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Abstract  
Background
Habitat that is necessary for the survival and recovery of a species listed as threatened, endangered, or extirpated (i.e., Critical Habitat) is protected in Canada. For aquatic species, Critical Habitat may include riparian habitat, however it is unclear how much of this riparian habitat needs to be protected to support the survival and recovery of a listed species (primary question). To provide quantitative evidence to support the delineation of riparian Critical Habitat, the systematic review will be used to determine the relationships between aquatic and riparian attributes and the dependence of these relationships on the quantity of riparian habitat (secondary questions). 
Methods
We will search for primary research articles in bibliographic databases for primary literature, theses, and preprints and for grey literature including reports published on relevant organizational using a search string consisting of substrings for riparian habitat, and for riparian processes (i.e., erosion, filtration, infiltration, shading, and subsidization) or aquatic attributes.  The results will be screened at title and abstract, and full text levels against predefined inclusion criteria and consistency checking will be performed on a subset of 100 records to ensure the inclusion criteria are consistent across multiple reviewers. Quantitative data on the riparian and aquatic habitats will be extracted and synthesized to perform dose response meta-analyses.  First, the riparian habitat attributes will be combined using probabilistic principal component analysis to develop appropriate dependent variables that describe riparian habitat types. The principal component axes will then be used in a multiple regression analysis along with a measure of the riparian habitat size, and study specific identifiers and modifiers to determine the shape of the relationship and the magnitude of the effect of on the aquatic habitat. These analyses will be used to determine the extent of riparian habitat required to maintain natural levels of riparian process to protect aquatic Critical Habitat. The findings of the systematic review will support the delineation of riparian Critical Habitat for aquatic species at risk in Canada.
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Background
When freshwater fishes and mussels are listed as threatened, endangered, or extirpated, Fisheries and Oceans Canada (DFO) is required to identify and protect the habitat that is necessary for the survival and recovery of the species (i.e., Critical Habitat). The identification of Critical Habitat is based on a biophysical description of the habitat required to fulfill species life-cycle functions [1]. To determine Critical Habitat, the biophysical elements of Critical Habitat are broken down into: functions, features, and attributes (Figure 1). Functions describe a species’ life-cycle processes, which are reliant on feature(s) of the Critical Habitat. Features are defined by the attributes of a habitat that are key in supporting a species’ function necessary to achieve the species’ population and distribution objectives. Attributes provide the greatest level of information about a feature, the quantity and quality of the feature, and the mechanism by which the feature is able to support particular life-cycle requirements of a species. Some features designated as Critical Habitat may support functions indirectly by supporting or reinforcing other features. These features may be outside of the aquatic ecosystem, i.e., the riparian zone, which is the area located between a waterbody’s high-water mark and the upland area. Hence, features in the riparian zone (i.e., riparian features) should be considered Critical Habitat if their attributes support aquatic Critical Habitat features through riparian processes (Figure 1a) or if the riparian features directly support the species’ functions (Figure 1b). 
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Figure 1. Riparian features can constitute Critical Habitat through a) their indirect effects of riparian processes on aquatic features considered critical habitat or b) through direct effects on a species’ functions adapted from (Caskenette et al. 2020).
The riparian zone is an important component of the ecological functioning of a healthy ecosystem [2]. The main processes by which riparian attributes associated with riparian features affect aquatic features and water quality attributes include: erosion, filtration, infiltration, shading, and subsidization (Table 1)[3][footnoteRef:1]. Structure provided by riparian vegetation reduces stream bank erosion and maintains stable stream channel geomorphology [4]. Filtration by riparian vegetation and soil prevents contaminants, excess sediments, and excess nutrients from the surface and subsurface water from entering the waterbody [5]. Riparian vegetation provides shading that prevents evaporation, structure that reduces runoff, and combined with appropriate soil conditions allows surface water in the riparian zone to infiltrate into the water table [6]. Riparian vegetation maintains natural variation in the temperature of water entering the aquatic habitat, and combined with undercut banks and large woody debris provides cover and shade to the aquatic habitat [7]. A functional riparian ecosystem allows for the transfer of energy, food, and structural components from the terrestrial habitat into the aquatic habitat [8].  [1:  In cited paper, meandering and isolation were also included as riparian processes, however they will not be considered in this analysis as isolation is mainly dependent on the size, rather than the attributes of the riparian zone, and meandering, upon further consideration can be better explained as a waterbody specific channel forming process at the longitudinal scale that is both affected by and affects the riparian processes.] 


Table 1: The main processes by which riparian features support aquatic features defined. These processes are dynamic and occur within a range of natural variation that needs to be considered when defining riparian areas as Critical Habitat.
	Process
	Description

	Erosion
	Soil gradually wearing away by wind, water, or gravity. When erosion is occurring within a natural range of variation, it controls sedimentation and siltation; supporting aquatic attributes such as aquatic vegetation and interstitial spaces, and channel forming processes at the longitudinal scale (i.e., meandering of a stream).

	Filtration
	Removing matter or sound from air or water. When filtration is occurring within a natural range of variation it prevents contaminants, excess sediments, and excess nutrients in surface and subsurface water in the riparian zone from entering a waterbody.

