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Abstract
Wet montane meadows are an important component of the Sierra Nevada, CA ecosystem that provide diverse ecological
services when in functional condition. Efforts are underway to restore meadows that have been degraded from past and
historic land uses. Livestock grazing is a common land use in meadows with the potential to impact Sierra meadow ecology
and may be a critical determinant of restoration success. We used a systematic literature review (SLR) method to identify,
review, and synthesize scientiﬁc literature about the ecological effects of livestock grazing on Sierra meadow ecology
resource areas, including hydrologic function, water quality, plants, soil, fens, and ﬁsh and wildlife species. We found
47 studies that matched our search criteria for inclusion in this SLR. Livestock grazing was associated with predominantly
negative effects for each resource area reviewed, suggesting that achieving functional ecological condition in Sierra
meadows that are currently used for livestock grazing may be challenging. Nevertheless, there was some evidence for
compatibility with certain resource areas and certain management regimes. We discuss livestock management options,
ecological objectives, and research questions that emerge from the literature to help inform meadow restoration and
management.
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Introduction
Wet montane meadows (hereafter referred to as Sierra meadows) are an important component of California’s Sierra
Nevada ecosystem, and their conservation value far outweighs the 2% of the Sierra Nevada that they occupy (Drew
et al. 2016). Properly functioning Sierra meadows provide
diverse ecological services, including ﬂood attenuation,
sediment ﬁltration, groundwater storage, water quality
improvements, extended dry season base ﬂows (DeLaney
1995; Hammersmark et al. 2008; Woltemade 2000), and
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carbon sequestration (Reed et al. 2020). Sierra meadows are
also biodiversity hotspots (Kattlemann and Embury 1996)
that provide habitat for diverse ﬁsh and wildlife species,
including several of conservation concern. However, ~50%
of Sierra meadows have been degraded by historic and current land uses (Hunsaker et al. 2015). Degradation is deﬁned
as a loss of some or all of the processes that form and stabilize meadows that in turn lead to reduced hydrologic and
ecological functioning and recovery potential (Drew et al.
2016), including lowered productivity, reduced biodiversity,
and loss of ecosystem services (Castelli et al. 2000; Knapp
and Matthews 1996; Ratliff 1985). Numerous private (e.g.,
Sierra Meadows Partnership, Drew et al. 2016; Sierra Nevada
Meadow Restoration Business Plan, NFWF 2010), state
(e.g., California State Water Action Plan), and federal (e.g.,
USDA Forest Service Region 5 Ecological Restoration
Leadership Intent) initiatives are underway to increase the
pace, scale, and efﬁcacy of Sierra meadow restoration efforts
and improve their management.
Meadow restoration and management efforts occur
within the context of historic and present-day livestock
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grazing. Sierra meadows are a critical source of summer
forage for livestock in California and are used disproportionately to their availability (Allen 1989; Belsky
et al. 1999; Kauffman et al. 1983; Roche et al. 2013;
Trimble and Mendel 1995). These meadows have a long
history of grazing dating back to the middle of the 19th
century (Menke et al. 1996). Historic records suggest that
meadows were overgrazed by sheep and cattle in the late
1800s and early 1900s, characterized by near-complete loss
of meadow vegetation, extensive areas of bare ground, and
loss of soil (McKelvey and Johnston 1992). Historic overgrazing and manipulation of meadow hydrology to support
grazing contributed to widespread degradation by decoupling the interacting feedbacks between soil, plants, and
hydrologic processes that maintain meadows (Ramstead
et al. 2012; Ratliff 1985; Wolf 2017), resulting in persisting
legacy impacts that are often the target of meadow
restoration efforts (Menke et al. 1996; Moyle et al. 2017;
Pope et al. 2014). Protection from livestock overgrazing is
one of the most common restoration measures taken in wet
meadows of the American Southwest (as reviewed in
Ramstead et al. 2012).
Federal policies enacted during the mid to late 20th century have resulted in increased regulation and management of
livestock grazing on lands managed by the U.S. Forest Service (USFS), including allotment management plans, annual
livestock use standards, grazing permit fees, and direction for
the monitoring, management, and improvement of range
conditions (U.S. Forest Service 2020). Long-term monitoring
data from the latter half of the 20th century show substantial
reductions in livestock grazing intensity in Sierra Nevada
national forests (Menke et al. 1996; Oles et al. 2017) and
improved rangeland conditions in response to regulations.
From 1981 to 1998, authorized livestock numbers decreased
from 163,000 head to about 97,000 on National Forests in the
Sierra Nevada Forest Plan area to better balance resource
uses with resource protection, including for sensitive species
(USDA Forest Service 2001). According to the USDA Forest
Service Region 5 ofﬁce, in 2019 and 2020, authorized livestock numbers were about 91,000 head for a total of 244,000
Animal Unit Months (L. Sevy, personal communication,
February 25, 2022). Nevertheless, new issues have emerged,
including increased impacts to riparian areas (Mitchell et al.
2005) and the potentially interacting effects of livestock
grazing and climate change (Beschta et al. 2013).
Today, livestock grazing continues to be a common land
use in Sierra meadows on private and public lands, with
varying types of management. For example, on grazing
allotments in National Forests managed by the USFS,
allotment permittees are required to follow riparian grazing
standards to lessen cattle impacts to meadows and riparian
areas, which include limiting herbaceous biomass utilization
to 30 or 40% and requiring minimum heights for residual

