodness-of-fit tests. Stud-
ies were categorized based on their publication tim-
ing relative to key legislative milestones: the Safe
Drinking Water Act Amendments of 1996 in the
USA (U.S. Environmental Protection Agency, 1997),
the Groundwater Directive 2006/118/EC in the Euro-
pean Union (European Community, 2006), and the

@ Springer

Water Act 2007 in Australia (Water Act., 2007). For
each region, we compiled the number of studies pub-
lished before and after the respective legislation and
performed separate chi-square tests to assess the
statistical significance of the observed differences.
These tests evaluated whether the distribution of stud-
ies before and after the legislation deviated from an
expected uniform distribution, allowing us to infer
potential policy-driven changes in research output.
All statistical analyses, model fitting, and graphical
outputs were performed in R version 4.2.3 (R Core
Team, 2023).

The geographic distribution of publications was
visualized through a heatmap generated in QGIS ver-
sion 3.34.3, using the geographic coordinates of the
sampling sites. Heatmap parameters, such as the color
scale and the search radius (radius of influence), were
subsequently adjusted to accurately represent the spa-
tial density of the studies.

Results

Spatial and temporal distribution of monitoring
efforts globally

Publication trends

An analysis of the literature on HZ environmental
quality monitoring revealed that the first relevant
study was published in 1989 (Ward et al., 1989), fol-
lowed by a second in 1996 (Lafont et al., 1996). Over-
all, the analyzed period spans from 1989 to December
2024, encompassing a total of 102 papers.

These studies were published across 68 different
journals. Notably, 25.5% of the total articles were
concentrated in just four journals: Science of the
Total Environment (n=10), Hydrobiologia (n=38),
Applied and Environmental Microbiology (n=4),
and Ecological Indicators (n=4). The remaining
articles were widely distributed across 64 additional
journals; a distribution pattern we analyzed to evalu-
ate research fragmentation in the field.

The number of publications exhibited a clear upward
trajectory over time. An exponential growth model best
described this annual increase (number of publica-
tions = 1.03¢%06¢™e; R2—(0.60; Fig. 2a). Similarly, a
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strong exponential increase was the most suitable model
for the cumulative number of publications (cumulative
publications =2.87e13vear; R2=().95; Fig. 2b).

Both biomonitoring and environmental monitor-
ing studies have increased over time; however, the
number of environmental monitoring publications has
risen more prominently since 2007 (Fig. 2¢).

Geographic distribution of studies

The geographic distribution analysis revealed that
Europe accounted for more than half of the studies
(51.0%), followed by Asia (21.6%, primarily represented
by China), and North America (19.6%). Other regions
were notably less represented: Oceania (4.9%), Africa
(2.0%), and Central and South America (1.0%) (Fig. 3a,

N w B
o o o
! 1 1

Number of publications

(=
o
!

Europe Asia

North America

Central and South
America

Oceania Africa

Regions

Fig. 3 Global distribution and regional breakdown of research efforts. a Heatmap overlaid on a world map illustrating the spatial
concentration of studies (red =high research effort; blue =low research effort). b Number of publications per geographical region
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b). Publications from Asia were the most recent; the first
study from this region, which focused on the impact of
suspended sediments on HZ functions in the Kharaa
River catchment (Mongolia), was published in 2012.

Monitoring activities
Investigated categories

Regarding biological assessments, HZ monitoring
studies have predominantly focused on broader bio-
logical communities rather than specific taxa. The
most frequently investigated groups were the entire
invertebrate community and a broader category of
“other taxa” (which encompasses microorganisms
such as bacteria and viruses, as well as non-arthro-
pod invertebrates like annelids), representing 35.5%
and 30.3% of the studies, respectively (y*=30.5,
p<0.001). In contrast, studies specifically targeting
crustaceans and insects accounted for only 27.6% of
the total. Although trait-based analyses are widely
recommended to overcome taxonomic limitations
and improve the efficiency of ecological assessments,
these approaches were notably underrepresented in
our dataset, appearing in only 6.6% of the publica-
tions (Fig. 4a).

Ecological classification of fauna

Regarding ecological classification, most studies
(70.0%) focused on hyporheic fauna as defined by
Orghidan (1959), indicating a statistically signifi-
cant preference (y*=124.3, p<0.001). Only a small
proportion of the literature included phreatic spe-
cies (1.1%) or employed the broader term “hypo-
gean” (2.1%) (Fig. 4b). Additionally, 26.6% of the

publications integrated data from both surface and
subsurface systems by combining epigean and hypor-
heic fauna, which provided a more holistic under-
standing of the aquatic ecosystem.

Environmental impacts investigated

Among the investigated impacts, heavy metal contami-
nation was the most frequently addressed concern in
hyporheic environments (37.2%). This predominance
showed a statistically significant difference across cat-
egories (;(2:91.5, p<0.001; Fig. 5). The second most
common category was “other” (22.5%), which encom-
passed studies on the physicochemical characteristics
of hyporheic water, such as oxygen and nitrogen con-
centrations. Industrial and urban pollution were each
examined in 14.7% of the studies. These were followed
by clogging (13.7%) and microbes (9.8%). Agriculture-
related impacts (8.8%), eutrophication (3.9%), micro-
plastics (2.9%), and antibiotics (0.9%) were the least
investigated topics among the analyzed studies.