	Infiltration
	Surface water entering the soil. When infiltration is occurring within a natural range of variation it maintains natural water levels and flow in the aquatic habitat, and maintains natural levels of surface and sub-surface water entering the waterbody.

	Shading
	Adjusting the amount of light admitted onto a surface. When shading is occurring within a natural range of variation it provides cover and maintains the photic environment and water temperature in the aquatic habitat, and maintains natural variation in the temperature of water entering the aquatic habitat.

	Subsidization 
	Transferring energy, food, and structural components from the terrestrial habitat to the aquatic habitat. When subsidization is occurring within a natural range of variation it provides provide food for fishes (e.g., terrestrial insects), mussels (e.g., organic matter), and their aquatic prey (e.g., nutrients and organic matter); subsidization of wood and other structural components provides cover and maintains natural flow dynamics in the aquatic habitat.



Many land-use practices have the potential to negatively affect the ability of riparian attributes to provide the processes necessary to protect aquatic Critical Habitat. Urban development, improper grazing and timber harvesting practices, and over-use from recreational activities are just a few examples. These land-use practices can increase the magnitude of potential contaminants and nutrients, and decrease the quality of riparian attributes, and the quantity, and intactness of the riparian habitat. 
To delineate the extent of Critical Habitat in the riparian zone, first, we need to determine the ability of the features in the riparian zone to support the riparian processes. The goal of protecting riparian features is to ensure that there is enough area to provide the ecosystem services (i.e., processes) that they provide to the aquatic habitat. It might be expected that the larger and more natural the riparian zone, the greater the benefits for the adjacent aquatic ecosystem, however, the reality is much more nuanced. There is no amount of riparian habitat that can provide the natural levels of processes needed to maintain aquatic habitat if the riparian attributes do not exist to support those processes. For example, an altered riparian vegetation community, such as a lawn or cultivated field, may not provide key functional processes like provision of large woody debris inputs or shade. Therefore, we first need to determine the quantitative relationships between the size and composition of the riparian zone and the aquatic consequences of riparian processes in order to determine the extent of habitat that would need to be considered Critical Habitat.
An understanding of the relationships between the size, intactness, and composition of riparian habitat and its ability to maintain aquatic Critical Habitat will assist in the delineation of riparian Critical Habitat. Nearly all attributes that affect the ability of riparian features to be Critical Habitat are intrinsically continuous variables (e.g., vegetation density, soil compaction, and slope). The baseline questions are therefore whether the relationship between riparian processes and the quantity and composition of the riparian habitat, is positive or negative, and whether the relationships are linear. 
The delineation of riparian Critical Habitat would be greatly facilitated if quantitative parameterization of overall response curves were available [8]. Quantifying general relationships for riparian processes across the full range of a given riparian attribute—or a combination of riparian attributes—in which waterbodies generally occur could not only improve the delineation of riparian Critical habitat, but would also allow for the establishment of natural range expected for these processes.
To define these relationships, we plan to perform dose-response meta-analyses (DRMA) on the available quantitative data from a systematic review [10]. In the absence of sufficient quantitative data for DRMA, we will provide a qualitative index. The quantitative and qualitative results will be combined to build a riparian classification system that will allow for the determination of the appropriate extent of riparian habitat needing protection for the aquatic Critical Habitat features.
Stakeholder Engagement
Fisheries and Oceans Canada’s (DFO) Species at Risk Program is responsible for carrying out the Department’s mandate under the Species at Risk Act (SARA) to protect, recover, and conserve all listed aquatic species at risk in Canada. When an aquatic species is listed on Schedule 1 of SARA as threatened, endangered or extirpated, DFO is required to identify and protect the Critical Habitat, which is linked to the population and distribution objectives established in the Recovery Strategy [11].
DFO’s Species at Risk Program requested advice to ensure a more rigorous and systematic approach to identify Critical Habitat in the riparian zone for freshwater fishes and mussels. An evidence-based approach was required to guide the identification of features in the riparian zone as Critical Habitat, therefore a literature review was undertaken to identify current scientific evidence regarding the effect of riparian features on aquatic habitat features [3]. This systematic review builds upon the initial request for advice by providing DRMA’s that will provide quantitative evidence to support the delineation of potential Critical Habitat in the riparian zone. 
As the stakeholder, DFO’s Species at Risk Program will provide members of the advisory committee that will be regularly updated on the progress of the systematic review, and analysis the final report. 
Objective of the Review
The objective of this systematic review is to determine the relationship between the aquatic consequences of riparian processes and riparian attributes, and how those relationships are affected by the quantity of riparian habitat. This information will be combined to provide, if possible, a classification system to determine the extent of the habitat in the riparian zone to be deemed Critical Habitat. We will also provide a report describing the review process and a searchable database with the identified relevant studies.
Primary question:
What extent of riparian habitat should be protected as Critical Habitat for a given species at risk?
Secondary questions:
1) What is the shape and magnitude of relationships between aquatic and riparian attributes? and 
2) To what extent are these relationships dependent on the quantity of riparian habitat?

