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Keywords: Freshwater quality and biodiversity are known to be affected by surrounding timber harvesting activities.
Forestry However, variable impacts across studies make it difficult to predict the implications of harvesting for fresh-
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waters. Evidence syntheses compile existing research to assess whether robust predictions of impact can be
drawn and determine where gaps lie. Yet, no synthesis that we know of describes the overall evidence landscape
of research assessing the effects of forest management for wood production (hereafter: timber harvesting) on

water quality and aquatic biodiversity of running waters. We address this gap by creating an evidence map
specifically focused on boreal and temperate biomes - which contribute heavily to timber production. Using Web
of Science Core Collections, Scopus and Google Scholar, we located 638 relevant publications from which we
identified three key primary research and evidence synthesis priorities focused on prediction of impact using
existing literature. Most studies took place in the United States of America (56 %, n = 358) and quantified two or
more biotic or water quality indicators (range = 1-52, mean = 7, sd = 7). Water quality was more frequently
assessed across studies (80 %, n = 511) than biotic indicators (39 %, n = 248), with benthic macroinvertebrates
being the most commonly assessed taxon (50% of studies that quantified biotic indicators, n=124).
Biodiversity-specific biotic indicators (e.g. richness) were assessed at a similar frequency (51 % of all biotic in-
dicator measurements, n = 606) to other types of biotic indicators (e.g. abundance) (49 %, n = 594). The majority
of studies that contained temporal information collected data about water quality and biotic indicators for no
longer than five years (56 %, n = 358) and no more than five years after timber harvesting events (66 %, n = 309
studies). Although numerous studies contained no information about the types of harvesting in their study re-
gions (19 %, n = 122), those that did mainly focused on effects of clearcutting (n = 458 studies). Most studies did
not contain watershed-scale information about timber harvesting (58 %, n = 349). Together, these findings point
toward three key primary research priorities which include: capturing a broader scope of effects, especially
regarding biodiversity and other biotic indicators; increasing our ability to detect long-term changes related to
timber harvesting; and, better accounting for watershed level processes. We provide suggestions for approaches
to address each of these research priorities and examples of how evidence syntheses that utilize and build on the
dataset we compiled for this map could improve understanding and prediction of the effects of timber harvesting

on fresh waters.

1. Introduction Dudgeon, 2010). However, their integrity is threatened by a growing
suite of anthropogenic stressors (Reid et al., 2019), including changes in

Freshwater ecosystems make numerous contributions to people’s land use and cover caused by timber harvesting and related activities.
wellbeing (MA, 2005) and are home to a diversity of species (Strayer and Freshwater biodiversity has been found to decline in response to
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surrounding harvesting activities (Growns and Davis, 1994; Richardson
and Béraud, 2014; Smith et al., 2009) and water quality can also be
negatively affected (Davies and Nelson, 1994; Levno and Rothacher,
1967; Webb et al., 2012). Yet, in some circumstances, these same aspects
of freshwater systems (i.e. biodiversity and water quality) seem to
remain unaffected by surrounding harvesting (Chiwa et al., 2020; Mckie
and Malmqvist, 2009). Improving understanding of the factors that
drive these shifts - and explaining why they are present under some
circumstances and not others - is an important step toward furthering
the development of harvesting practices and policy that minimize un-
desirable negative impacts on freshwater ecosystems. Identifying gaps
and biases in existing literature is a helpful first step toward the devel-
opment of such understanding.

Decades of research have identified numerous mechanisms for why
and how timber harvesting affects freshwaters, as well as variation in
these effects (Gerth et al., 2022; Tebo, 1955). For example, landscape
characteristics such as the topography of a watershed can affect the
movement of nutrients across hydrologically connected fresh waters. As
such, the impacts of harvesting on nutrient fluxes and sediment yields -
which influence water quality (Kreutzweiser et al., 2008) - between two
otherwise identically-harvested watersheds will likely differ based on
topography. Several aspects of harvesting practices such as techniques
(Davis and Clatterbuck, 2003; EkIof et al., 2012; Mlambo et al., 2015),
spatial extent and configuration (Erdozain et al., 2018; Lofgren et al.,
2009), the application of best management practices (Warrington et al.,
2017) are also known to alter freshwater impacts of harvesting.
Although many studies exist on these drivers, discrepancies among
findings due to these and other sources of variation make it difficult to
predict the implications of harvesting for fresh waters with confidence
(Lunn et al., 2017).