Studies focused on the recovery of water bodies
and correlation with surface waters

Three investigations involving HZ monitoring
focused on water bodies undergoing recovery. The
first study was conducted in 1999 and investigated
a river recovering from heavy metal contamination
(Nelson & Roline, 1999). The other two studies were
published in 2021, revealing no clear temporal pattern
(Fig. 6). In contrast, studies correlating groundwater
investigations with surface waters exhibited a more
consistent temporal trend. Between 1995 and 2000,
6.9% of the publications established this correlation.
This percentage increased steadily in the subsequent

Fig. 4 Overview of the
taxonomic and habitat cat-
egories from the reviewed
studies. a Percentage of
taxa investigated in the
studies included in the
review. b Percentage of
fauna by habitat type

a
Traits
Crustacea

15.8% 66

Insecta

Entire invertebrate
community

b
Phreatic
Epigean
1.1%
26.6%
Other
Hypogea 226
70.2%
Hyporheic
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chemical characteristics)

Urban pollution

Industrial pollution

Clogging
4]
= Bacteria
o
o
9 :
© Agricultural
)

Eutrophication

Microplastic

Antibiotics

Salinity

Virus
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Fig. 5 Distribution of research focus on environmental impacts. The horizontal bar chart illustrates the number of publications

investigating different categories of environmental impacts

periods: 10.8% from 2001 to 2006, 20.6% from 2007
to 2012, 24.5% from 2013 to 2018, and 36.3% from
2019 to 2024.

Methodologies employed and sampling effort
Analysis of methodology used

Historically, the first methodology proposed for
studying the HZ was the dig pit (Karaman, 1935;
Chappuis, 1942), which, despite its ease of execu-
tion, does not provide quantitative data. We found
no studies employing this methodology. The sam-
pling techniques identified included (1) the Bou-
Rouch method, a drilled probe coupled to a suc-
tion valve pump (Bou & Rouch, 1967), frequently
applied in the version modified by Taglianti et al.
(1969) using a lighter and more easily handled

@ Springer

membrane pump with lower power (accounting for
25.9% of the conducted studies); (2) mini-piezom-
eters (17.6%), which require a slightly higher time
investment but allow for precise temporal analysis,
as samples are replicated at the same site over the
duration the devices remain in place (Woessner,
2017); and (3) permanent stations (7.4%), used in
long-term biomonitoring programs. The “others”
category, comprising cores and traps, was propor-
tionally the most utilized (49.0% of the studies;
7*=37.8, p<0.001; Fig. 7a). Considering only
studies involving fauna, suction-based sampling
techniques (e.g., Bou-Rouch and mini-piezometers)
accounted for 43.5% of the applied methods.

We also observed a temporal trend regarding sam-
pling techniques (Fig. 7a). Permanent stations remain
rarely used, likely due to high implementation costs.
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Fig. 6 Studies on water body recovery and surface water cor-
relation over time. The graph displays the annual number of
publications focusing on water body recovery (green line) and

Techniques like the Bou-Rouch method and mini-
piezometers exhibited a stationary pattern over the
analyzed period. Since 2003, research employing
alternative techniques has shown a more pronounced
increase.

Sampling depth explored in the studies

Regarding sampling depth, there is no clear stand-
ardization across studies, indicating that research-
ers have primarily focused on depths up to—50 cm.
The most frequently sampled depth range was— 30
to —40 cm, represented in 37.1% of the studies, fol-
lowed closely by the 0 to—10 cm (36.1%),—20
to—30 cm (35.1%),—40 to—50 cm (34.0%),
and—10 to—20 cm (30.9%) ranges. Notably, there
was no significant difference in the frequency of
studies among the different 10-cm intervals within
the 0 to—50-cm depth range (¥*=1.1, p>0.05).
Depths deeper than — 50 cm were the least explored,
appearing in 26.8% of the studies.

those investigating the correlation between this recovery and
surface waters (blue line)

Sampling effort over time

Analyses of sampling effort were primarily based on
the number of samples collected, which accounted for
82.9% of the cases (y*=43.5, p<0.001). The cumu-
lative number of sampling sites increased steadily
over time, with notable increments observed around
2011 and 2012. However, the cumulative number of
samples demonstrated a more pronounced growth,
particularly from 2012 onward (Fig. 7b).