The questions can be separated into the following elements (that are further defined in the section on inclusion criteria below):
Population (subject): Waterbodies in Canada or similar climates (Köppen-Geiger climate classification zones).
Exposure: The quantity, density, and composition of riparian attributes.
Comparator: The absence of the riparian attributes.
Outcome: A quantitative measure of the outcome of the riparian process in the waterbody (i.e., the aquatic attributes).
Methods
This review will follow the Collaboration for Environmental Evidence guidelines (https://bit.ly/2WyqxbB) and conform to the ROSES reporting standards [12]. 
Searching for articles
Relevant studies exist in peer reviewed and grey literature; therefore, an extensive search will be performed across several databases, search engines, and websites of relevant organizations. The reference management software Mendeley will be used to collect all search results and to remove duplicates.
Bibliographic databases
Citation databases will be searched using English search terms, and the search string will be adapted to the specific syntax in each database (Table 2). The adapted search strings and matching results will be published with the final review. 
Specialist and Supplementary searches
In addition, searches of:  Google Scholar (https://scholar.google.ca/), bibliographies of all relevant reviews identified, preprint servers, and websites of relevant organizations will be screened to retrieve any additional potentially relevant studies, including grey literature (Table 2).









Table 2: Databases to be searched to locate primary research articles from the peer reviewed and grey literature. All text fields will be searched in each database where possible. 
	
	Database/Website
	Subscription

	Bibliographic databases
	Directory of Open Access Journals 
(http://www.doaj.org/)
	Free, does not require a subscription

	
	JSTOR 
(http://www.jstor.org/)
	Fisheries and Oceans Canada subscription

	
	Microsoft Academic 
(https://academic.microsoft.com/home)
	Free, does not require a subscription

	
	Scilit 
(https://www.scilit.net/)
	Free, does not require a subscription

	
	Web of Science 
(http://webofknowledge.com)
	Fisheries and Oceans Canada subscription

	
	ProQuest 
(https://search.proquest.com/)
	Fisheries and Oceans Canada subscription

	Theses
	DART-Europe E thesis 
(https://www.dart-europe.org/basic-search.php)
	Free, does not require a subscription

	
	Library and archives Canada – Theses Canada 
(https://www.bac-lac.gc.ca/eng/services/theses/Pages/search.aspx)
	

	
	EThOS (British Library) 
(https://ethos.bl.uk/AdvancedSearch.do?new=1)
	

	
	Open Access Theses and Dissertation 
(https://oatd.org/)
	

	
	EBSCO Open Dissertations 
(https://biblioboard.com/opendissertations/)
	

	Preprint databases
	bioRxiv 
(https://www.biorxiv.org/)
	Free, does not require a subscription

	
	arXiv 
(https://arxiv.org/)
	

	
	ARPHA Preprints 
(https://preprints.arphahub.com/)
	

	
	EarthArXiv 
(https://eartharxiv.org/)
	

	
	ESSOAr 
(https://www.essoar.org/)
	

	Organizational websites and databases
	Canadian Institute of Forestry (https://pubs.cif-ifc.org/doi/10.5558/tfc2016-009)
	Fisheries and Oceans Canada subscription

	
	Canadian Forestry Service 
(https://cfs.nrcan.gc.ca/publications)
	Free, does not require a subscription

	
	U.S. Forest Service 
(https://www.fs.usda.gov/treesearch/)
	

	
	Aquatic Commons (http://aquaticcommons.org/)
	

	
	Agricola 
(https://agricola.nal.usda.gov/)
	

	
	European Environment Agency 
(http://www.eea.europa.eu/)
	

	
	European Soil Portal 
(https://esdac.jrc.ec.europa.eu/content/european-soil-portal)
	

	
	GRACEnet, USDA Agricultural Research Service 
(https://www.ars.usda.gov/anrds/gracenet/)
	

	
	Rothamsted Research 
(http://www.rothamsted.ac.uk/)
	

	
	UC Davis, Agricultural Sustainability Institute 
(https://asi.ucdavis.edu/publications)
	