vegetation of 6” or 4” depending on meadow seral status
(see Ratliff 1985); limiting browsing on riparian hardwood
shrubs to no more than 20% of the annual leader growth of
mature riparian shrubs and no more than 20% of individual
seedlings; limiting livestock grazing disturbance to stream
banks to no more than 20% of the stream reach; and additional standards and guidelines speciﬁc to species of conservation concern (USDA Forest Service 2004). Most Sierra
Nevada livestock producers practice transhumance,
whereby livestock are grazed in lower-elevation valley and
foothill grasslands and oak woodlands during the winter and
moved to Sierra meadows in the summer, creating a complex socio-ecological system (Derlet et al. 2010; Sulak and
Huntsinger 2002). The current grazing system on USFS
lands in the Sierra represents an attempt to balance multiple
economic, social, and ecological goals (Oles et al. 2017).
Livestock grazing has been proposed as a critical determinant of restoration outcomes (Long and Pope 2014).
Therefore, the meadow restoration and conservation community need to understand the potential ecological effects of
livestock grazing and management options. The purpose of
this paper is to review and synthesize scientiﬁc literature
about the ecological effects of livestock grazing in Sierra
meadows in order to inform meadow restoration efforts to
achieve ecologically functional meadow conditions (see
Drew et al. 2016, NFWF 2010). These efforts in Sierra
meadows are being monitored with standardized protocols
modiﬁed from the California Wetland and Riparian Area
Monitoring Plan framework to assess outcomes relative to
pre-restoration conditions and diverse project goals. Our
ﬁndings and recommendations have broad implications for
researchers and environmental managers involved in ecological restoration, livestock grazing management, and
montane meadow restoration in the Sierra Nevada and
elsewhere.

Methods
We used a systematic literature review (SLR) method
(Gough et al. 2017; Moher et al. 2010) to identify, review,
and synthesize scientiﬁc literature about the ecological
effects of livestock grazing in Sierra meadows. To our
knowledge, this is the ﬁrst literature review of the effects of
livestock grazing on Sierra meadow ecology. Previous literature reviews have examined livestock effects on streams
and riparian areas in the western U.S. (e.g., Belsky et al.
1999; Kauffman et al. 1983; Trimble and Mendel 1995) and
the effects of pack stock on Sierra meadows (Ostoja et al.
2014).
We focus on wet montane meadows that generally occur
above 1066 m within the area adopted by the Sierra Meadows Partnership (Drew et al. 2016) that is also concurrent
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with the USDA Forest Service Sierra Nevada Forest Plan
area (USDA Forest Service 2001) (Fig. 1). This area
includes the entire Sierra Nevada geomorphic province and
smaller portions of the Cascade Range, Modoc Plateau, and
Basin and Range geomorphic provinces. It includes the nine
National Forests and Lake Tahoe Basin Management Unit
that make up the majority (46%) of Sierra meadow landownership; the remaining Sierra meadow landownership
includes ﬁve national parks and monuments (22%), private
lands (28%), and other local public and federal lands (4%)
(Drew et al. 2016).
We evaluated the effects of livestock grazing on speciﬁc
resource areas representative of ecologically functional
meadow conditions (Drew et al. 2016; NFWF 2010). These
resource areas include hydrologic function, water quality,
meadow plant communities, meadow soils, fens, and ﬁsh
and wildlife species that use meadows for habitat. We
deﬁne wet meadows in ecologically functional condition as
landforms characterized by the presence of shallow
groundwater (<1 m depth), ﬁne-textured surﬁcial soils, and
the dominance of hydric meadow graminoid species with an
obligate or facultative wetland rating and, where ecologically appropriate, riparian shrubs and trees; these plants use
surface water and/or shallow groundwater during a short
growing season (Drew et al. 2016; Viers et al. 2013;
Weixelman et al. 2011). Hydrologic sources for wet meadows include snowmelt, surface water from generally lowgradient streams, and/or groundwater discharged near the
land surface (Loheide et al. 2009; Ratliff 1985). Sierra
meadows are formed and maintained by interacting feedbacks between soil, plants, and hydrologic processes (Wolf
2017). We brieﬂy describe desired conditions that are
expected to manifest when wet meadows are in or restored
to ecologically functional condition for each resource area
in the Results (NFWF 2010, Drew et al. 2016). We use the
terms “desired conditions” and “ecologically functional
conditions” interchangeably in this paper.
Between May 1, 2020, and January 20, 2021, we used
Web of Science, Scopus, and Google Scholar databases to
perform a search of the literature for scientiﬁc studies that
directly evaluated the effects of livestock grazing on the
resource areas described above. We used the following
search string expression in Web of Science and Scopus:
“Sierra Nevada” AND (meadow OR rip*) AND (livestock
OR graz*). While our target geography encompasses portions of other geomorphic provinces, we focused on the
Sierra Nevada geomorphic province when searching the
literature, which we found was sufﬁcient to capture studies
from these other geomorphic provinces (see Results).
Within Web of Science, we used the Advanced Search
function with the qualiﬁer “TS = ”(Topic Search) in front of
each element of the search string expression, which searches article title, abstract, and keywords. Within Scopus, we