Impact of legislation on monitoring activities
Effect of the legislation on the number of studies

Specific legislation addressing groundwater pro-
tection has been enacted in three regions: the USA
(1996), the European Union (2006), and Australia
(2007). Across these regions, 95.0% of the stud-
ies were published after their respective legisla-
tive implementations (y*=81.0, p<0.001; Online
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Fig. 7 Sampling techniques and effort over time. a Usage of
various sampling techniques over the years: permanent station
(blue), mini-piezometer (orange), Bou-Rouch method (red),

Resource 2, Fig. a—d). When analyzed separately,
this trend remained consistent. In the USA, 96.0%
of the studies were published after 1996 (y*=77.4,
p<0.001); in the European Union, 96.0% were
published after 2006 (y*=84.6, p<0.001); and
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and other techniques (green). b Temporal trend in sampling
effort, illustrating the number of sampling sites (blue) and the
number of samples collected (green)

in Australia, 75.0% were published after 2007
(*=25.0, p<0.001).

Despite these statistically significant results, the
actual increase in publications appears modest when
considering the absolute numbers. In Australia, only
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three articles were published by 2024 following the
legislation, corresponding to an average of 0.17 arti-
cles per year. In the USA, 15 articles were published
after 1996, yielding an annual average of 0.54 arti-
cles. In the European Union, 50 articles were pub-
lished after 2006, resulting in an annual average of
2.78 articles.

Notably, Asian countries, represented predomi-
nantly by China, exhibited a higher number of publi-
cations than both the USA and Australia, despite the
absence of specific legislation addressing the hypor-
heic zone (Online Resource 2, Fig. d).

Discussion

Our study aimed to provide a comprehensive over-
view of HZ monitoring research, addressing multiple
dimensions to identify key trends, gaps, and future
directions. Specifically, we examined bibliometric
patterns, assessed global research distribution, and
explored spatial and taxonomic biases in HZ stud-
ies. Furthermore, we evaluated the influence of envi-
ronmental legislation, investigated methodological
approaches, and analyzed the extent to which HZ
monitoring integrates surface—subsurface interac-
tions. Additionally, we assessed research efforts
regarding the vertical dimension of the HZ, environ-
mental impacts, and restoration initiatives, differ-
entiating between short- and long-term monitoring
strategies.

Research trends in HZ monitoring

Recent syntheses and bibliometric studies have pri-
marily examined hyporheic research at a broad scope,
focusing on conceptual developments and coupled
processes (Ward, 2016) and overall publication pat-
terns in the hyporheic literature (e.g., Wang et al.,
2025). Meanwhile, other reviews have targeted spe-
cific ecological components, such as hyporheic inver-
tebrates (Pascuale et al., 2024). In contrast, our review
isolates the subset of studies explicitly addressing
hyporheic zone monitoring for environmental qual-
ity and conservation status. We quantitatively char-
acterize its growth, outlet dispersion, and the balance
between biological and abiological approaches.
Despite the increased interest in the study of
the HZ (Boulton et al., 1998; Mugnai et al., 2015a;

Pascuale et al., 2024), our findings indicate an ini-
tially slow increase in HZ monitoring programs. This
delay in acknowledging this critical ecological inter-
face might reflect the broader scientific community’s
initial focus on surface waters before recognizing the
unique role of the HZ in hydrological and ecological
processes. Our study identified a total of 102 articles
published between 1989 and December 2024. This is
a relatively small number compared to the 271 eco-
logical studies on the HZ found by Pascuale et al.
(2024), and it appears even more modest when juxta-
posed with the extensive bodies of literature in related
fields, such as surface or marine waters (Machuca-
Sepulveda et al.,, 2023; Roveta et al., 2021). Thus,
while demonstrating growing interest, the volume of
HZ monitoring research remains limited.

Our findings highlighted the fragmented nature of
research into the HZ, with efforts spread across vari-
ous disciplines and journals. However, the concentra-
tion of 25.5% of the articles in just four journals sug-
gests that, although the scopes of these journals are
diverse, certain outlets have become key platforms for
disseminating HZ research (Ward, 2016). This pattern
reflects a growing but still niche area of study that has
yet to achieve the consolidation seen in more mature
fields.

The steady increase in publications over time, as
indicated by our data, mirrors trends observed in
other emerging environmental research areas. This
growth is likely driven by the increasing recognition
of the HZ’s role in supporting biodiversity (Wood
et al.,, 2012) and nutrient cycling (Bardini et al.,
2012), as well as its function as a reservoir for pollut-
ants and pathogens (Kumar et al., 2020; Mugnai et al.,
2015b). However, the lack of a clear trend between
studies focused on biological versus non-biological
data suggests that the research community has not
yet settled on a dominant methodological approach.
This variability could be seen as a strength, reflecting
the interdisciplinary nature of HZ studies, but it also
highlights the need for standardized methodologies to
facilitate comparisons and synthesize findings across
studies.

Geographic distribution and regional patterns of
studies

To our knowledge, no previous review (e.g., Wang
et al., 2025) has quantified research trends in HZ
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monitoring using a monitoring-specific frame-
work comparable to ours. For instance, Wang
et al. (2025) assessed productivity and collabora-
tion across the full HZ literature at the country
and author affiliation level, where the USA domi-
nates as a single major contributor. In contrast,
our PRISMA-screened dataset targets HZ monitor-
ing practice and reports patterns by study region,
with Europe leading. These findings are therefore
complementary, illustrating that overall hyporheic
research and monitoring-focused studies show dif-
ferent geographic signatures due to scope and ana-
lytical definitions.