Primary Search String
First papers were searched for with the phrase “buffer width”. Next, a base set of search terms generalized a recent agriculturally focused meta-analysis on riparian buffer strips with a very extensive list of search terms for the area we define here as the “riparian zone” [5]. This base set of search terms was stripped of agricultural specific qualifiers and then expanded by including unique words and phrases commonly used in primary research and review articles collected by the authors during the previous literature review [3]. This set of search terms was then refined by using terms to identify articles specific to the riparian processes (Additional file 1). The R package litsearchr will be used to find a reduced set of search terms for databases that require fewer search terms [13]. The abstracts, keywords and titles from appropriate papers found after screening the first 30% of papers from Web of Science at abstract level, will be used to find common terms and phrases for the databases that require fewer search terms. 
Estimating the comprehensiveness of the search 
Benchmark studies were used to test the comprehensiveness of the search (Additional file 2). The bibliographic database “Web of Science” was used to test whether the benchmark studies were found. The search string was adapted to include any benchmark studies that were missed. The search string in Additional file 1 located all the benchmark studies. 
Screening
All identified articles will first be screened for relevance at the abstract level, then at full text level using predefined eligibility criteria (see below). To determine whether the screening is consistently performed across reviewers, the application of the eligibility criteria will be compared across two reviewers at the abstract level screening for 100 abstracts. The eligibility criteria will be refined after discussion between all reviewers if there are disagreements. A kappa test will be used to formally test agreement levels, with a minimal agreement score of 0.6 [14]. If the kappa score falls below 0.6, a third reviewer will be consulted and 100 more abstracts reviewed. The abstract screening will provide a list of potentially relevant articles to screen at the full text level following the same eligibility criteria. 
Eligibility criteria
Articles will be screened based on the following set of eligibility criteria to determine inclusion into the database. A list of articles excluded at full text, with reasons for exclusion, will be included in a separate database.
Eligible populations or subjects
The focus of this review is on Critical Habitat for freshwater fishes and mussels in Canada, therefore the search will be limited to studies performed in Canada, or in areas outside Canada with similar climate. Specifically, eligible locations include Boreo-temperate regions as defined by the Köppen-Geiger climate classification zones: EF (Ice-cap), ET (Tundra), Dfc (Subarctic), Dfb (Warm-summer humid continental), Dfa (Hot-summer humid continental), Dwc (Subarctic), Dsc (Dry-summer subarctic), Dsb (Warm-summer Mediterranean continental), Cfc (Subpolar oceanic), Cfb (Oceanic), Csb (warm-summer Mediterranean), Bsk (Cold semi-arid).  Since the study is focused on freshwater species at risk, articles that include research in brackish or salt-water ecosystems, or waterbodies affected by tides will not be included. 
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Figure 2: Map of Köppen-Geiger climate classifications for Canada.  

Eligible exposures 
The riparian attributes that provide the foundation for the riparian processes will be examined in this systematic review. Erosion is mediated by bank stability, which is determined by several factors including the soil texture, ground cover and canopy type and density (roots), slope, frequency of rills, and geology (i.e., cobble, bedrock). Similarly, filtration and infiltration depend on riparian soil filtration and drainage potential, which is determined by: soil texture, soil compactness, frequency of rills, slope, and groundwater level. Shading and subsidization are determined by vegetation (canopy and groundcover) type and density; subsidization also depends on naturalness of the vegetation. For a study to be included a measure of the amount at least one attribute needs to be included. Riparian quantity requires a measure of the width, length along the shoreline, and intactness of the riparian zone. 
Eligible comparators 
Since the main data targeted by this systematic review is continuous data to perform DRMA, a comparator may not be required (see eligible outcomes) for study inclusion. Eligible comparators, however, include the absence of the riparian attribute. 
Eligible outcomes
The eligible outcomes will be the measurable consequence of a riparian process on the associated water body. The description, units, and quantity need to be identified for the measured outcome type of each process. For erosion, a study will be included if there is a comparison between the outcome in the waterbody (e.g. water clarity, sediment load, or interstitial spaces) with and without an riparian attribute. Alternatively, a study will be included for erosion if there is a measure of erosion rate. For filtration, infiltration, or shading, a study will be included if there is a comparison between the outcome of the process  in the waterbody (e.g. water quality, water temperature, or water level)  with and without an riparian attribute. Alternatively, for filtration, infiltration, or shading, a study will be included if there is a measure of the amount of a substance entering and exiting (or remaining in) the riparian area (e.g., pollution, water, or light) to obtain a measure of effectiveness (% removed). For subsidization, for a study to be included, there needs to be a measure of the amount of a subsidy (e.g. leaf litter, insects, large woody debris) entering the waterbody.  
Eligible types of study design
The review will be restricted to primary research studies that involve either a field-based experimental manipulations or observations. Modelling studies that include primary data will also be included; laboratory studies will not be considered. 
Study validity assessment
Study validity will be assessed at the full text level. The results of the study will be applied to freshwater ecosystems in Canada, therefore external validity assessment will be limited to determining if the study was performed in a freshwater ecosystem in Canada or outside of Canada but in areas with Köppen-Geiger climate classification zones found in Canada. The critical assessment of internal validity will be performed using a checklist generated through consensus of authors (Table 3) to reduce the risk of misleading conclusions. Provided sufficient studies, analyses will be performed with and without studies with high susceptibility to bias.  All studies removed after critical appraisal will be listed in a database along with the reasoning, and will be reviewed by at least one other author to ensure consistency.  
Table 3: Study validity criteria checklist
	
	Low susceptibility to bias
	High susceptibility to bias
	Bias type

	Study Design

	Definition of riparian zone
	Study area clearly defined and determined based on geophysical attributes. 
	Arbitrary bounding of riparian zone
	Selection bias

	Temporal and Spatial extent
	Study area and duration large enough to capture relevant outcomes.
	Study area or duration too limited to capture relevant outcomes. 
	Selection bias

	Measurements

	Measurement consistency and representativeness
	Consistent representative measurements across groups
	Systematic inconsistencies in measurement and assessment of variables, or measurement unlikely to be representative.
	Detection Bias

	Other

	Confounding variables not related to study design or measurements
	No obvious or unaccounted confounding factors
	Confounding factors evident but not accounted for.
	Other