searched for these terms within all ﬁelds, which searches the
entire article, and then limited results to subject areas of
“Agricultural and Biological Sciences”, “Earth and Planetary Sciences”, and “Environmental Science.” Because
Google Scholar’s functionality does not include use of
Boolean operators, we were unable to replicate this search
string expression, and instead conducted an advanced
search for articles with all of the following words anywhere
in the article: “Sierra”, “Meadow”, “Livestock”, “Graz*”.
We exported all citations from Web of Science and Scopus
into Excel. Given constraints with Google Scholar’s functionality, we recorded the total number of returned search
results, reviewed titles and abstracts of returned documents,
saved relevant citations to “My Library” on Google Scholar,
and then exported these citations to Excel.
Our database searches returned 52 results from Web of
Science, 1331 results from Scopus, and 1041 results from
Google Scholar. We combined all exported citations from
the three databases into a single spreadsheet in Excel. We
noted which documents were identiﬁed from which database(s) and removed all duplicate records (n = 61), resulting in a total of 2363 documents. We reviewed titles and
abstracts for these remaining 2363 documents to determine
whether they should be included for further review using
the following criteria: (a) evaluated direct or indirect effects
of livestock grazing by cattle and/or sheep on one or more
elements of Sierra meadow ecology as described above, and
(b) were located in wet montane meadows within our target
geography based on the deﬁnitions provided previously
(Fig. 1). We limited inclusion of documents to peerreviewed journal articles, theses, and conference proceedings; we excluded books, book sections, literature reviews,
and technical reports. We only included theses which met
the above criteria and for which data were not published in a
peer-reviewed journal article. We also excluded studies that
did not directly evaluate the effects of livestock use of
meadows (e.g., livestock grazing simulated through clipping or artiﬁcial trampling) as well as studies with research
objectives focused on increasing forage productivity and/or
livestock production within Sierra meadows without evaluation of these effects on Sierra meadow ecology.
Our review of titles and abstracts based on the above
criteria resulted in exclusion of 2295 documents and identiﬁcation of 68 relevant documents for full-text review. We
downloaded the full text for these documents through
library access provided by the University of California at
Davis and further assessed whether they met the above
inclusion/exclusion criteria, resulting in 35 included documents and 33 excluded documents. For the 35 documents
that met our inclusion criteria, we took detailed notes on
study objectives, research questions, methods, results, and
conclusions, and also extracted basic summary information,
including the reference type (e.g., scientiﬁc article, thesis),
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Fig. 1 The extent of Sierra meadows as deﬁned by University of
California at Davis et al. (2017) within the Sierra Meadows Partnership’s geographic focus area (Drew et al. 2016). Map created by