Specifically, our analysis reveals that Europe leads
in HZ monitoring studies, followed by Asia and then
North America. This trend likely reflects Europe’s
long-standing investment in environmental monitor-
ing networks and research infrastructure dedicated
to freshwater ecosystems (e.g., Cesarini et al., 2025).
The presence of well-funded environmental protec-
tion agencies and structured monitoring programs has
further facilitated the integration of HZ monitoring
into broader water resource management strategies
(e.g., Strona et al., 2019).

In contrast, Central and South America, Oce-
ania, and Africa show much lower representation in
HZ monitoring research. This underrepresentation
may be due to fewer research institutions focused on
long-term ecological monitoring, limited funding,
and the absence of environmental policies specifi-
cally targeting HZ conservation (Kuemmerlen et al.,
2022). Additionally, economic and climatic chal-
lenges can restrict the establishment of consistent
monitoring efforts, particularly in arid or semiarid
regions (DelVecchia et al.,, 2022; Merigé Lindahl
et al., 2016).

Interestingly, Asia, particularly China, emerges as
a significant contributor to HZ monitoring studies,
slightly surpassing North America. This pattern con-
trasts with expectations based on the continent’s rel-
atively recent focus on HZ monitoring and the lack
of legislation specific to the HZ. China’s increasing
engagement appears to be driven by the urgent need
to address freshwater management challenges asso-
ciated with rapid urbanization and industrialization,
stimulating greater attention to groundwater and
surface water interactions (e.g., Ji et al., 2020; Yan
et al., 2020; Yang et al., 2014).
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Taxonomic focus and ecological classification

The taxonomic distribution observed in HZ moni-
toring studies suggests potential methodological and
ecological biases. While most studies focus on the
zoological community, it is surprising that crusta-
ceans and insects, which are ecologically significant
and commonly used in surface water monitoring
(Bonacina et al., 2023; Bonada et al., 2006; Issartel &
Marmonier, 2025; Rinderhagen et al., 2000), account
for only 27.6% of the research. This low percentage
is not due to a lack of interest, but rather to the fact
that the “other” category, which includes microorgan-
isms such as bacteria and viruses, is gaining increas-
ing attention (Retter et al., 2021). This shift suggests
a growing recognition of the HZ’s role as an area of
ecosystem service provision (Mammola et al., 2025).
Regarding the utilization of trait-based analyses, this
approach aims to provide rapid and efficient ecologi-
cal assessments by minimizing taxonomic identifica-
tion challenges (Menezes et al., 2010). However, sim-
ilar to trends observed in surface water studies, this
strategy is not widely applied in HZ monitoring, rep-
resenting only 6.6% of the publications in our dataset.
This limited use highlights a significant gap in current
research, which is primarily driven by a lack of basic
ecological information regarding many interstitial
groups (Di Lorenzo et al., 2021; Mugnai et al., 2019;
Van den Brink et al., 2011).

Our findings also underscore the prominence of
research on hyporheic fauna, as initially defined by
Orghidan (1959), which is often coupled with epi-
gean species, while only a small fraction of studies
examine phreatic and hypogean species. An integrated
approach is essential for understanding how surface
and subterranean conditions influence hyporheic com-
munities and vice versa (Brunke & Gonser, 1997). In
practical terms, environmental policies and monitor-
ing frameworks may need to expand beyond surface
waters to include hyporheic and phreatic zones (Saccod
et al., 2024). This expansion could lead to more com-
prehensive conservation measures that acknowledge
the ecological functions of these understudied zones.

Environmental impacts investigated

Existing reviews (e.g., Peralta-Maraver et al., 2018)
largely synthesize hyporheic contaminant processes
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or focus on specific pollutant classes, and broad sci-
entometric analyses map general hyporheic research
trends (Wang et al., 2025). Our synthesis explicitly
compares stressor categories across HZ monitoring
studies and reveals a strong thematic skew toward
specific pollutants.

Regarding the investigated impacts, the accumu-
lation of heavy metals is the most frequently stud-
ied issue, reflecting concerns about pollution and
its effects on water quality (Liang et al., 2022; Liu
et al., 2022; Ward, 2016). This focus may be partly
due to advances in analytical techniques, which have
improved the detection and quantification of these
pollutants, making it easier to assess their effects on
subterranean water quality (Peter et al., 2019). Addi-
tionally, industrial and urban pollution was promi-
nently studied, indicating significant human impacts
on the HZ. These publications highlight the detrimen-
tal effects of urbanization and industrialization on
groundwater and surface water interactions, empha-
sizing the need for stricter pollution control measures.