Data coding and extraction strategy
Description of the study location, methods, and outcomes will be extracted from the included studies (studies deemed relevant at full text) and entered into a searchable database that will be included, along with a help file, with the final report. The data extracted from the first 30 studies will be compared across at least two team members to ensure reliable extraction of data. Where differences occur, all team members will be provided with clarification of extraction methods.  
The following types of information will be recorded for all included studies: study identifiers, year, period of study, study location, catchment scale, waterbody description, riparian vegetation description, riparian habitat description, riparian management, disturbance description, study design (observational vs experimental), and measured outcome (see Appendix 1 for a complete list of search terms).
Authors listed on the paper will be contacted at the identified email addresses if there is missing data. If they do not respond, or they have changed affiliations and no information exists online to determine new addresses, then data may be extracted from figures (using the R package metaDigitise), and environmental data will be search for from available online resources (e.g., weather station data for precipitation). 
Potential effect modifiers/reasons for heterogeneity
Potential effect modifiers that will be included in the database include: the adjacent waterbody type and size; the adjacent land use; the scale, duration, timing, and location of the study; recentness of a disturbance, temporal and spatial extent of the disturbance, and annual precipitation. This list was developed from a previous review paper [3].
Data synthesis and presentation
Standardizing and combining data
Numerous riparian attributes will act in combination to affect riparian processes. Many studies, however, focus on a single attribute at a time and may not adequately capture differences the riparian processes that are similar in one attribute but different in others. For example, two riparian zones may have the same slope, but the vegetation and soil types may differ substantially, which may translate into differences in measured outcomes such as erosion. One way forward is to apply a dimension reduction method to the attributes of interest, such as principal component analysis (PCA) that combines multiple correlated attributes into a set of uncorrelated outcomes principal components (principal components (PCs)) [15]. This method will then provide a suite of composite riparian attribute descriptors.
First, we will perform a Probabilistic PCA (PPCA) on the riparian attributes. PPCA can be performed on incomplete data and used to estimate missing values. Attributes will be standardized by dividing each measurement by the largest value achieved from the same type of data in all studies. The PCA components will then be used to provide composite measures of riparian attribute composition, constructed in a consistent way across studies, such that the summary statistics can be combined. 
Dose-response meta-analysis (DRMA)
A mixed multivariate regression will be performed to determine the dose-response curve for each riparian process. The study ID will be included as a random variable, and the principal components for the riparian attributes as the fixed variables. Effect modifiers identified in the search may also be included as random variables, if so, analyses of the goodness of fit and AIC scores will be used to determine the best model. 
Qualitative Scores
For any riparian processes that do not have enough quantitative data, we will provide a qualitative summary of the data and provide qualitative scores using qualitative network models (QNMs).  QNMs only need a qualitative description (i.e., positive, negative, or zero interaction) of the relationship between variables (i.e., processes and attributes) [16].
Publication Bias and Knowledge Gap Identification
Potential publication bias will be identified through diagnostic plots to determine if there are gaps without data within the range of the dependent variables (i.e., riparian attributes and size ranges). Knowledge gaps will be identified based on the availability of data for all climate types in Canada, and for any processes that can only be described qualitatively. 
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Additional file 1: Search String
The following search string will be used to search the topic, abstract, and or keywords within the databases. For databases with greater restrictions on the number of characters in the search string, common terms from the first 30% paper screened at abstract level from Web of Science will be used (see Primary Search String for method).
("buffer width" OR "riparian habitat*" OR "riparian feature*" OR "riparian attribute*" OR "conservation reserve buffer " OR "variable source area" OR "riparian forest" OR "riparian disturbance" OR "upstream land-use" OR "buffer strip" OR "riparian woodland" OR "riparian forest" OR "lake side" OR lakeside OR lake-side OR streamside OR "stream side" OR stream-side OR "forestry buffer*" OR "riparian management" OR bankside OR "floodprone area" OR "riparian area" OR "riparian corridor" OR "logging buffer" OR "logging strip" OR "logging margin" OR "agroforestry buffer*" OR "barrier strip*" OR "beetle bank*" OR beetlebank* OR "bird cover barrier*" OR "bird cover border*" OR "bird cover boundar*" OR "bird cover buffer*" OR "bird cover filter*" OR "bird cover margin*" OR "bird cover strip*" OR "bird cover zone*" OR "border strip*" OR "boundary buffer*" OR "boundary management*" OR "boundary margin*" OR "boundary strip*" OR "buffer management*" OR "buffer strip*" OR bufferstrip* OR buffer-strip OR "buffer zone*" OR bufferzone* OR "conservation buffer*" OR "conservation head land*" OR "conservation headland*" OR "countour strip*" OR "cropland buffer*" OR "cultivated barrier*" OR "cultivated border*" OR "cultivated boundar*" OR "cultivated buffer*" OR "cultivated filter*" OR "cultivated margin*" OR "cultivated strip*" OR "cultivated zone*" OR "ditch bank*" OR "farm buffer*" OR "farm edge*" OR "farm interface*" OR "farmland buffer*" OR "farmland margin*" OR "field bank*" OR "field border*" OR "field boundary*" OR "field buffer*" OR "field edge*" OR "field interface*" OR "field margin*" OR "filter margin*" OR "filter strip*" OR "filter-strip*" OR filterstrip* OR "filter zone*" OR "filter zone*" OR filterzone* OR "*flower barrier*" OR "*flower border*" OR "*flower boundar*" OR "*flower buffer*" OR "*flower filter*" OR "*flower margin*" OR "*flower strip*" OR "*flower zone*" OR "forest barrier*" OR "forest border*" OR "forest boundar*" OR "forest buffer*" OR "forest filter*" OR "forest margin*" OR "forest strip*" OR "forest zone*" OR "forested barrier*" OR "forested border*" OR "forested boundar*" OR "forested buffer*" OR "forested filter*" OR "forested margin*" OR "forested strip*" OR "forested zone*" OR "grass water way*" OR "grass waterway*" OR "grass barrier" OR "*grass border*" OR "*grass boundar*" OR "*grass buffer*" OR "*grass filter*" OR "*grass margin*" OR "*grass strip*" OR "*grass zone*" OR "grassed barrier*" OR "grassed border*" OR "grassed boundar*" OR "grassed buffer*" OR "grassed filter*" OR "grassed margin*" OR "grassed strip*" OR "grassed water way*" OR "grassed waterway*" OR "grassed zone*" OR "grassy barrier*" OR "grassy border*" OR "grassy boundar*" OR "grassy buffer*" OR "grassy filter*" OR "grassy margin*" OR "grassy strip*" OR "grassy water way*" OR "grassy waterway*" OR "grassy zone*" OR "grazed barrier*" OR "grazed border*" OR "grazed boundar*" OR "grazed buffer*" OR "grazed filter*" OR "grazed margin*" OR "grazed strip*" OR "grazed zone*" OR "hedge row*" OR hedgerow* OR "herbacious barrier*" OR "herbacious border*" OR "herbacious boundar*" OR "herbacious buffer*" OR "herbacious filter*" OR "herbacious margin*" OR "herbacious strip*" OR "herbacious zone*" OR "managed barrier*" OR "managed border*" OR "managed boundar*" OR "managed buffer*" OR "managed edge*" OR "managed filter*" OR "managed margin*" OR "managed strip*" OR "managed zone*" OR "margin strip*" OR "nectar barrier*" OR "nectar border*" OR "nectar boundar*" OR "nectar buffer*" OR "nectar filter*" OR "nectar margin*" OR "nectar strip*" OR "nectar strip*" OR "nectar zone*" OR "noncropped barrier*" OR "non-cropped barrier*" OR "noncropped border*" OR "non-cropped border*" OR "noncropped boundar*" OR "non-cropped boundar*" OR "noncropped buffer*" OR "non-cropped buffer*" OR "noncropped filter*" OR "non-cropped filter*" OR "noncropped margin*" OR "non-cropped margin*" OR "noncropped strip*" OR "non-cropped strip*" OR "noncropped zone*" OR "non-cropped zone*" OR "perennial barrier*" OR "perennial border*" OR "perennial boundar*" OR "perennial buffer*" OR "perennial filter*" OR "perennial margin*" OR "perennial strip*" OR "perennial zone*" OR "permanent border*" OR "permanent buffer*" OR "permanent margin*" OR "permanent strip*" OR "plant barrier*" OR "plant border*" OR "plant boundar*" OR "plant buffer*" OR "plant filter*" OR "plant margin*" OR "plant strip*" OR "plant zone*" OR "planted barrier*" OR "planted border*" OR "planted boundar*" OR "planted buffer*" OR "planted filter*" OR "planted margin*" OR "planted strip*" OR "planted zone*" OR "pollen barrier*" OR "pollen border*" OR "pollen boundar*" OR "pollen buffer*" OR "pollen filter*" OR "pollen margin*" OR "pollen strip*" OR "pollen zone*" OR "riparian barrier*" OR "riparian border*" OR "riparian boundar*" OR "riparian buffer*" OR "riparian filter*" OR "riparian margin*" OR "riparian strip*" OR "riparian zone*" OR "river barrier*" OR "river border*" OR "river buffer*" OR "river margin*" OR "setaside border*" OR "set-aside border*" OR "setaside buffer*" OR "set-aside buffer*" OR "setaside margin*" OR "set-aside margin*" OR "shelter belt*" OR shelterbelt* OR "sown barrier*" OR "sown border*" OR "sown boundar*" OR "sown buffer*" OR "sown filter*" OR "sown margin*" OR "sown strip*" OR "sown zone*" OR "sterile strip*" OR "stream barrier*" OR "stream border*" OR "stream buffer*" OR "stream margin*" OR "strip management" OR "strip vegetation" OR "strip-management" OR "uncropped barrier*" OR "un-cropped barrier*" OR "uncropped border*" OR "un-cropped border*" OR "uncropped boundar*" OR "un-cropped boundar*" OR "uncropped buffer*" OR "un-cropped buffer*" OR "uncropped filter*" OR "un-cropped filter*" OR "uncropped margin*" OR "un-cropped margin*" OR "uncropped strip*" OR "un-cropped strip*" OR "uncropped zone*" OR "un-cropped zone*" OR "uncultivated barrier*" OR "uncultivated border*" OR "uncultivated boundar*" OR "uncultivated buffer*" OR "uncultivated filter*" OR "uncultivated margin*" OR "uncultivated strip*" OR "uncultivated zone*" OR "unmanaged barrier*" OR "unmanaged border*" OR "unmanaged boundar*" OR "unmanaged buffer*" OR "unmanaged filter*" OR "unmanaged margin*" OR "unmanaged strip*" OR "unmanaged zone*" OR "unploughed barrier*" OR "un-ploughed barrier*" OR "unploughed border*" OR "un-ploughed border*" OR "unploughed boundar*" OR "un-ploughed boundar*" OR "unploughed buffer*" OR "un-ploughed buffer*" OR "unploughed filter*" OR "un-ploughed filter*" OR "unploughed margin*" OR "un-ploughed margin*" OR "unploughed strip*" OR "un-ploughed strip*" OR "unploughed zone*" OR "un-ploughed zone*" OR "vegetated barrier*" OR "vegetated border*" OR "vegetated boundar*" OR "vegetated buffer*" OR "vegetated filter*" OR "vegetated margin*" OR "vegetated strip*" OR "vegetated water way*" OR "vegetated waterway*" OR "vegetated zone*" OR "vegetation barrier*" OR "vegetation border*" OR "vegetation boundar*" OR "vegetation buffer*" OR "vegetation filter*" OR "vegetation margin*" OR "vegetation strip*" OR "vegetation zone*" OR "vegetative barrier*" OR "vegetative border*" OR "vegetative boundar*" OR "vegetative buffer*" OR "vegetative filter*" OR "vegetative margin*" OR "vegetative strip*" OR "vegetative water way*" OR "vegetative waterway*" OR "vegetative zone*" OR "water way border*" OR "water way buffer*" OR "water way maring*" OR "waterway border*" OR "waterway buffer*" OR "waterway margin*" OR "weed strip" OR "weeded barrier*" OR "weeded border*" OR "weeded boundar*" OR "weeded buffer*" OR "weeded filter*" OR "weeded margin*" OR "weeded strip*" OR "weeded zone*" OR "weedy barrier*" OR "weedy border*" OR "weedy boundar*" OR "weedy buffer*" OR "weedy filter*" OR "weedy margin*" OR "weedy strip*" OR "weedy zone*" OR "widlife strip*" OR "wildlife corridor*" OR "wind buffer*" OR "wood barrier*" OR "wood border*" OR "wood boundar*" OR "wood buffer*" OR "wood filter*" OR "wood margin*" OR "wood strip*" OR "wood zone*" OR "wooded barrier*" OR "wooded border*" OR "wooded boundar*" OR "wooded buffer*" OR "wooded filter*" OR "wooded margin*" OR "wooded strip*" OR "wooded zone*" OR "woody barrier*" OR "woody border*" OR "woody boundar*" OR "woody buffer*" OR "woody filter*" OR "woody margin*" OR "woody strip*" OR "woody zone*") 
AND 
(erosion* OR filt* OR remov* OR sequest* OR sedimentation OR "sediment trap*" OR "reducing sediment*" OR infiltrat* OR shad* OR subsid* OR allochthonous OR "wood recruitment" OR "water temperature" OR "water quality" OR "water chemistry" OR "buffer effectiveness" OR "ecosystem services" OR "stream temperature*" OR "*stream habitat*" OR "suspended solids" OR "suspended sediment*" OR "aquatic habitat" OR "aquatic attribute*" OR "aquatic feature*" OR "aquatic food web") 
NOT 
(tropic* OR mangrove OR subtropic* OR monsoon* OR desert* OR rainforest* OR savanna OR streamlines OR streamwise OR marine OR estuar* OR ocean* OR saltmarsh OR sealevel or sea-level OR “sea level”) 



