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Prairie pothole wetlands in the Canadian Prairies Ecozone support ecosystem
services such as biodiversity conservation, migratory bird habitat, water puri�ca-
tion, and �ooy -30d and drought mitigation. They are shaped by natural drivers
such as climate and landscape factors, while human activities, including agricul-
ture and urban development, impose pressures such as drainage, contamination,
and vegetation alteration. To inform wetland monitoring activities, we systemat-
ically reviewed peer-reviewed research on Canadian Prairies Ecozone wetlands
and organized empirical relationships using the Driver-Pressure-State framework.
We synthesized research scope, identi�ed dominant stressor-response pathways,
and evaluated candidate indicators. We compiled 376 studies and extracted 4,379
pairwise relationships among drivers, pressures, abiotic states, and biotic states.
Weather and climate, landscape factors such as topography, and agriculture were
the most frequently studied drivers, with agriculture representing the dominant
anthropogenic driver. Several drivers and pressures were poorly represented,
including urbanization, recreation, water �ow alterations, vegetation removal, and
biological invasion. Abiotic research was concentrated on surface water chem-
istry and hydrology, while biotic research prioritized organismal metrics such as
abundance, biomass, and vital rates over biodiversity metrics such as richness or
community composition. The pathway with the highest number of statistical tests
linked agriculture to contaminants, surface water chemistry, and biotic responses.
Birds were the most frequently studied taxon and had consistent empirical
support demonstrating their responses to agriculture, hydrology, wetland
extent, and weather and climate, supporting bird abundance and vital rates as
candidate indicators in agricultural landscapes. Plants were assessed less often,
but existing statistical tests showed a high frequency of signi�cant effects from
agriculture, hydrology, substrate physicochemical conditions, and water chem-
istry, supporting plant abundance as a candidate indicator. Research effort was
uneven across taxa, and research coverage did not consistently match the
proportional distribution of human footprints to wetlands. This review identi�es
useful candidate indicators for wetland monitoring while highlighting where
additional research is needed to reduce bias and inform conservation and
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monitoring. We also present an interactive web dashboard that allows readers to
query the extracted Driver-Pressure-State relationships and explore the com-
plete evidence base.
KEYWORDS

driver-pressure-state, environmental monitoring, evidence synthesis, human footprint
(HF), waterfowl
1 Introduction

Prairie pothole wetlands function as vital socioecological sys-
tems that face unprecedented pressure from anthropogenic activ-
ities. Within the Canadian Prairies Ecozone, which includes
southern Alberta, Manitoba, and Saskatchewan (Figure 1), wetlands
mostly comprise marshes and shallow ponds, which provide habitat
for diverse life, such as plant communities and migratory waterfowl
(Doherty et al., 2015; Tangen et al., 2022). Wetlands also provide
essential ecosystem services, including water puri�cation, �ood and
drought mitigation, carbon storage, the support of rich biodiversity,
and outdoor recreational value (Badiou et al., 2011; Craft and Casey,
2000; Crumpton and Goldsborough, 1998; Dunne et al., 2007; Lane
et al., 2015; Reddy et al., 1999; Serran and Creed, 2016). Despite
their critical value to people and wildlife, wetlands in the Canadian
Prairies Ecozone (Watmough et al., 2017; Whit�eld et al., 2024) and
wetlands globally (Davidson, 2014) continue to be underprioritized
in policy (Ramsar Convention on Wetlands, 2018), degraded, and
lost, undermining both regional biodiversity and the provisioning of
essential ecosystem services.

Prior to widespread human development, wild bison grazing
and wild�re were the primary natural drivers of environmental
change across these prairie landscapes (Paterson et al., 2024), along
02
with long-term climate drying cycles that ultimately transitioned
the region from forest to open grasslands (Schneider, 2013).
Currently, this post-glacial ecozone contains numerous shallow
depressions commonly called sloughs or potholes, which lack a
naturally integrated surface drainage network (Hayashi et al., 2016;
Zarrinabadi et al., 2023). The regional climate is dry, with mean
annual potential evaporation consistently exceeding precipitation
(Hayashi et al., 2016; Hogg, 1994). Consequently, these wetlands
have highly �uctuating water levels and frequently dry out, relying
primarily on spring snowmelt runoff over frozen ground to replen-
ish surface water (Hayashi et al., 2016). Restricted surface out�ow
leads to the retention of nutrients and dissolved ions, often resulting
in high biological productivity and seasonal variability in water
chemistry (Hayashi et al., 2016; Miranda and Whit�eld, 2024).
While seasonal drying cycles make prairie wetlands particularly
dif�cult to monitor (Clare and Creed, 2014), they remain among the
ecosystems most heavily impacted by anthropogenic activities
(Bartzen et al., 2010; Baulch et al., 2021; Serran and Creed, 2016)
and are the focus of this systematic review.