Evidence syntheses can help assess whether robust predictions of
impact can be drawn from existing research and determine where gaps
lie (Cook et al., 2017; Pullin et al., 2016). Recent syntheses have
advanced certain key questions about the effects of harvesting on fresh
waters by investigating, for example, how the application of best man-
agement practices during harvesting affects aquatic fauna (Warrington
et al., 2017), how riparian zone harvesting affects biological and
chemical components of streams (Richardson and Béraud, 2014), or how
harvesting in the southeastern USA affects biodiversity (Petrokofsky
et al.,, 2021). However, no synthesis that we know of describes the
overall evidence landscape (i.e. creates an evidence map) of research
assessing the effects of timber harvesting on water quality and biodi-
versity of running waters. This makes it difficult to know whether
existing research can be used to uncover generalities in harvesting best
practices for water quality and biodiversity outcomes, as well as where
key gaps and consequent future research directions lie.

We address this gap by creating an evidence map of published
research assessing the effects of forest management for wood production
(hereafter, timber harvesting) on water quality, biotic and biodiversity
indicators in running waters, specifically focusing on boreal and
temperate biomes. We consider these biomes as they are major con-
tributors to global timber production (Arets et al., 2011), and are the
biomes our team of authors primarily live and work in. Specifically, our
evidence map showcases: 1) where research has taken place, 2) the
range and frequency of biotic and water quality outcomes assessed, as
well as the timeframes over which these were assessed, 3) the types and
spatial extents of timber harvesting assessed, and 4) the study designs
that have been used. We use these findings to identify existing gaps in
this field and associated key future primary research directions that, if
addressed, can help advance understanding of how timber harvesting
affects fresh waters. We also discuss how the novel dataset we compiled
could be built upon to address some of these key research questions and
inform predictions of impact that can support improved land-use
planning.
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2. Methods
2.1. Data collection

2.1.1. Identification of relevant publications

Building from literature review guidelines established by the
Collaboration for Environmental Evidence (Collaboration for Environ-
mental Evidence, 2022), we developed a search string to capture pub-
lications assessing the effects of timber harvesting on biodiversity and
water quality of running waters in Boreal and Temperate forests
(Table 1; see Appendix A for details). This string was used to search the
title, abstract, and keywords of publications in Web of Science Core
Collections and Scopus on November 12, 2020 using Carleton Uni-
versity’s institutional subscriptions. We also performed searches using
Google Scholar between December 8 and 16 2020 to locate additional
commercially published and grey literature. Search terms were limited
to English, as this is the language primarily spoken by several of the
project collaborators. In addition, we manually searched the reference
lists of publications identified as relevant reviews during screening for
relevant publications not found using the search strategy.

The titles and abstracts of each of the 9349 unique publications
retrieved via all searches were screened for relevance by nine members
of the team of co-authors following a consistency check. Articles
considered relevant for inclusion met the following five eligibility
criteria: 1) reports qualitative or quantitative information about water
quality or aquatic biodiversity, 2) self-describes as having assessed
outcomes or effects of timber harvesting, or contains sufficient infor-
mation to assess these effects, 3) takes place in one or several freshwater
bodies of running water, 4) takes place in a boreal or temperate forest,
and 5) is a primary field-based study that includes experimental ma-
nipulations or observations. If these criteria could not be assessed via the
publication’s title and abstract, it was moved to full text screening where
the same five criteria were assessed using information from the entire
publication. It is important to note that in the context of this study’s
screening process we defined biodiversity indicators as those that were
either self-identified as indicators of biodiversity by study authors or
reflect some aspect of the variety of life forms within an ecosystem (e.g.
diversity, richness, dominance, evenness). However, we also retained
publications that contained any information about two or more species
(e.g. abundance) to capture a broader scope of biotic indicators than
solely biodiversity focused-ones. See Appendix A, Section A.1 for details
concerning the identification of relevant publications.

Table 1

Search string used to locate publications assessing the effects of timber har-
vesting on the water quality and biodiversity of running waters in Boreal and
Temperate forests. Each of the shown specific search strings were combined by
the boolean operator “AND”.