Additional File 2: Benchmark Studies

Included is a list of published studies relevant to each of the processes associated with riparian habitat (three studies per process). These studies were identified as “benchmark studies” through a previous literature review, and this list was used to develop and determine the comprehensiveness of the search string used to retrieve relevant studies for the meta-analysis. 
	Process
	Reference

	Erosion
	Laubel, A., Kronvang, B., Hald, A. B., & Jensen, C. (2003). Hydromorphological and biological factors influencing sediment and phosphorus loss via bank erosion in small lowland rural streams in Denmark. Hydrological Processes, 17, 3443–3463. https://doi.org/10.1002/hyp.1302

	Filtration
	Gharabaghi, B., Rudra, R. P., & Goel, P. K. (2006). Effectiveness of vegetative filter strips in removal of sediments from overland flow. Water Quality Research Journal of Canada, 41(3), 275–282. https://doi.org/10.2166/wqrj.2006.031

	
	Dunn, A. M., Julien, G., Ernst, W. R., Cook, A., Doe, K. G., & Jackman, P. M. (2011). Evaluation of buffer zone effectiveness in mitigating the risks associated with agricultural runoff in Prince Edward Island. Science of the Total Environment, 409(5), 868–882. https://doi.org/10.1016/j.scitotenv.2010.11.011