Among stressors impacting wetlands in the Canadian Prairies
Ecozone, the conversion of land for agriculture and urban devel-
opment is a leading cause of wetland loss (Bartzen et al., 2010;
Baulch et al., 2021; Serran and Creed, 2016), consistent with
FIGURE 1

(a) Map of the Canadian Prairies Ecozone showing the overlapping Canadian provinces and major cities. Red points represent the centroid of the
wetland study location for each study selected for this literature review. The top-right inset map displays the United States and Canada, highlighting
the location of the Canadian Prairies Ecozone. (b) An example of a typical wetland situated in the Canadian Prairies Ecozone. Photo credit: Rebecca
Rooney.
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primary drivers of wetland clearing worldwide (Fluet-Chouinard
et al., 2023). The most visible impact of agriculture is the permanent
conversion of shallow wetlands into viable cropland via surface
ditching, thereby eliminating their natural hydrological and eco-
logical functions (Cortus et al., 2011; Pattison-Williams et al., 2018;
Rideout et al., 2022). For the remaining wetlands, agricultural
practices create highly modi�ed hydrological states; increased
irrigation withdrawals lower water levels, while soil compaction
impairs in�ltration and increases surface runoff (Hayashi et al.,
2016; Vonderbank et al., 2025). These ecosystems also experience
erosion, nutrient loading from fertilizers, pesticide contamination,
and reduced riparian vegetation from grazing (Bartzen et al., 2010;
Cade-Menun et al., 2013; Environment Canada, 2013a; Main et al.,
2014; Zarrinabadi et al., 2023, 2025). Additionally, these distur-
bances can indirectly promote the establishment of invasive wetland
species (Roy et al., 2019). In urban regions, development causes
signi�cant impacts to the abiotic and biotic aspects of wetlands
(Rooney et al., 2015; Sizo et al., 2015). In Alberta, permanent
wetland loss occurs disproportionately close to urban centers
(Rooney et al., 2022), while projections showed that previous
conservation measures in Saskatchewan could not compensate
for historical wetland losses (Sizo et al., 2015). Additionally,
climate change presents an ongoing threat to the region
(Kulshreshtha, 2011; Schindler and Donahue, 2006), which faces
the highest projected temperature increases in southern Canada
(Kulshreshtha, 2011). While extreme events like droughts and
�oods are becoming more frequent, water scarcity remains the
most critical climate change threat to wetlands (Sauchyn and
Kulshreshtha, 2008; Schindler and Donahue, 2006). Ultimately,
this reduction in water availability compounds with agricultural
irrigation demands (Sauchyn and Kulshreshtha, 2008; Schindler
and Donahue, 2006), providing one example of how these various
stressors simultaneously affect regional wetlands.

Across the Canadian Prairies Ecozone, ongoing wetland alter-
ations have demonstrated negative effects on biodiversity. For
instance, agricultural practices cause a drop in plant biodiversity
at wetland edges (Kirk et al., 2024). Climate-driven hydrological
shifts also lower the diversity of aquatic macroinvertebrates and
waterbirds, and ongoing declines in hydroperiod dynamics shift
wetland vegetation to terrestrial species (Daniel and Rooney, 2024).
Bird communities have received speci�c research focus due to their
high wetland dependence, as these habitats provide critical nesting,
foraging, and migratory environments for priority species
(Environment Canada, 2013b). Consequently, the loss of grasslands
and wetlands correlates with declining wetland-dependent bird
populations across this landscape (Bartzen et al., 2010; Olimb and
Robinson, 2019; Paterson et al., 2024; Watmough et al., 2017).
Because natural habitat availability is the primary predictor of
biodiversity in the region (Paterson et al., 2024), conservation
efforts are required to maintain wetland-dependent taxa.

The preceding examples highlight how various stressors, in-
cluding agricultural nutrient loading (Cade-Menun et al., 2013;
Main et al., 2014), climate-driven hydrological shifts (Sauchyn and
Kulshreshtha, 2008; Kulshreshtha, 2011), and habitat loss (Bartzen
et al., 2010; Paterson et al., 2024), impact Canadian Prairies Ecozone
wetlands. Yet, to successfully manage and conserve these habitats,
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we must synthesize this broad literature to understand how these
various stressors collectively affect the region, as information
overload and fragmented research frequently hinder environmental
decision-making (Pullin et al., 2020). To our knowledge, no
systematic literature review has yet addressed this need. Because
ecological knowledge advances by integrating accumulated evidence
to support informed decisions (Nichols et al., 2019), a systematic
review provides an opportunity to synthesize available knowledge,
identify research gaps (Bangdiwala, 2024), evaluate the compound
effects of overlapping threats, identify research gaps, and establish a
framework for assessing overall wetland ecosystem vulnerability.

To structure ecological data from systematic literature reviews,
the Driver-Pressure-State-Impact-Response (DPSIR) framework
organizes empirical linkages between human systems and the
environment, an approach widely adopted by international agencies
(Patrõ�cio et al., 2016). Recent applications map how socioeconomic
and natural stressors affect wetlands while identifying reliable
indicators for conservation monitoring. In the Alberta Oil Sands,
a literature review identi�ed chemical contaminants as a primary
pressure and highlighted wetland plants as key indicators (Ficken
et al., 2022), informing monitoring research that veri�ed water
quality, benthic invertebrates, and vegetation as reliable metrics
(Mahoney et al., 2023). In the Global South, DPSIR-based assess-
ments show that rapid population growth and expanding economic
activities drive severe pressures like vegetation clearing, pollution,
and water diversions, culminating in degraded hydrology and toxic
accumulations that cause wetland biodiversity loss (El Behja et al.,
2024; Wantzen et al., 2019). In China, a spatial DPSIR study on
wetlands established that mining pressures cause land subsidence
and habitat fragmentation (Li et al., 2025). Collectively, these
studies demonstrate that DPSIR successfully maps cause-effect
relationships from concurrent wetland stressors, providing a diag-
nostic foundation for management decisions.