Targeted component of publications Specific search string used to capture

relevant publications

Environment type -
Identifies publications situated in
forests with running waters passing
through them

Interventions -

Identifies publications focused on timber

harvesting

Outcomes -

Identifies publications that assess water

quality or biodiversity

forest$ OR canopy
"running water$" OR stream$ OR river*

harvest* OR log* OR clearcut* OR
forestry OR timber OR buffer OR "forest
age" OR 'riparian canopy"

biodiversity OR richness OR diversity OR
dominance OR evenness OR "community
structure" OR *invertebrate$ OR

fish* OR amphibian$ OR plant$ OR
herptile$ OR mammal$ OR bird$ OR
moss* OR algae OR fungi OR meiofauna
OR "water quality* " OR "water
chemistry" OR pH OR P OR Phosphorous
OR N OR Nitrogen OR K OR Potassium
OR conductivity OR recovery
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2.1.2. Data collection from relevant publications

We collected detailed information from all relevant publications
about study locations, water quality and biotic indicators assessed, the
types and spatial extents of timber harvesting taking place in assessed
locations, and the study designs (see the accompanying dataset meta-
data published on Zenodo sheet for a detailed description of all infor-
mation gathered from individual studies). All data were collected by two
of the study co-authors (D.E.L.H. and M.H.), who conducted a consis-
tency check at the start of the data collection procedure to ensure their
approaches to data collection were as similar as possible (see Appendix
A, Section A.1 for details). Data were collected for each unique water
quality and biotic indicator (i.e. individual dataset) found in each
distinct study (a study consists of data collected from distinct locations
used in distinct analyses; some publications include more than one
study). When collecting information about the spatial extent of har-
vesting, we defined the term watershed as the entire hydrologically
connected area located upland of any given point in a body of running
water.

2.2. Data coding and mapping method

Patterns across the compiled publications were evaluated in R Studio
using the R core packages in version 4.1.3 (R Core Team, 2022), dplyr
(Wickham et al., 2022), googlesheets4 (Bryan, 2023), tidyr (Wickham
et al., 2024c), stringr (Wickham, 2023b), purr (Wickham and Henry,
2023a), forcats (Wickham and RStudio, 2023), readr (Wickham et al.,
2024b) and janitor (Firke et al., 2023). Data visualization was completed
using QGIS version 3.4 (QGIS.org, 2021) and ggplot2 (Wickham et al.,
2024a). Information was summarized at various levels (i.e. publication,
study, individual dataset) depending on the aspects of the overall dataset
being evaluated. For example, the number of unique water quality and
biotic indicators for which information was gathered was summarized at
the study level, as each study collected information about a specific
number of indicators. In contrast, information about study design was
summarized at the dataset level because specific datasets nested within a
study were sometimes collected using different study designs (e.g. a
given study gathered information about mercury in benthic macro-
invertebrates using a control-impact design, but also used a before-after
control-impact design for information about mercury in birds (Willacker
et al., 2019)).

We categorized water quality and biotic indicators, as well as the
types of timber harvesting assessed across studies into broader cate-
gories that would allow for streamlined analyses. For water quality and
biotic indicators, broader categories were iteratively developed by first
extracting a full list of the unique indicators assessed across all studies
to: 1) capture redundant terms (e.g., “% shredders” and “% shredder™),
and 2) identify similar terms (e.g. using a “Benthic invertebrate health
indicator” as an indicator of water quality is a similar approach to using
“Benthic macroinvertebrate relative abundance” as an indicator of water
quality). We then iteratively developed definitions for relevant broader
categories. For example, all biotic indicators that were made up of
measures of the number of groupings present in a community were
categorized as measures of “richness”, and all water quality indicators
that included biological components -such as the macroinvertebrate
examples above- were considered to be “biological indicators” of water
quality. Biotic indicators were then further classified as biodiversity-
focused or not. Note also that biological indicators of water quality
were considered to be water quality and not biodiversity or biotic in-
dicators when authors explicitly stated they were being used as water
quality indicators. A complete list of unique water quality and biotic
indicators captured across the assessed literature and how they were
classified is available in the dataset published alongside this manuscript,
and lists and definitions of the final set of broader categories used in our
analyses are found in Appendix A, Section A.2 (Tables S1 and S2). For
timber harvesting, categorization was completed based on definitions of
types of timber harvesting found in the US Forest Service Reforestation
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Glossary (USDA, 2024), with specific definitions of timber harvesting
categories outlined in Table S3 (Appendix A, Section A.2).

For mapping, we used the World Food Programme’s “World
Administrative Boundaries - Countries and Territories” layer to outline
countries (Opendatasoft, 2023). We used the World Wildlife Fund’s
Terrestrial Biomes layer (Olson et al., 2001; WWF, 2012) to outline the
global distribution of boreal and temperate forests, which, for the pur-
pose of this work, we considered to be nested within three biomes: 1)
temperate coniferous forests, 2) temperate broadleaf and mixed forests,
and 3) boreal forests/taiga.