Despite the relevance of clogging and impacts
associated with agriculture, the relatively low num-
ber of studies in these areas suggests that they
remain underexplored. Clogging, in particular, can
alter hyporheic flow dynamics and impact nutrient
cycling, yet few studies have focused on these pro-
cesses in a detailed manner (e.g., Saavedra Cifuentes
et al., 2023). Agricultural impacts on the HZ, includ-
ing runoff from fertilizers and pesticides (e.g., Li
et al., 2023), also require more attention given their
potential to influence groundwater contamination and
biodiversity.

The growing interest in microplastics reflects the
increasing recognition of this emerging environmen-
tal threat and its implications for both aquatic ecosys-
tems and human health (Patil et al., 2022; Wang et al.,
2021). This emerging issue may soon surpass tradi-
tional pollutants in terms of ecological impact, given
its persistence in the environment and widespread
occurrence (Hoang et al., 2025).

Looking ahead, there is a clear need for more stud-
ies exploring the interaction between multiple pollut-
ants, as the synergistic interactions of combined con-
taminants can generate non-additive effects that are
difficult to predict from studies focusing on individual
pollutants in hyporheic environments (e.g., Majeed
et al., 2024). Further research is also needed regard-
ing the effectiveness of management strategies in

mitigating the effects of these pollutants on ground-
water and surface water ecosystems, especially in
regions with high agricultural activity or industrial
contamination.

Recovery studies and surface water correlations

To our knowledge, previous syntheses discuss hypor-
heic processes in restoration and groundwater and
surface water connectivity, but they generally do not
quantify these themes within a monitoring-specific
frame (e.g., Hester & Gooseff, 2010). Our PRISMA-
screened dataset shows that only three studies focused
on water bodies undergoing recovery. The sporadic
nature of these studies indicates that the recovery
of aquatic systems, particularly those impacted by
contaminants, may still be a niche field within HZ
research (Wang et al., 2022). This lack of continuous
investigation could be attributed to the complexity
and long-term nature of recovery processes, as well
as the challenges in obtaining consistent data from
recovering ecosystems (Stoffers et al., 2026).

In contrast, studies exploring the correlation
between groundwater and surface waters show a
steady upward trend. This progressive rise reflects
a growing interest in understanding interactions
between groundwater and surface waters, which
may be driven by the increasing need for integrated
approaches to water resource management (e.g.,
Pokhrel et al., 2022). The focus on these correlations
also suggests a shift in research objectives from iso-
lated studies of subsurface environments to a more
holistic understanding of the entire aquatic ecosys-
tem. Future research could explore the dynamics
between surface waters and groundwater, investigat-
ing how changes in one compartment influence the
other and how these interactions affect ecological
processes at various scales (Sabale et al., 2023).

Methodological approaches

Building on earlier syntheses that charted the
growth of interdisciplinary hyporheic research
(Ward, 2016), our review adds a method-focused
comparison across studies, showing how sampling
choices have shifted with research questions and
where evidence is still thin. Early methods, such as
the dig pit technique, have fallen out of use due to
their inability to provide quantitative data (Baxter
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et al., 2003). The Bou-Rouch suction pump, intro-
duced in 1967 and later modified, remains a pop-
ular method. However, mini-piezometers, which
allow for more precise and replicable sampling
over time (Baxter et al., 2003; Woessner, 2017),
have gained traction. The key-added insight from
our review is that this methodological “upgrade”
has not yet translated into routine long-term moni-
toring: permanent stations and multi-season time
series are still uncommon, likely because instal-
lation and maintenance costs remain high, even
though low-cost drive-point and multilevel designs
have been demonstrated and could lower this barrier
(Rivett et al., 2008). However, long-term stations
could support studies that aim to capture temporal
changes, especially for understanding the effects of
seasonal and climate-driven hydrological changes
on HZ processes (Staponites et al., 2022). Expand-
ing access to funding or developing lower-cost
alternatives might help facilitate such long-term,
temporally precise monitoring efforts. The reliance
on suction-based sampling methods further under-
scores this trend toward methods that balance effi-
ciency with temporal accuracy. Notably, interest in
other techniques has evolved, especially since 2003,
due to increasing attention to ecological assess-
ment approaches incorporating microbial indicators
(Sagova-Mareckova et al., 2021) and heavy metal
analyses (Ward, 2016).

Sampling depths and effort over time

The analysis of the depths explored in the studies
reveals a relatively uniform distribution among the
sampled ranges, with a slight predominance in interme-
diate depths. This pattern may reflect logistical consid-
erations, as these depths are more accessible compared
to deeper or shallower zones, where collection can be
technically challenging and require more resources.
The lower representation of depths deeper than 50 cm
below the bed surface may indicate the need for spe-
cialized equipment for deeper sampling, or it may stem
from the perception that deeper areas of the HZ pos-
sess lower ecological diversity or reduced functional
relevance, even though the evidence base remains lim-
ited at these depths (Peralta-Maraver et al., 2018).
Regarding sampling effort, the steady cumula-
tive increase in the number of sites and samples
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over time, particularly after 2012, suggests a grow-
ing research interest in HZ dynamics. This inten-
sified sampling effort could be linked to a broader
recognition of the HZ’s ecological importance in
water quality maintenance, nutrient cycling, and
habitat provision (Boulton et al., 1998). However,
the observed growth remains concentrated in stud-
ies employing conventional depth ranges, indicat-
ing that deeper layers of the HZ are still relatively
underexplored and may represent an important fron-
tier for future research.