Aligning with this need for evidence-based management deci-
sions in response to the severe loss of Canadian Prairies Ecozone
wetlands, the Government of Alberta implemented the updated
Alberta Wetland Policy in 2015 (Alberta Environment and Parks,
2015; Government of Alberta, 2013), which replaced an interim no-
net-loss policy that had been active in the Settled Area since 1998.
To support this policy, we undertook a literature review to under-
stand the key stressors and wetland responses that are impacting
Canadian Prairies Ecozone wetlands based on wetland research to
date. We assessed the papers using the DPS elements from the
DPSIR framework to develop an evidence-based state of knowledge
wetland conceptual model for the region, which could be used to
guide wetland monitoring, evaluation and reporting activities. Our
primary objective was to provide this conceptual model by system-
atically reviewing and compiling empirical data on wetland re-
sponses to environmental variations, identifying candidate
indicators potentially responsive to both speci�c (e.g., Ficken
et al., 2022; Roach and Walker, 2017) and multiple co-occurring
stressors (e.g., Ficken et al., 2022; Gosselin et al., 2010; Squires et al.,
2010). To achieve this, we focused exclusively on the Drivers,
Pressures, and State (DPS) portions of the DPSIR framework,
establishing a quantitative synthesis to support consensus building
(Carnohan et al., 2023) and enable policymakers to identify
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subsequent impacts and formulate responses. We systematically
reviewed regional literature to map research effort, evaluate empir-
ical support for driver-pressure-state relationships, and identify
candidate indicators for wetland monitoring.
2 Methods

Our systematic literature review evaluated natural and human-
induced wetland stressors across the Canadian Prairies Ecozone, a
geographic scope chosen because neighboring provinces share
comparable climates, topography, soils, and biota with Alberta
(Ecological Strati�cation Working Group, 1996). The project
adhered to best practices for systematic reviews (Page et al., 2021)
and stakeholder co-development (Collaboration for Environmental
Evidence, 2022) to meet the practical needs of monitoring pro-
grams. We categorized extracted metadata and pairwise relation-
ships using the conceptual de�nitions established by Oesterwind
et al. (2016). Following their criteria, Drivers represent overarching
socioeconomic or environmental forces (e.g., agriculture or regional
climate trends), Pressures are the speci�c mechanisms altering
wetlands (e.g., water diversions or contamination), and States
encompass the measurable physical, chemical, and biological con-
ditions of the ecosystem (e.g., hydrology, nutrient concentrations,
and plant community composition). We based our initial classi�-
cation categories on a previous application of this framework
developed for Boreal Alberta wetlands (Ficken et al., 2022), and
iteratively updated these categories as new components emerged
during data extraction. Ultimately, identifying these relationships
highlights variables that can serve as early warning indicators in
long-term regional monitoring frameworks (Cairns et al., 1993;
Ficken et al., 2022).
3 Search and inclusion criteria

We searched the Web of Science Core Collection database. In
consultation with government stakeholders (Collaboration for
Environmental Evidence, 2022), we developed a Topic search
query combining regional geography and wetland characteristics.
Speci�cally, we used geographic and location keywords including
“Prairies Ecozone”, “Prairie Pothole Region”, “Palliser Triangle”,
“Aspen Parkland”, “Mixed Grassland”, “Fescue Grassland”,
“Cypress Hills”, “Missouri Coteau”, “Great Plains”, “Saskatchewan
River”, “Red River Basin”, “Assiniboine River”, “Qu’Appelle River”,
“Souris River”, “Bow River”, “Oldman River”, “Red Deer River”,
“Milk River”, “Battle River”, “Old Wives Lake”, “Chaplin Lake”,
“The Quill Lakes”, “Lake Diefenbaker”, “Last Mountain Lake”, and
“Swift Current Creek”, which we paired with the regional modi�ers
(Canad* OR Alberta OR Saskatchewan OR Manitoba). We also
targeted broader regional papers by pairing “Alberta” ,
“Saskatchewan”, “Manitoba”, or “prairie” with explicit wetland
terms, using the search string (wetland OR pothole OR slough*
OR swamp* OR marsh* OR fen OR fens OR meadow* OR lake* OR
kettle* OR coulee* OR bog* OR pond* OR peatland*). Finally, we
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captured these wetland terms when they appeared within one word
of speci�c descriptive attributes, including wet, alkali, intermittent,
alkaline, saline, subsaline, “low-prairie”, shallow, deep, permanent,
ephemeral, temporary, seasonal, semipermanent, “semi-perma-
nent”, or brackish.