3. Results
3.1. Dataset overview

The 9349 publications we screened were narrowed down to 581
relevant publications. Among these, 47 were considered to be “supple-
mentary”, as their data were already collected from other publications.
Among the 534 resulting publications from which we collected unique
data, 45 contained more than one study (i.e., the publication presented
data collected from different locations that were used in distinct statis-
tical analyses), with the number of studies in this group ranging from
two to 34. Overall, we compiled data from 638 unique studies. A com-
plete breakdown of the process of identification of relevant publications
is shown in Figure S1 (Appendix B, Section B.1).

The 534 publications from which we collected unique data were
mainly peer-reviewed articles (79 %, n = 422), but also included theses
(7 %, n = 37), published reports (government, NGOs, consultants, etc.)
(6 %, n = 32), conference proceedings (6 %, n = 32), and book chapters
(2%, n=11). They were published between 1955 and 2021, with the
highest publication rate occurring between 2000 and 2010 (Figure S2,
Appendix B, Section B.2). Peer-reviewed publications were retrieved
from 119 journals, with the most common journals being Forest Ecology
and Management (13 %, n =70 publications), Hydrobiologia (3 %, n=17
publications), and Hydrology and Earth System Sciences (3%, n=15
publications).

3.2. Study locations

We collected data from studies located in 26 of the 74 countries that
contain boreal or temperate forests (Fig. 1). More than half the studies
from which we compiled data were conducted in the United States of
America (n =358, 56 % of studies), and nine of the countries repre-
sented in the overall dataset only had a single study within their
boundaries (e.g. Russia, Poland, Iran, etc.). An additional seven coun-
tries had five studies or less within their boundaries (e.g. France, Spain,
Turkey, etc.). Canada (n = 89, 14 %), the UK (n = 35, 6 %), and Australia
(n=27, 4%) all had more than 25 studies conducted within their
boundaries (Table S4). The greatest number of studies took place in
temperate broadleaf and mixed forests (n =341, 54 % of studies) fol-
lowed by temperate coniferous forests (n =250, 39 % of studies), and
boreal forests/taiga (n = 47, 7 % of studies). Just over a third of studies
(n =232, 36 %) took place in a total of 78 different experimental forests.

3.3. Water quality and biotic outcomes assessed

A total of 3569 water quality indicators and 1200 biotic indicators
(606 of which were biodiversity-focused) were assessed across the 638
studies from which we compiled information. Individual studies quan-
tified anywhere between one and 52 unique water quality and/or biotic
indicators (mean = 7 indicators, sd = 7 indicators), with the majority of
studies (83 %) quantifying more than a single indicator. Only 19 % of
studies (n = 121) assessed a combination of both water quality and bi-
otic indicators, and water quality indicators were more frequently
assessed (80 % of studies, n = 511) than biotic ones (39 % of studies,
n = 248) (Fig. 2).
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°

Fig. 1. Map of locations where studies assessing the effects of timber harvesting on water quality and biodiversity in running waters have taken place. Only literature

published prior to November 2020 is captured by this map (n = 638 studies).
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Fig. 2. The number of unique water quality and biotic indicators assessed in individual studies. Colors of the bars indicate if studies assessed biotic indicators, water

quality indicators or both (n = 638 studies).

Among the 16 different types of water quality indicators assessed,
nitrogen-related measures (16 %, n = 285) and measures of acidity and
alkalinity (12 %, n = 223) were the most commonly assessed, with only
a very small proportion of studies quantified pesticide concentrations
(n = 8 studies)(Fig. 3a).

Among studies that assessed biotic indicators (39 %, n = 248), the
most common taxa assessed were benthic macroinvertebrates (50 %,

n = 124), followed by fish (18 %, n =45), and amphibians (10 %,
n = 25). Mosses were the least frequently assessed sub-category of taxa,
with only a single study having collected data about them (Fig. 4).
Studies assessed anywhere between 1 and 6 different taxa (mean = 1.48,
sd = 0.79), but the majority of studies assessed species from a single
taxon (66 %, n = 163). Looking at the total individual biotic indicators
assessed across all studies (n = 1200) richness (17 %, n = 200) and
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Fig. 3. The number of studies that assessed specific types of water quality and biotic indicators. Panel A: studies focused on water quality (80 %, n = 511). Panel B:
studies focused on biotic indicators (39 %, n = 248), where biodiversity-focused indicators are bolded and followed by an asterisk.
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abundance (16 %, n = 194) were most frequently assessed, whereas
measures of similarity and relative biomass were the least frequently
quantified (for both: 0.2 %, n = 2). Biodiversity-focused biotic in-
dicators (51 % of total biotic indicator assessments, n = 606) were
assessed at similar frequency to non-biodiversity focused ones (49 %,
n = 594) (Fig. 3b).