	
	Wilkerson, E., Hagan, J. M., & Whitman, A. A. (2009). The effectiveness of different buffer widths for protecting water quality and macroinvertebrate and periphyton assemblages of headwater streams in Maine, USA. Canadian Journal of Fisheries and Aquatic Sciences, 67(1), 177–190. https://doi.org/10.1139/F09-162

	Infiltration
	Vidon, P. G. F., & Hill, A. R. (2004). Landscape controls on the hydrology of stream riparian zones. Journal of Hydrology, 292(1–4), 210–228. https://doi.org/10.1016/j.jhydrol.2004.01.005

	Shading
	Wilkerson, E., Hagan, J. M., Siegel, D., & Whitman, A. A. (2006). The effectiveness of different buffer widths for protecting headwater stream temperature in Maine. forest science, 52(3), 221–231. 

	
	Jyväsjärvi, J., Koivunen, I., & Muotka, T. (2020). Does the buffer width matter: Testing the effectiveness of forest certificates in the protection of headwater stream ecosystems. Forest Ecology and Management, 478, 118532. https://doi.org/https://doi.org/10.1016/j.foreco.2020.118532

	Subsidization
	Erdozain, M., Kidd, K., Kreutzweiser, D., & Sibley, P. (2019). Increased reliance of stream macroinvertebrates on terrestrial food sources linked to forest management intensity. Ecological Applications, 29(4). https://doi.org/10.1002/eap.1889

	
	Keeton, W. S., Kraft, C. E., & Warren, D. R. (2007). Mature and old-growth riparian forests: structure, dynamics, and effects on Adirondack stream habitats. Ecological Applications, 17(3), 852–868. https://doi.org/https://doi.org/10.1890/06-1172




Additional File 3: Database
The following information will be entered into the database for all included studies deemed relevant at full text:
1. Study ID (first author last name followed by year e.g., Caskenette2020)
2. Doi
3. Title
4. Data location (figure, table, text, supplementary information) [multiple choice tick box]
5. Study Location (free text)
6. Latitude (decimal degrees)
7. Longitude (decimal degrees)
8. Köppen-Geiger Climate zone (EF, ET, Dfc, Dfb, Dfa, Dwc, Dsc, Dsb,  Cfc, Cfb, Csb, Bsk ) [multiple choice tick box]
9. Annual Precipitation (mm)
10. Measurement season (spring, summer, autumn, winter, not described) [multiple choice tick box]
11. Waterbody type (stream, river, pond, lake, wetland) [multiple choice tick box]
12. Waterbody size descriptor (stream order, diameter, area, volume) [multiple choice tick box] 
13. Waterbody size (unit defined in previous step)
14. Study scale (reach, catchment, regional) [multiple choice tick box]
15. Study description (free text)
16. Study type [experimental, observational]
17. Study period (years)
18. Sampling start date (d/m/year)
19. Sampling end date (d/m/year)
20. Replication (true spatial sample size; number)
21. Replication (temporal; number)
22. Measured outcome type (erosion, filtration, infiltration, shading, subsidization) [multiple choice tick box]
23. Measured outcome description and unit (sediment in waterbody, flow, water quality, etc.) [iteratively expanding multiple choice tick box] 
24. Measured outcome estimate (#)
25. Measured outcome standard error (#)
26. Last disturbance/intervention type (selective logging, clear cut, planting, mowing, flood, fire, windfall, invasive species, etc.) [iteratively expanding multiple choice tick box] 
27. Disturbance spatial magnitude (% of riparian zone affected)
28. Disturbance temporal magnitude (days)
29. Time since last disturbance/intervention (months) 
30. Adjacent land use (grazed fields, cropped fields (arable), horticulture, viticulture, fruit (orchard), grazed grassland, un-grazed grassland, clear-cut, selective harvest, urban, none, not described) [multiple choice tick box]
31. Riparian zone width in study area (m)
32. Riparian zone length along shore in study area (m)
33. Intactness in study area (percent vegetated) (%)
34. Ratio of riparian zone size to adjacent land use size (riparian:land; number)
35. Naturalness descriptor (invasive species dominated, planted, successional, natural, not described)
36. Naturalness quantifier (%)
37. Slope (degrees)
38. Rise (m)
39. Run (m)
40. Access type (roads, trails, etc.) [iteratively expanding multiple choice tick box] 
41. Quantitative measure of access 
42. Soil compactness descriptor (free text)
43. Soil compactness (%)
44. Soil classification (free text)
45. Soil texture sand (%)
46. Soil texture silt (%)
47. Soil texture clay (%)
48. Soil organic matter (% or g/kg) (or SOC and state SOC)
49. Geology (bedrock, etc.)
50. Groundcover type (grasses, wildflowers, shrub, leaf litter, not described) [multiple choice tick box] 
51. Groundcover density (unit)
52. Canopy type (deciduous, evergreen, mixed, not described) [multiple choice tick box]
53. Canopy cover (%)
54. Frequency of rills/channels (# per 100m of riparian area)
55. Soil moisture content (%)
56. Groundwater level (depth in m)
57. Critical appraisal notes (free text; major confounders and possible reasons for exclusion)
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