To complement our literature search, we conducted a targeted,
AI-assisted step to capture recently published literature or relevant
studies not captured in our Web of Science search due to differences
in database indexing systems. On June 2, 2026, using the Google
Scholar Labs feature, we queried the platform for original research
papers focused on the Canadian Prairies Ecozone that featured
wetland-related response variables. We provided the platform with
our pre-compiled list of Web of Science selected papers. This
reference list served to establish a baseline of eligible studies to
align the AI’s selection with our inclusion criteria. We explicitly
instructed the platform to exclude these records from the new
results to minimize duplicate occurrences and focus exclusively on
unique literature. From this pool, we excluded ineligible and
duplicate records already captured via the Web of Science database.
4 Selection criteria and screening
protocol

Following the initial database search, and in accordance with
PRISMA guidelines (Page et al., 2021), we tracked study selection in
a two-phase process consisting of an initial title and abstract
screening to remove irrelevant records. We then conducted a full-
text review of the retained articles, excluding remaining ineligible
studies to produce the �nal dataset. For the abstract screening
phase, we automated the process within a Google Spreadsheet using
the built-in =AI() function powered by Google 3.5 Gemini (Flash
model tier). We evaluated each study against four sequential
inclusion criteria. First, a geolocation �lter veri�ed whether the
study area was located within the Canadian Prairies Ecozone
(studies with data aggregated at a broader regional scale were
excluded). Second, a wetland focus �lter identi�ed papers measur-
ing wetland components by looking at synonyms of wetland types
or abiotic or biotic descriptors. Third, a water depth �lter excluded
deep-water bodies, large reservoirs, and terminal lakes while ensur-
ing shallow wetland environments and shorelines were retained.
Fourth, a methodological �lter discarded technical and methodo-
logical papers, ensuring the �nal selection was restricted to peer-
reviewed original research articles documenting an ecological
response or an observational relationship between explanatory
variables and wetland state measures. Papers meeting all four
criteria were automatically selected for full review.

To validate the automated screening process, we used a hybrid
veri�cation approach combining a full manual audit of all records
included by the AI with a 10% representative random sample of the
excluded records. This sampling strategy allowed us to calculate
performance metrics for positive classi�cations and extrapolate
error rates for exclusions (Stewart-Evans et al., 2025; You et al.,
2025). Based on this validation subset, we evaluated the screening
automation using sensitivity to measure the proportion of relevant
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studies correctly identi�ed; speci�city to measure the proportion of
irrelevant studies correctly excluded; and precision to assess the
proportion of AI-included studies that were truly relevant.
5 Data extraction and classi� cation

Data extraction and classi�cation of pairwise variables and
study information were performed with the enterprise version of
Microsoft 365 Copilot (GPT-5.5 tier, extended reasoning mode).
We �rst developed a data extraction and categorization prompt
iteratively by reviewing initial outputs and re�ning the instructions
until the results were satisfactory (provided in Supplemental
Material 1). We then re�ned the prompt iteratively by benchmark-
ing the AI outputs against the data extraction and categorization
from an expert-compiled DPS literature review of the Oil Sands
region (Ficken et al., 2022). Subsequently, we used this prompt to
extract general study information and pairs of variables (Appendix
1). Due to context window limits, we uploaded each article
individually to maximize output completeness. As an initial quality
control step to �lter out ineligible papers missed during the
automated screening phase, we veri�ed that the response variables
directly measured a wetland component in the Canadian Prairies
Ecozone and further excluded ineligible studies.

Following selection, we systematically classi�ed the broad study
characteristics for each included article (see Appendix 2 for complete
list of categories and de�nitions). We categorized the wetland classes
following the Canadian Wetland Classi�cation System (National
Wetlands Working Group, 1997) as bog, fen, general peatland,
marsh, swamp, shallow open water, or multiple. We recorded the
wetland status as natural, arti�cial, or a combination of both. We
categorized the study design into experimental studies, de�ned by the
manipulation of variables in either a controlled laboratory setting or a
natural �eld environment; observational approaches were differenti-
ated into �eld surveys, which involved one-time or short-term data
collection across a wide area or landscape gradient; �eld monitoring,
which focused on tracking changes over time using �eld measure-
ments without experimental manipulation; and remote sensing, which
relied on satellite or aerial imagery. We also identi�ed modelling
studies used to predict ecological outcomes, and paleo reconstructions
of past environments using proxy data. Furthermore, we noted if the
measurement approach was a one-time event or repeated over time.
We recorded the spatial scale, ranging from controlled microcosms to
regional assessments, along with the temporal scale of the measure-
ments taken. We assigned up to two relevant wetland condition and
function buckets to each study, covering hydrological condition, water
quality improvement, biodiversity, human use, and carbon sink
capacity. Most of these categories were adopted from the Alberta
Wetland Policy (Government of Alberta, 2013), where hydrologic
function consists of storing runoff to reduce �ooding and soil erosion,
water quality improvement includes �ltering pollutants and facilitat-
ing sedimentation, human uses describe activities of cultural signi�-
cance, recreation, and education, and biodiversity represents the
contribution of wetlands to biodiversity and ecological health. We
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also included carbon sink capacity as an additional category to re�ect
its recent prioritization by policymakers.