Among the 638 studies from which we compiled data, 11 % (i.e. 67
studies) did not have information about the timeframe over which their
water quality and biotic data was collected. Among studies that did
contain this temporal information, the analyzed data spanned a
maximum of 60 years (mean = 7 years, sd = 8 years), but most studies
(56 %, n = 358 studies) looked at data collected over a period of 5 years
or less (Fig. 5a). Studies assessing biotic indicators collected data over
shorter time periods (up to 45 years, mean = 3 years) than those
assessing water quality (up to 60 years, mean = 7 years). Some level of
information about when the timber harvesting events affecting assessed
study sites had taken place was available in most studies (73 %, n = 466
studies). The range of time between harvesting and water quality or
biotic data collection spanned a maximum of 150 years after harvesting
(mean = 9 years, sd = 17 years), but the majority of studies that con-
tained this temporal information (66 %, n = 309 studies) only collected
data up to 5 years after harvesting (Fig. 5b). Among studies that
collected information about water quality or biotic data before har-
vesting started (35 %, n = 225 studies), the longest time span that took
place prior to harvesting was 20 years (mean = 3 years, sd = 3 years),
although 40 % of these (91 studies) only collected data in the year prior

to harvesting.

3.4. Harvesting types and extents

Studies took place in areas affected by between one and six different
types of timber harvesting, although the majority of studies (73 %,
n = 470 studies) were focused on a single type of harvesting (Figure S3,
Appendix B, Section B.2). Clearcuts were the most frequently assessed
type of harvesting across studies (75 %, n = 458 studies), followed by
selection cuts (12 %, n =74 studies), and thinning (10 %, n =65
studies). Numerous studies (19 %, n = 122) did not contain information
about the type(s) of harvesting that took place around the study sites
they assessed, or the presence/absence of buffer zones adjacent to
freshwater systems at harvested sites (46 %, n = 294 studies). Among
studies that did contain information about the presence of buffer zones,
the most common approach was for assessed sites to have a combination
of sites with and without buffers (Fig. 6).

Most studies did not have watershed-scale information about the
extent of timber harvesting that had taken place in the watersheds of the
study sites from which they collected data, but 42 % (n = 289 studies)
did contain this information. Among these, harvesting took place in a
maximum of anywhere from 0.02 % to 100 % of the assessed watersheds
(mean = 63.21 %, sd = 32.52 %). While studies with a maximum of
90-100 % of watershed-scale harvesting were most common, there were
comparable amounts of studies conducted across various extents of
harvesting (Figure S5a, Appendix B, Section B.2). A subset of these
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Fig. 5. Duration of studies assessing the effects of timber harvesting on water
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studies (n = 170 studies) had inter-site variability in the spatial extents
of harvesting (Figure S5b, Appendix B, Section B.2).

3.5. Study designs

A small proportion of studies (2 %, n = 15) used different study
designs across the various datasets they assessed. For these, we included
information about each of the unique study designs they used, so the
number of studies referred to in this section is higher than elsewhere
throughout this publication (n = 654 vs n = 638). Before-after control-
impact (BACI) was the most common design used across studies (23 %,
n = 152 studies), followed by control-impact designs (17 %, n = 114
studies), control-impact designs with a gradient (28 %, n = 100 studies),
BACI designs that included a gradient of impacted sites (28 %, n = 98
studies), comparisons of sites with variation in terms of different inter-
vention modifiers (e.g. spatial extent of harvesting, time since harvest-
ing, type of harvesting) (9 %, n = 60 studies), before-after designs (7 %,
n = 44 studies). Among studies that had information about the size of
the watersheds they used in their designs (i.e. area upland of the
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locations at which they collected information) (n = 437), the largest
group of studies (40 %, n = 178) focused on watersheds between 0 and
1 km2. There were studies with sites at the outflow of larger watersheds
- the largest system had a watershed of 23842 km2 - but across all
studies only 84 had watersheds over 20 km2 (Figure S4). In terms of the
level of replication used in study designs, 25 % of studies (n = 163
studies) did not include any form of spatial or temporal replication (i.e.,
respectively: replicate samples taken within sites or among different
water bodies, multiple samples within or among years). However, most
studies included replication, with spatial replication being the most
frequent form observed across studies (28 %, n = 180 studies), closely
followed by temporal replication (27 %, n = 174 studies), and studies
that included both spatial and temporal replication (21 %, n =137
studies) (Fig. 7).