Impact of legislation on research output

Regarding legislation, its general function is to ensure
both obligation and universality within its scope
of action, guaranteeing that measures are enforced
across the entire community. The analysis of the
impact of specific environmental legislation on the
number of HZ-related studies reveals that, where
such legislation exists, it appears to have significantly
boosted research output in the USA and Europe (Fos-
ter & Matlock, 2001). The key added insight from our
synthesis, however, is that this “legislation signal”
is not spatially universal. The spatial distribution of
studies (Online Resource 2) shows persistent cluster-
ing within a limited set of regions in both the USA
and Europe, implying that local funding, infrastruc-
ture, and research priorities shape where evidence is
actually produced, even under the same overarching
legal framework (Voulvoulis et al., 2017). This effect
was not observed in Australia, contrary to what might
be expected following the implementation of these
laws (Grafton, 2019).

In the USA, since the enactment of these laws,
research efforts have remained largely restricted to a
small portion of the northeastern and western regions,
while most of the territory remains unstudied. In
Europe, there is a high concentration of studies in the
central region (e.g., France, Germany, and England),
but vast areas remain unexplored. Surprisingly, Asian
countries (e.g., China) exhibit a higher number of publi-
cations than the USA and Australia, despite the absence
of specific laws protecting the HZ. This suggests that
factors other than legislation, such as growing environ-
mental awareness and investment in research, may also
drive scientific inquiry in these regions (Higgins et al.,
2021; Kuemmerlen et al., 2022).
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In summary, although the implementation of spe-
cific legislation has been associated with a signifi-
cant increase in the number of studies on the HZ in
certain regions, its overall impact is shaped by mul-
tiple contextual factors. The concentration of studies
in specific areas, even after the enactment of these
laws, indicates that legislation, while necessary, is
not sufficient to ensure the widespread development
of research efforts. Elements such as research infra-
structure, targeted funding, and local science policies
appear to play equally important roles (Stefanidis &
Papastergiadou, 2024). Furthermore, the example of
Asian countries, which has expanded their scientific
output in the absence of specific HZ protection laws,
highlights the growing influence of broader socioeco-
nomic and environmental factors in shaping research
agendas. Therefore, strengthening integrated strate-
gies by combining legislation, funding, the devel-
opment of research networks, and the promotion of

environmental awareness will be essential to broaden
and democratize knowledge on the HZ at a global
scale.

A roadmap for advancing HZ monitoring

Despite advances in technological and theoretical
knowledge and the awareness that the preservation of
water resources is necessary and urgent (Jury & Vaux,
2005), the results of efforts to monitor HZ remain
below expectations. Regulations alone, without inte-
grated interventions, have limited impact, and in the
case of HZ monitoring, a more strategic approach is
needed. This requires fostering partnerships between
local governments, research institutions, and commu-
nities to develop monitoring strategies that are both
context-specific, long-term, and adaptable to regional
conditions. Below, we outline a roadmap that com-
bines scientific research and policy efforts to advance

Gaps in Hyporheic Zone (HZ) Monitoring
+ Inconsistent Methodologies;
« Weak Policy Integration;
« Limited Long-Term Monitoring;
« Underrepresentation of Certain Regions;
« Lack of Interdisciplinary Integration.

Short-Term Actions

Standardized Methods & Methodologies
« Establish uniform sampling and reporting
standards.

Expansion of Trait-Based Approaches
« Promote trait-based analyses for better
monitoring.

- Strengthen
stakeholders.

Medium-Term Goals

Sustainability & Infrastructure for Long-
Term Monitoring
» Ensure funding and permanent stations.

Partnerships & Regional Approaches
collaboration

Long-Term Vision

Integration of Legislation, Monitoring &
Education
» Connect HZ monitoring to policies and
education

Development of Automated Monitoring
Technologies
- Use remote sensing and automation for
real-time monitoring

among .

Development of Centralized Databases
- Create FAIR-compliant databases for
data integration

Expanding Research to Underrepresented
Regions
« Increase studies in less-monitored areas.

Enhanced and
Standardized HZ

Integrated Approaches to Water
Management
« Incorporate HZ functions into water J
conservation.

Monitoring

Fig. 8 A roadmap combining scientific research and policy efforts to advance hyporheic zone (HZ) monitoring and promote effec-

tive water resource management
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HZ monitoring and promote effective water resource
management, structured into three main phases:
short-term actions, medium-term goals, and a long-
term vision (Fig. 8).