For included studies, we classi�ed pairs of variables extracted
from the main manuscript text, tables, and �gures (excluding
supplemental material) into drivers, pressures, and/or wetland
states following a Driver-Pressure-State (DPS) framework. Across
all papers, data extraction was limited to wetland variables used to test
hypotheses or ful�ll stated objectives. For quantitative studies, we
extracted as many applicable variables as possible, structuring the
dataset so that each row represented a single statistical test of one link
(two variables). Conversely, for exploratory or descriptive studies,
each row captured one speci�c result or variable per study objective.
Additionally, for papers presenting several candidate models, we
extracted data just for the �rst selected model. We then classi�ed
relationships as signi�cant if p<0.05 or other inferential criteria,
whereas descriptive studies lacking inferential statistics were noted
as having no formal statistical test; these were used to assess weight of
effort rather than strength of evidence. We did not include direc-
tionality, as identifying a statistically signi�cant effect adequately
indicates importance for environmental monitoring. We focused
exclusively on primary relationships and main effects, excluding
interaction effects and post-hocanalyses. We also classi�ed all biotic
state variables by their speci�c taxonomic group (e.g., plants, inver-
tebrates, birds, amphibians, microbes). We also categorized them into
speci�c metric classes (Appendix 2) and then grouped them into
broader categories to prevent excessive fragmentation in our visual-
izations. For example, we aggregated population size changes (abun-
dance, occurrence, density) under “abundance” and combined
accumulation or growth measures (growth rate, mortality) into
“biomass and vital rates.” Individual metric classes remain accessible
through our interactive dashboard. Each extracted link included a
direct quote from the source text for manual veri�cation. Finally, we
compiled each variable pair extracted through this AI-assisted
approach into a systematic review dataset, manually verifying and
recategorizing entries where necessary.

As a �nal step, following environmental evidence synthesis
guidelines for stakeholder engagement and data validation
(Collaboration for Environmental Evidence, 2022), we validated the
DPS categorization in collaboration with wetland experts from the
Government of Alberta. This peer review served a dual purpose: to
re�ne the conceptual categorizations and to validate the AI-assisted
extraction and categorization approach. We randomly selected
around 10% of the papers and compared the classi�cations of the
primary data extractor against those of the experts. We then held
calibration discussions to resolve discrepancies and reach a consensus
on the most accurate categorization methods. Finally, we reviewed
and adjusted the dataset where needed to ensure entries conformed to
the consolidated rules established during this peer-review process.
6 Data analysis

For the data analysis, we evaluated the weight of effort and the
strength of evidence using an interactive visual user interface created
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as an online dashboard that can be interrogated by the reader (https://
shiny.math.uwaterloo.ca/dpsir_wetland_dashboard_prairies). To
assess the weight of effort, we summarized general study character-
istics across the compiled literature by generating frequency bar
plots of the temporal and spatial scales and calculating the total
number of studies per wetland type. We also mapped the geo-
graphic distribution of drivers and pressures by plotting each study
on a Prairies Ecozone map using the centroid of the study area.
Additionally, we constructed a Sankey diagram to visualize the
pathways and volume of connections, represented by the total
number of variable pairs captured in the literature, moving sequen-
tially from drivers to pressures, abiotic states, and biotic states (e.g.,
Ficken et al., 2022). To evaluate the strength of evidence, we
analyzed the frequency of signi�cant statistical relationships be-
tween environmental variables and biotic or abiotic wetland mea-
sures. For example, a high frequency of signi�cant tests linking
hydrological alteration to plant abundance indicates that plants are
potential candidate indicators of hydrological change. Conversely, a
high proportion of non-signi�cant tests suggests a lack of respon-
siveness, mixed results re�ect disagreement within the literature,
and an absence of tests highlights knowledge gaps.
7 Results

7.1 Literature retrieval and validation of the
DPS framework

The initial Web of Science search on January 9, 2026, yielded
1,286 results. The AI-automated abstract screening initially selected
606 papers for full-text review. Based on the manual veri�cation of
all AI-included records (n=606) and a sample of AI-excluded
records (n=78), the automated selection achieved 95% sensitivity
(successfully capturing relevant studies) and 75% speci�city (effec-
tively �ltering records that did not meet inclusion criteria). During
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the full-text review, we excluded 12 studies because the full text was
irretrievable through institutional or public databases and an
additional 229 studies that did not meet the inclusion criteria,
leaving a dataset of 365 studies. Because over one-third of the
initially included abstracts lacked the required metrics at the full-
text level, the �nal AI-automated precision was 60.2%. The supple-
mentary Google Scholar Labs search identi�ed 50 matches. After
removing 16 duplicates and excluding 23 ineligible records, we
added 11 studies, bringing the �nal dataset to 376 included
papers (Figure 2).

We validated our categorization approach across 39 papers
(approximately 10% of the dataset), re�ning the framework through
weekly consensus meetings. Our discussions typically addressed
discrepancies in variable inclusion eligibility and DPS classi�ca-
tions. For example, we debated variable eligibility in mixed studies,
leading us to extract strictly wetland-related variables and exclude
upland variables. We also discussed how to distinguish immediate
pressures from broader drivers. In one instance, we resolved to
classify grazing as a speci�c pressure (vegetation removal) rather
than a driver (agriculture), and we added a “root cause” category to
capture underlying economic activities. We continuously updated
the main dataset based on these weekly discussions to ensure
standardized classi�cation.

The core �ndings from all included studies are accessible via an
interactive online Shiny app (https://shiny.math.uwaterloo.ca/
dpsir_wetland_dashboard_prairies), where users may �lter the
literature by study categories, dynamically visualize the maps and
research effort and evidence graphs presented in this section, hover
over visual elements to view speci�c study counts, and access the
corresponding bibliographic references.