Among studies that used a design that included a gradient of
impacted sites (40 %, n = 258 studies) the most common type of
gradient was of spatial harvesting extent (n = 106), followed by studies
focused on different types of harvesting practices (n = 43), and studies
assessing effects through time (n = 33). There were also studies that
assessed sites distributed across several of these three gradients at once
(n = 82), or focused on other types of gradients (n = 44), in variables
such as land-use/land-cover or canopy cover (Figure S6). Notably, there
were no BACI design studies solely focused on quantifying effects
through time.

4. Discussion

Among the studies we identified, water quality was more frequently
assessed than biotic data, with benthic macroinvertebrates being the
most commonly assessed type of taxa. The majority of studies collected
data about water quality and biotic data for no longer than five years
and no more than five years after timber harvesting events. We also
found that most studies did not contain watershed-scale information
about timber harvesting, and that sites with small watersheds were more
frequently assessed than those with larger watersheds. Together, these
findings point toward three key primary research priorities to help
improve understanding of the effects of timber harvesting on freshwa-
ters. These include: 1) capturing a broader scope of effects, especially
with regards to biotic data; 2) increasing our ability to detect long-term
changes related to timber harvesting; and, 3) better accounting for
watershed level processes. The order of these priorities does not reflect
their importance, as they will all need to be addressed in tandem to
inform timber harvesting policies that consistently minimize negative
effects on fresh waters. We discuss each of these research priorities,
provide recommendations for approaches to address them, as well as
how evidence synthesis approaches that utilize and build on the dataset
we compiled for this map could help contribute to addressing existing
research gaps.

4.1. Capture a broader scope of effects

Our findings echo those of other work that documented a disparity
between efforts to understand the effects of timber harvesting on water
quality versus freshwater biodiversity (Warrington et al., 2017), with
more of the existing work focused on water quality than freshwater
biodiversity and biotic data. This highlights a need for increased
research effort on the effects of timber harvesting on freshwater biodi-
versity - an especially important task as we work to bend the curve on
global freshwater biodiversity loss (Tickner et al., 2020). Critical
reflection is important regarding which elements of diversity are
measured, their ability to effectively detect change (Baumgartner, 2006;
Santini et al., 2017), and what appropriate freshwater biodiversity
conservation targets are.

Our findings also highlight a tendency for research in this field to
focus on water quality or biotic data separately, as opposed to in tan-
dem. This approach is not inherently flawed, as detailed assessments of
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specific aspects of water quality or biotic data are important for
advancing understanding of changes, and can shed light on the factors
driving these changes. It is also understandable, given the potential
logistical and cost difficulties of comprehensive biophysicochemical
assessments. However, this type of approach cannot capture interactions
among elements of water quality and biodiversity (or other biotic data)
following harvesting, which is key to a holistic understanding of how
timber harvesting affects freshwaters and the mechanisms underpinning
these effects (Coté et al., 2016; Jordano, 2016; Lunn et al., 2017).
There is a specific need to increase the amount of research that in-
vestigates effects of harvesting on freshwater taxa other than benthic
macroinvertebrates - a finding supported by other synthesizing work
that extended beyond boreal and temperate forests (Lunn et al., 2017).
Although benthic macroinvertebrates are a critical component of
freshwater biodiversity that can serve as a useful indicator of the effects
of harvesting on other taxa (Davies and Nelson, 1994; Kaylor and
Warren, 2018), different taxonomic groups and even different individ-
ual species can respond differently to stressors such as timber harvesting
(Johnson and Hering, 2009). The skew toward invertebrate research we
documented thus entails risk of missing key information about the ef-
fects of harvesting on freshwater biodiversity in general, as well as other
types of taxonomic groups. Using novel tools like environmental DNA to
capture information about a larger breadth of freshwater biodiversity is
one strategy that could help address this gap (Altermatt et al., 2023).
Although there were many studies assessing effects of timber har-
vesting on indicators of water quality, we found that some aspects of
water quality were not well-represented by existing literature captured
by our search. For example, very few studies assessed concentrations of
pesticides or herbicides in water, although these are routinely applied
during certain types of forestry operations (10,000 years institute, n.d.).
Also, in spite of the vast diversity of water quality indicators measured
across studies, not a single one of these focused on people’s perceptions
of water quality. Of course, including relevant additional terms our
search string did not incorporate like “pesticide* ” or “perception* ” to