Short-term actions

(1) Standardized methods and methodologies

To improve HZ monitoring and facilitate mean-
ingful comparisons across studies, there is an urgent
need to standardize methodologies at a broad scale.
Establishing uniform protocols for sampling tech-
niques, data analysis, and reporting will enhance the
reliability and comparability of research across dif-
ferent regions and disciplines (Behmel et al., 2016).
Additionally, identifying key ecological and hydro-
logical questions that remain unaddressed will help
direct research efforts toward critical knowledge gaps
(Mammola et al., 2020). A unified methodological
framework is essential for ensuring consistency in
research quality and for enabling large-scale assess-
ments of HZ dynamics.

(2) Expansion of trait-based approaches

The expansion of trait-based approaches to facili-
tate efficient monitoring is recommended. Trait-based
analyses aim to minimize study effort by enabling
rapid and efficient ecological assessments while
reducing the challenges of taxonomic identification.
The trait-based approach to the HZ would also ben-
efit from standardized reporting and best practices for
analysis. A multi-step protocol, encompassing every-
thing from defining a research question and assem-
bling data matrices to model fitting and data sharing,
would help enhance reproducibility, transparency, and
comparability across studies (Palacio et al., 2022).

(3) Development of centralized databases

Establishing centralized databases that adhere to
FAIR principles, ensuring data is findable, accessible,
interoperable, and reusable, will significantly enhance
data accessibility, reproducibility, and integration
across diverse research initiatives (Wilkinson et al.,
2016). These robust databases will not only support
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long-term data preservation and seamless sharing but
also empower researchers to perform comprehensive
meta-analyses, ultimately advancing our understand-
ing of HZ dynamics and fostering collaborative scien-
tific progress (Sacco et al., 2024).

Medium-term goals

(4) Sustainability and infrastructure for long-term
monitoring

Ensuring the long-term success of HZ monitor-
ing efforts requires sustainable funding mechanisms
and the development of adequate infrastructure.
Many monitoring initiatives fail due to short-term
funding cycles and the lack of institutional support
(Adamo et al., 2022). To address this, governments
and research organizations must prioritize long-term
investments in monitoring programs, securing finan-
cial resources that allow for continuous data collec-
tion and analysis. Establishing permanent monitoring
stations and investing in technological advancements
will ensure that HZ studies remain consistent and sci-
entifically robust over time.

(5) Partnerships and regional approaches

One of the main obstacles to effective HZ moni-
toring is the lack of coordinated efforts between dif-
ferent sectors and stakeholders. Addressing these
challenges requires strong partnerships between local
governments, research institutions, and community
stakeholders. These collaborations are crucial for
developing monitoring strategies tailored to specific
regional needs and conditions, considering the unique
environmental, social, and economic factors of each
location (Ban et al., 2018). Locally driven approaches
not only enhance the relevance and applicability of
research but also ensure the feasibility of implementa-
tion in resource-limited areas. Engaging local actors,
including citizen scientists (Schneider et al., 2023),
allows for better data collection, knowledge sharing,
and policy alignment, increasing the chances of long-
term success (Kobori et al., 2016). By leveraging local
expertise and fostering cooperation, monitoring efforts
can become more effective, cost-efficient, and sustain-
able in the long term.
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(6) Expanding research to underrepresented regions

HZ research is disproportionately concentrated
in certain areas, leaving vast regions, such as Cen-
tral and South America, Oceania, and Africa, sig-
nificantly underrepresented. Expanding research in
these regions is essential for achieving a more global
perspective on HZ functions and their role in water
resource management (Koch et al., 2024). This expan-
sion requires increased funding accessibility, stronger
local collaborations, and the development of interna-
tional partnerships that facilitate knowledge exchange
and capacity building (Krause et al., 2011). By broad-
ening research coverage, we can develop more inclu-
sive and representative conservation strategies.

Long-term vision

(7) Integration of legislation, monitoring, and edu-
cation

The effectiveness of environmental legislation
depends on its integration with active monitoring pro-
grams and public engagement initiatives (Lawrence
et al., 2013). Additionally, public education plays a
crucial role in raising awareness about the importance
of the HZ and its functions within aquatic ecosystems.
Educational initiatives should be designed to engage
local communities, policymakers, and industry stake-
holders, fostering a culture of conservation and respon-
sible water resource management (Kobori et al., 2016).

(8) Development of automated monitoring technolo-
gies

Advancements in automated monitoring tech-
nologies, such as remote sensing, machine learning
applications, and advanced in situ sensor networks,
can enhance the efficiency of HZ monitoring (Shaikh
& Birajdar, 2024; Thomle et al., 2020). These tools
enable continuous, real-time monitoring of critical
environmental parameters, improving data accuracy
and collection efficiency (Zhou et al., 2018). Integrat-
ing these technologies supports adaptive manage-
ment strategies, contributing to more effective water
resource management.