7.2 Geographic, chronological, and
ecological scope of studies

Publication years ranged from 1928 to 2025, with a median of
2010. Studies published prior to 1970 constitute only 0.8% (n=3) of
FIGURE 2

PRISMA �ow diagram detailing the literature search and study selection process (adapted from Page et al., 2021). The diagram tracks the progression
of database and website records through an AI-assisted screening, full-text review, and exclusion phases.
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our total dataset, meaning that historical contexts do not heavily
skew the overall tallying or modern take-home messages. Regarding
spatial scales (Figure 3a), most research consisted of multi-site
studies (148 studies, 39%) and regional-scale evaluations (135
studies, 36%), while the remaining studies were conducted at
single-site, mesocosm, or microcosm scales (93 studies, 25%). For
study designs (Figure 3b), the majority were �eld surveys (143
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studies, 38%) and �eld monitoring (112 studies, 30%), followed by
�eld experiments (44 studies, 12%), modeling (38 studies, 10%), and
paleoenvironmental research (26 studies, 7%). We found very few
laboratory experiments (8 studies, 2%) and remote sensing studies
(5 studies, 1%). In terms of temporal scales (Figure 3c), the largest
proportion of studies spanned 1 to 5 years (156 studies, 41%),
followed by long-term dynamics exceeding 10 years (111 studies,
FIGURE 3

Study design and scale characteristics of the 376 included studies (see Appendix 2 for complete list of categories and de�nitions). (a–e) display the
frequency of studies categorized by spatial scale, study design, temporal scale, measurement frequency, and wetland class. (f) shows the number of
mentions for wetland condition and function categories, where each individual study may have up to two mentions per category.
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30%), while shorter-term investigations (<1 year) and mid-term
assessments (5 to 10 years) accounted for the remainder (109
studies, 29%). Across the compiled literature, most studies focused
on shallow open water wetlands (214 studies, 57%) and marshes (87
studies, 23%) (Figure 3e). The remaining 75 studies (20%) exam-
ined other wetland types, including peatlands, fens, bogs, swamps,
and multiple or unspeci�ed wetlands. When considering the study
focus on our prede�ned wetland function categories (limited to a
maximum of two per study) (Figure 3f), biodiversity and ecosystem
health received the most mentions (244), closely followed by water
quality condition/improvement capacity (108) and hydrological
condition/functions (98). Conversely, we found very few studies
addressing carbon sink capacity (15 mentions) and human use (16
mentions) (Figure 3f).

7.3 Research effort on anthropogenic
drivers and pressures affecting wetlands

Our systematic review dataset compiled a total of 4,379 pairwise
variable links representing individual statistical and descriptive tests.
These links comprised a total of 43 individual variables classi�ed into
10 driver classes, 14 types of pressures, 7 abiotic states, and 12 biotic
state classes. To contextualize the relative focus of the literature,
percentages for individual variables re�ect their proportional repre-
sentation within their respective categories. Among the overarching
phenomena initiating wetland change, the most frequently evaluated
drivers were weather and climate (596 tests, 37.7%), landscape factors
(495 tests, 31.3%), and agriculture (379 tests, 23.9%). Other drivers
such as urban, transportation, recreation, energy/mining, �re, and
forestry were not common, collectively accounting for 7.1% of the
dataset. This analysis incorporates all reported relationships, which
could allow data-rich studies to disproportionately drive the results.
To evaluate this, a sensitivity analysis restricting the dataset to one
unique variable pair per study yielded an 80% overall proportional
overlap in network weighting, indicating consistent patterns across
the literature rather than the in�uence of unequal study weighting
(see Appendix 3 for full details).

For direct mechanisms resulting from anthropogenic activities,
the most highly studied pressures were conservation intervention
(274 tests, 32.1%), contaminants (205 tests, 24%), and wetland
restoration (139 tests, 16.3%). The least researched pressures
included water �ow alterations, grazing, fertilization, biological
invasion, vegetation removal, �shing, soil disturbances, accounting
for 27.6%. Within wetland ecosystem states, the predominant
abiotic states researched were surface water chemistry (602 tests,
33.3%), hydrology (547 tests, 30.3%), and wetland extent (328 tests,
18.2%). The remaining abiotic tests consisted of less researched
categories such as substrate physico-chemical properties, microme-
teorological conditions, and groundwater chemistry (18.2%). The
biotic states literature was dominated by abundance (992 tests,
40.4%), biomass & vital rates (561 tests, 22.8%), and dominance
(239 tests, 9.7%), leaving 27.1% distributed among scattered tests on
nutrient cycling, richness, behavior, physiology & tissue chemistry,
trophic interactions, morphology, population structure, and
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ecosystem engineering (the latter would require a biotic-to-abiotic
pathway in our DPS framework), and aggregated metrics.

The sequential pathways visualized via the Sankey diagram
highlight the most frequently tested and inferred connections in
the literature (Figure 4, plotting linkages with >15 documented
tests, n=3,058 variable pairs). When examining stressor cascades,
the two most heavily documented links between a driver and a
pressure occurred between agriculture and contaminants (168
inferred tests, 28.1% of all tests), and agriculture and conservation
intervention (86 inferred tests, 14.3% of all tests). Further along the
stressor-response pathway, the top two pressure-to-state connec-
tions linked contaminants to surface water chemistry (82 tests,
27.2% of all tests) and water �ow alterations to hydrology (40 tests,
13.2% of all tests). Finally, the dominant abiotic-to-biotic links
connected wetland extent to abundance (167 tests, 18.3% of all tests)
and hydrology to abundance (98 tests, 10.7% of all tests).
Additionally, drivers frequently showed direct connectivity to
biotic responses without an intermediate pressure or abiotic state
mapped, led by agriculture in�uencing abundance (152 tests, 16.1%
of all tests) and landscape factors in�uencing abundance (127 tests,
13.5% of all tests).