»

specifically target literature about these other aspects of water quality
would likely have broadened results. Indeed, the search terms we
selected could have benefited from being more comprehensive. Still,
given that our search terms did include “water quality”, the fact that we
did not document a wider breadth of indicators speaks to what is
currently valued in scientific literature seeking to document the effects
of timber harvesting on water quality. Increasing attention toward
understudied aspects of water quality and the variety of voices heard in
this body of literature could help generate a more holistic understanding
of the effects of harvesting on water quality, as well as how people un-
derstand and relate to those effects, and in turn guide improved stew-
ardship of waters (Leonard et al., 2023).

4.2. Increase ability to detect long-term changes

Ensuring studies take place over longer time periods than most
current research will help gain insight into the full extent of the effects of
timber harvesting on freshwaters. This is important because short-term
research can generate trends that are misleading. For example, in
Peterman et al.’s (2011) investigation of the effects of timber harvesting
on salamanders they found that salamander abundance increased in
areas with smaller buffers relative to those with larger buffers or no
harvesting. However, they point out that this was likely due to an early
response of salamanders migrating offland and into water as a result of
harvesting, and that this migration is likely to in fact have lasting
negative effects on the salamander population abundance. Xu and Xu’s
(2018) study on water quality showcases how short-term research
focused on sediment delivery is susceptible to over- or under-estimating
the effects of harvesting best management practices because of how
suspended sediment transport is mediated by intense storms, which are
usually randomly distributed through time and infrequent. Increasing
the duration of studies can help control for these types of potential
erroneous trends and develop a more robust understanding of the effects
of harvesting through time.



D.E.L. Hanna et al.

Forest Ecology and Management 580 (2025) 122425

160

Number of studies

Replication type

None

. Spatial

- Spatial & temporal

. Temporal

Type of study design

Fig. 7. Types of designs and replication used by studies. Colors of the bars indicate if studies used replication and the types of replication they included when
relevant (n = 654; although only 638 unique studies are included in this analysis, 15 of these included more than one type of design).

Short-term studies also make it difficult to understand post-
harvesting recovery trajectories; information that is useful when it
comes to sustainable landscape-scale planning and avoiding problematic
cumulative effects (Contant and Wiggins, 1991; Mansuy et al., 2020).
Among studies we compiled that included temporal information, the
majority quantified water quality or biodiversity no more than five years
after harvesting, but research shows recovery can take longer (Davies
etal., 2005; Erdozain et al., 2018; Yeung et al., 2017), and certain effects
may even last for decades or showcase nonlinear recovery trajectories
(Adams et al., 2014; Xu and Xu, 2018). One particularly alarming gap is
the negligible amount of research assessing effects of harvesting on bi-
otic indicators through time, especially given that the only two studies
we found assessing this relationship over the course of decades docu-
mented lasting effects on certain species of fish (Helliwell et al., 2014;
Martens et al., 2019). Although increasing the temporal scope of
research undertaken in this field represents logistical challenges, it is an
important gap that needs to be filled. Research utilizing the existing
network of experimental forests - many of which have substantial prior
data dating back several decades - shows promise as a means to begin
addressing this gap (Elliott and Vose, 2011; Leach et al., 2020; Yeung
et al., 2017).

4.3. Account for watershed level processes

Increasing the proportion of studies in this field that incorporate
watershed-scale information and work at larger spatial scales could help
better account for and understand the potential effects of connectivity
and watershed level processes in freshwater systems. This is important
because various components of a system that affect water quality (e.g.,
sediments, nutrients) -which can in turn influence biodiversity and