(9) Integrated approaches to water management

Water resource management must adopt a holistic
approach that incorporates ecosystem services and
hydrological functions into decision-making processes
(Canedoli et al., 2022). The HZ plays a fundamental
role in water filtration, nutrient cycling, and habitat
provision, yet it is often overlooked in traditional water
management frameworks. Integrating HZ functions
into water policy and management strategies will lead
to more sustainable and effective conservation efforts
(Krause et al., 2011). By promoting interdisciplinary
collaboration and evidence-based policies, we can
enhance the resilience of water systems and improve
long-term water security (Boulton et al., 2010).

To implement this roadmap, we suggest a staged
pathway that directly supports monitoring, modeling,
and management. In the short term, agencies can
pilot a small “HZ module” within routine river sur-
veys, using harmonized protocols plus a minimum set
of shared metadata (e.g., depth, hydraulic gradients,
sediment context, basic chemistry) so results become
comparable across sites and programs (Ward, 2016).
In the medium term, these standardized datasets can
be used to calibrate and test hyporheic exchange and
transport models, with an emphasis on exchange
fluxes and residence times, and on uncertainty report-
ing that is usable for decisions (Boano et al., 2014).
Finally, in the long term, hyporheic indicators can be
embedded as performance metrics for restoration and
pollution mitigation, using simple before-and-after
designs to track the recovery of vertical connectivity
and ecosystem services (Boulton, 2007).

Study limitations

Although this review provides a broad overview of
global HZ monitoring, specific methodological limi-
tations must be acknowledged. First, our literature
search was restricted to major scientific databases
and peer-reviewed articles published in English. This
approach inherently excludes gray literature, such
as technical reports from environmental protection
agencies, as well as regional studies published in
other languages, which could contain local monitor-
ing data. Furthermore, there is a geographical bias
in the retrieved literature, as most of the monitoring
data comes from Europe and North America. This
concentration affects the overall representativeness
of the findings. Consequently, the ecological patterns
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and methodologies discussed here might not fully
translate to understudied areas. Regions like Central
and South America, Africa, and Oceania have differ-
ent hydrological dynamics, climates, and biodiver-
sity profiles compared to the Northern Hemisphere.
Therefore, expanding monitoring efforts in these
regions would be a valuable step toward a more bal-
anced understanding of HZ management worldwide.

Conclusion

This systematic review provides the first global syn-
thesis of monitoring practices in the hyporheic zone,
revealing important structural imbalances and knowl-
edge gaps. While our study reveals a steady increase
in HZ-related studies, the field remains fragmented,
with research efforts dispersed across multiple disci-
plines and largely confined to a few dominant jour-
nals. Our analysis also shows that monitoring efforts
are geographically uneven and predominantly focused
on physicochemical and hydrological parameters,
while biological indicators, despite their recognized
ecological relevance, remain underrepresented.
Methodological heterogeneity in sampling depth,
temporal resolution, sediment characterization, and
taxonomic identification further limits cross-study
comparability and the development of harmonized
assessment frameworks. Many studies are site-spe-
cific and short-term, restricting the ability to gener-
alize findings across climatic and geomorphologi-
cal contexts. Inconsistent methodological reporting
and the absence of standardized protocols compli-
cate meta-comparisons and reduce reproducibility.
Moreover, limited integration of biological, chemical,
and hydrological components constrains a process-
based understanding of ecosystem functioning and
pollutant dynamics in the HZ. From a management
perspective, these biases matter because they create
blind spots: the predominance of heavy metal stud-
ies, alongside the relative neglect of emerging pol-
lutants, such as microplastics, points to critical moni-
toring gaps that risk forcing managers into reactive
responses only after degradation is advanced. A key
insight from our analysis is that legislative measures
alone have not significantly driven research output.
Although countries with specific HZ regulations have
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produced more studies than those without, the over-
all effect remains marginal. This suggests that policy
frameworks must be complemented by institutional
support, funding mechanisms, and interdisciplinary
collaboration to translate legal mandates into mean-
ingful research efforts.

Moving forward, achieving a more comprehen-
sive and effective HZ monitoring strategy requires
a coordinated roadmap that integrates scientific
advancements, policy development, and sustain-
able long-term monitoring efforts. Future research
should prioritize (1) the development of standard-
ized monitoring protocols, (2) long-term and multi-
site assessments across underrepresented regions,
(3) stronger integration of biological indicators
with hydrological and chemical measurements,
and (4) the incorporation of biological feedback
mechanisms into predictive models of solute trans-
port and contaminant processing. Interdisciplinary
approaches linking ecohydrology, microbiology,
and environmental modeling will be essential to
advance mechanistic understanding.

From a management perspective, incorporat-
ing the HZ explicitly into environmental monitoring
frameworks and legislation, and adopting ecosystem-
based approaches, will enhance the effectiveness of
targeted interventions. For instance, incorporating
biological indicators, such as microbial community
structure, biofilm development, and hyporheic inver-
tebrate assemblages, into routine monitoring would
enhance the early detection of impairment of the eco-
system services they provide. By addressing these
challenges, future hyporheic zone research can evolve
from an isolated research focus into a cornerstone of
global water resource management.
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