When tracing the most frequent continuous full-system path-
ways from drivers through intermediate pressures and abiotic states
to biotic responses, determined by the minimum number of
continuous tests linking the entire chain, a single highly docu-
mented route emerged. This primary pathway �owed from agricul-
ture to contaminants to surface water chemistry, which then
cascaded into three distinct biotic responses: abundance (82 con-
tinuous tests), biomass & vital rates (79 tests), and nutrient cycling
(50 tests). If intermediate pressures are excluded from the cascade,
the two most prevalent remaining sequences �ow from landscape
factors to hydrology to abundance (98 continuous tests), and from
weather and climate to hydrology to abundance (98 tests).

Conversely, pathways falling below the visualization threshold
(15 or fewer tests) reveal research gaps across the DPS framework.
For driver-to-pressure relationships, 21 distinct pathways were
rarely tested (e.g., urban and water �ow alterations). Similarly, 23
pressure-to-abiotic state connections (e.g., grazing and substrate
physico-chemical properties, water �ow alterations and hydrology)
and 29 abiotic-to-biotic connections (e.g., substrate physico-chem-
ical properties and biomass & vital rates, hydrology and nutrient
cycling) returned sparse results.

Geographic mapping of study centroids across the Canadian
Prairies Ecozone showed that overall, most research effort is
concentrated in Saskatchewan, followed by Alberta, with the least
number of studies in Manitoba, a distribution that remains un-
changed even when excluding the ~5% of studies that span multiple
provinces (Figure 5). Research regarding agriculture, weather and
climate, and landscape factors is broadly distributed across the
ecozone. Other categories, including recreation, urban develop-
ment, energy and mining, and transportation, demonstrate limited,
scattered research effort. Notably, studies regarding biological
invasion as an explanatory variable are geographically restricted,
appearing as a singular cluster within Manitoba.
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FIGURE 4

Canadian prairies ecozone: research effort across DPSIR pathways. This Sankey diagram illustrates the relationships between drivers, pressures,
abiotic States, and biotic states occurring 15 or more times in the selected literature. See Appendix 2 for a complete list of categories and de�nitions.
FIGURE 5

Spatial distribution of research effort for drivers and pressures across the Canadian Prairies Ecozone, demonstrating the geographic spread of studies
for each category of drivers or pressures (note: wetland restoration is grouped under conservation intervention in this visualization; pressures that
are not plotted on their own are included in the maps of their associated drivers).
Frontiers in Ecology and Evolution frontiersin.org09

https://doi.org/10.3389/fevo.2026.1924686
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Andrade-Pereira et al. 10.3389/fevo.2026.1924686
7.4 Strength of empirical evidence
supporting candidate indicators

The abiotic ecosystem response map displays 619 unique tests
(Figure 6), representing 79.6% of the total abiotic evidence available
in the dataset (n=778). The evidence is concentrated in surface
water chemistry, which accounts for 316 tests and spans the widest
breadth of stressors. In contrast, research into wetland extent is
signi�cantly more restricted, contributing only 28 tests and appear-
ing largely limited to impacts from weather and climate. Beyond
this threshold, we identi�ed 42 unique pairs of variables that were
excluded due to sparse reporting (<15 tests). These links occupy a
long tail of the literature, characterized by varying degrees of data
scarcity. The moderate portion of this tail (n=2 to 14 tests) includes
combinations such as vegetation removal-substrate physico-chem-
ical properties and wetland extent-surface water chemistry. At the
extreme end of the tail (n=1), evidence is highly fragmented,
exempli�ed by pairs such as agriculture-micrometeorological con-
ditions and conservation intervention-hydrology.

For tests involving biotic states, the volume of empirical
literature varied across the taxonomic groups: birds were the
most studied taxon with 1157 tests across 26 explanatory categories
spanning drivers, pressures, and abiotic states, followed by plants
(471 tests, 29 categories), invertebrates (283 tests, 24 categories),
microbes (268 tests, 18 categories), algae (187 tests, 19 categories),
multiple taxa (114 tests, 16 categories), amphibians (82 tests, 17
categories), mammals (74 tests, 14 categories), and �sh (31 tests,
11 categories).
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Because birds and plants were the most well-studied wetland
biotic groups in the region, we analyzed the frequency of statistical
signi�cance to wetland stressors for these taxa, isolating speci�c
biotic responses (e.g., abundance, biomass, richness) across a range
of explanatory variables (Figure 7). We restricted our reporting to
explanatory categories with more than 15 tests to improve visual-
ization of results. Out of the range of drivers, pressures and states
represented in Figure 3, this limited our review to the drivers 1)
landscape factors, 2) weather and climate, and 3) agriculture. It also
restricted pressures to conservation intervention. Finally, it limited
the abiotic states to 1) hydrology, 2) substrate physico-chemical
properties, 3) surface water chemistry, and 4) wetland extent.