individual living organisms- move through hydrologically connected
landscapes. Failing to account for this can lead to biased experimental
designs and analyses. For example, we documented studies that
considered various sites as independent replicates, but these sites were
in fact spatially non-independent because they were situated in the same
watershed and had nested and hydrologically connected components
(Daoust et al., 2019). Another type of design that does not account for
connectivity and poses a risk of inaccurately estimating the effects of
harvesting is when sites considered to be a control that is not affected by
timber harvesting have in fact had timber harvesting upstream of them.
Research shows that even small amounts (i.e. less than 5 %) of
watershed-scale harvesting can have effects on freshwaters (Lecerf et al.,
2012), so using experimental designs that account for upstream har-
vesting is important. This also applies to other upland factors that can
influence water quality and biodiversity and individual living organ-
isms, such land-use (other than harvesting) and land-cover (Giri and
Qiu, 2016; Miller et al., 2011), point-source pollution (Wu and Chen,
2013), important climatic events (Leigh et al., 2015), and geophysical
characteristics such as topography (Fukushima and Tokuchi, 2009) or
watershed size (Clément et al., 2017). Existing geographic information
systems-based approaches can be used to complement field-based de-
signs and properly account for important hydrologically connected
factors upstream of sampled locations in analyses (Hanna et al., 2021;
Johnson and Host, 2010).

Information about watershed-scale trends could also help inform
best management practices that take freshwater connectivity and
watershed level processes into consideration. For example, studies
containing data across sites with watersheds that have various pro-
portions of harvesting (Fuchs et al., 2003; Kreutzweiser et al., 2005)
could be used to investigate the presence of watershed-scale harvesting
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thresholds beyond which effects on freshwaters are deemed too high.
Although previous research has highlighted how the numerous factors
that influence water quality and biodiversity make generalizations
about acceptable proportions of watershed-scale harvesting difficult
(Picchio et al., 2021), research in the agricultural field suggests there is
potential to identify watershed-scale thresholds that can inform
improved management (Clément et al., 2017; Qiu and Turner, 2015).
Further, there has been recent progress with regards to meaningful
identification of forest disturbance thresholds and related hydrological
impacts (e.g. Hou and Wei, 2024). Watershed-scale information about
the configuration of harvesting may also be useful in informing
best-management practices (Johnson and Host, 2010). In general, it is
clear that adequately caring for freshwaters requires that hydrological
connectivity and watershed level processes be considered (Abell et al.,
2007), highlighting the importance of accounting for watershed level
processes by including watershed-scale information in analyses doc-
umenting impacts of harvesting.

4.4. Quantify impact through more detailed synthesis

Through our evidence mapping, we discovered several promising
opportunities for future evidence synthesis that could help improve
understanding of the effects of timber harvesting on freshwaters. For
example, we found just over 100 studies that measured both biotic and
water quality indicators, had data collected over more than 10 years,
and likely provided sufficient information to conduct a meta-analysis.
Together, these studies represent immense potential to improve under-
standing of longer-term effects of harvesting on freshwaters. We also
found almost 300 studies that contained watershed-scale information
about proportions of timber harvesting, almost 100 of which contained
data across a gradient of proportions of watershed-scale harvesting.
These studies may contain sufficient information to explore water
quality implications of different extents watershed-scale harvesting
which could be used to identify thresholds for best management prac-
tices. Synthesizing the findings of the studies compiled in this evidence
map beyond how existing reviews have already done so (see introduc-
tion) is a promising avenue of future research geared toward improved
best management practices. That said, those interested in using this
dataset to conduct syntheses could benefit from first updating it given
that several years elapsed between data collection and publication of
this evidence synthesis. Other particularly valuable ways to expand this
dataset would be to include studies from tropical regions - which are also
major wood producers; expand the key words used to locate publications
related to water quality to include other common endpoints in forest
harvesting related to water quality such as temperature, carbon, pol-
lutants and specifically relevant metals such as mercury; expand the
types of biotic indicators assessed to also include functional indicators
such as primary production, respiration, decomposition, and nutrient
cycling - which are an important aspect of ecosystem integrity; and,
include studies that collect information about single species (as opposed
to only two or more, as we did).

5. Conclusion

Our evidence map compiled information from 638 studies quanti-
fying effects of timber harvesting on water quality or biotic indicators in
waters running through boreal and temperate forests. Three future
research priorities emerged through this synthesis, including the need
to: 1) capture a broader scope of effects, particularly when it comes to
biotic indicators (and especially biodiversity), 2) increase the ability of
research to detect long-term effects of harvesting, and 3) better account
for watershed level processes. The dataset published alongside this map
provides an excellent starting point to work toward a global and
comprehensive dataset, address some of these future research priorities
through further evidence synthesis, and utilize findings to inform
improved best management practices for timber harvesting that
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minimize effects on freshwater quality and biodiversity.
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