Birds metrics showed consistent empirical support in response to
several drivers, de�ned as having a high proportion of signi�cant
results, demonstrating a high frequency of signi�cance to agriculture
(118/163, 72%; mostly abundance and biomass & vital rates) and
weather and climate (85/117, 73%; mostly abundance and biomass &
vital rates), a moderate frequency to landscape factors (86/148, 58%;
mostly abundance and biomass & vital rates), and a low frequency to
transportation (5/19, 26%; mostly abundance and biomass & vital
rates). Pressures on bird metrics include a high frequency of signi�-
cance for wetland restoration (16/21, 76%; mostly abundance and
dominance), but a low frequency for conservation intervention (55/
166, 33%; mostly abundance and biomass & vital rates). Regarding
abiotic states, bird metrics showed a high frequency of signi�cant
results to hydrology (44/47, 94%; mostly abundance and behavior) and
a moderate frequency to wetland extent (107/201, 53%; mostly
abundance and biomass & vital rates) and (Figure 7).
FIGURE 6

Wetland abiotic responses to drivers, pressures, and abiotic states in the Canadian Prairies Ecozone, including relationships that were identi�ed 15 or
more times across the reviewed studies. Within the grid, the horizontal width of the colored bands represents the frequency of statistical tests
between a given driver, pressure, or explanatory abiotic state and a responding abiotic state. Orange segments highlight signi�cant outcomes
(indicating sensitivity), while gray segments indicate non-signi�cant results. Note that it is possible that the same category is tested as explanatory
and its respective response variable (e.g., pond water depth as an explanatory variable and in�ltration rate as a response variable are both abiotic
hydrological states).
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For plants, we found a high frequency of signi�cant tests to
agriculture (30/38, 79%; mostly abundance and richness) and
weather and climate (14/18, 78%; mostly biomass & vital rates
and abundance), and a moderate frequency for landscape factors
(24/46, 52%; mostly biomass & vital rates and abundance).
Pressures on plant communities included a high frequency of
signi�cant tests for water �ow alterations (26/30, 87%; mostly
biomass & vital rates and abundance) and wetland restoration
(15/19, 79%; mostly abundance and physiology & tissue chemistry),
and a moderate frequency for conservation intervention (41/63,
65%; mostly biomass & vital rates and nutrient cycling), and
vegetation removal (13/29, 45%; mostly biomass & vital rates and
abundance). Abiotic variables affecting plants included a high
frequency of signi�cant tests for substrate physico-chemical prop-
erties (20/22, 91%; mostly abundance and biomass & vital rates),
hydrology (32/44, 73%; mostly abundance and biomass & vital
rates), and a moderate frequency for surface water chemistry (34/
76, 45%; mostly abundance and biomass & vital rates),(Figure 7).

For several biotic relationships across taxa, the low frequency of
statistical tests limits our ability to evaluate consistent empirical
support (e.g., n~15). For instance, we captured limited tests of
richness for conservation intervention (n=18, 1.4%, for birds),
nutrient cycling for conservation intervention (n=17, 1.3%, for
plants), and behavior for wetland extent (n=16, 1.2%, for birds)
(Figure 7). Furthermore, 476 relationships (35.8% of the total biotic
evidence) are very rarely tested in the literature. For example, biotic
metrics such as biochemistry, dominance, population structure,
morphology, tissue content, physiology, and trophic interactions
were either entirely absent from stressor-response relationships or
tested very rarely (<15 times).
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Based on statistical test frequency plotted in the Sankey diagram
(Figure 4), the most frequently tested pathway links agriculture
(driver) to contamination (pressure), which subsequently alters
surface water chemistry (abiotic state) and various biotic metrics.
However, as our evidence maps above indicate, this speci�c path-
way lacks data for birds and provides little evidence regarding plant
responses. Consequently, we expanded our investigation to evaluate
the responses of the remaining taxa to surface water chemistry,
independent of the speci�c biotic metric measured (Figure 8). Our
results highlight a high frequency of empirical support for microbial
responses to water quality changes (62 tests, 72.1%), and when
considering all taxa together, the overall evidence of signi�cant
effects remains fair (184 tests, 68.4%). Within the microbial tests
demonstrating signi�cance, herbicides were the most frequently
evaluated contaminant (15 tests, 88.2%), while sulfate was the most
commonly measured surface water chemistry parameter (10 tests,
19.2%). Finally, the most frequent biotic metric used to assess
microbial responses to water chemistry was nutrient cycling (14
tests, 26.9%).
8 Discussion

Our systematic literature review provides a regional synthesis of
wetland stressors affecting abiotic and biotic wetland states across
the Canadian Prairies Ecozone, with implications for wetland
monitoring and conservation in landscapes that support people,
biodiversity, and migratory birds. Focusing exclusively on the
Canadian context, we �rst synthesize stressor-response
FIGURE 7

Wetland biotic responses to drivers, pressures, and abiotic states in the Canadian Prairies Ecozone, including relationships that were identi�ed 15 or
more times across the reviewed studies. Within the grid, the horizontal width of the colored bands represents the frequency of statistical tests
between a given driver, pressure, or abiotic state and a wetland biotic state. Orange segments highlight signi�cant outcomes (indicating sensitivity),
while gray segments represent non-signi�cant results.
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