ArcGIS 10.8. USA Topo Maps base layer copyright 2014 National
Geographic Society, i-cubed
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within wet montane meadows in the Klamath Mountains,
CA (Cole and North 2014; Cole et al. 2016). The Klamath
is a region that shares similar climatic and ecological conditions as the Sierra Nevada, and the range of Cascades frog
extends from the northern part of our target geography west
into the Klamath. We also included one study that examined
pack stock effects on Sierra meadow soils (Baccei et al.
2020).
We included 47 documents in this SLR. We deﬁned
ecological effects of livestock grazing as those deemed
signiﬁcant by the authors and categorized these effects as
positive, negative, neutral, mixed (i.e., results that fell into
more than one category), or unclear for each document and
resource area. Given limitations associated with the literature identiﬁed in this SLR, we primarily focus our discussion on the ecological effects of livestock grazing on
different elements of Sierra meadow ecology, rather than
reviewing the effectiveness of different livestock grazing
management practices in meeting desired ecological conditions, which has been reviewed elsewhere (see George
et al. 2011).

resource area(s) examined (e.g., hydrology, birds), and the
grazing regime or other livestock grazing management
practices as deﬁned by the authors (e.g., grazing intensity,
riparian fencing).
We completed a forward-backward review (Gough et al.
2017) of each included document to identify additional
relevant studies for inclusion that were either cited by the
original document (backward review) or cited the original
document (forward review). This allowed us to identify an
additional six documents for inclusion. We also supplemented our SLR with our expert knowledge of the literature
to identify an additional six relevant documents for inclusion that met our criteria, but which were not initially
identiﬁed through our web database and forward-backward
searches. Figure 2 summarizes our SLR process based on
the PRISMA 2009 ﬂow diagram (Moher et al. 2010).
Though we focus on the livestock grazing literature in
Sierra meadows, our SLR also identiﬁed studies from analogous wet meadow and riparian areas from outside our
target geography and pack stock literature from Sierra
meadows. We included a small subset of these studies in
our review in response to a lack of information for certain
resource areas. We included two studies examining livestock grazing effects on Cascades frog (Rana cascadae)

Results

Fig. 2 Literature search process to select articles for inclusion in this
systematic literature review (based on the PRISMA ﬂow diagram,
Moher et al. 2010)

We reviewed 47 studies that evaluated the effects of livestock grazing on different resource areas of Sierra meadow
ecology. The majority of studies took place in meadows that
fell entirely within the Sierra Nevada geomorphic province
(n = 39, 83.0%). Five studies (10.6%) occurred in meadows
within the Sierra Nevada as well as adjacent geomorphic
provinces, such as the southern Cascades (Cicero 1997;
DeRose 2019; Oles et al. 2017; Roche et al. 2013; Thiptara
2014). One study (2.1%) occurred in montane meadows of
the southern Cascades (Jones et al. 2011) and two studies
(4.3%) occurred in montane meadows of the Klamath
Range (Cole and North 2014; Cole et al. 2016).
The vast majority of reviewed studies evaluated the
ecological effects of livestock grazing under the grazing
regime typical of public and private lands in the Sierra
Nevada today, though historic grazing pressure and other
anthropogenic impacts inﬂuenced current meadow condition (e.g., Dull 1999). The most frequent resource area
examined was plants (n = 15, 31.9% of studies) followed by
water quality (n = 10, 21.3%), while the least frequent
resource area examined was fens (n = 2, 4.3% of studies)
(Table 1).
When evaluated on a study-by-study basis, the majority
of studies reviewed found negative (n = 29, 61.7%), neutral
(n = 7, 14.9%), or mixed negative and neutral (n = 5,
10.6%) associations between livestock grazing and Sierra
meadow ecology (Table 2). This pattern was also apparent
when studies were evaluated by resource area, with the
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Table 1 Number of studies identiﬁed by this systematic literature review within each resource area of Sierra meadow ecology, along with
associated citations
Resource area

# of studies

Citations

Hydrologic function

5

Allen 1989*, Knapp and Matthews 1996*, Stevenson 2004*, Herbst et al. 2012*, DeRose 2019*

Water quality

10

Derlet et al. 2008, Myers and Kane 2011, Derlet et al. 2012a, 2012b, Myers and Whited 2012, Herbst
et al. 2012*, Roche et al. 2013, Thiptara 2014, Nussle et al. 2015*, DeRose et al. 2020

Plants

15

Odion et al. 1988, Allen 1989*, Conroy et al. 1991, Knapp and Matthews 1996*, Knapp et al. 1998*,
Dull 1999, Stevenson 2004*, Sarr and Dudley 2008, Jones et al. 2011, Herbst et al. 2012*, Freitas
et al. 2014, Nussle et al. 2015*, Nussle et al. 2017*, Oles et al. 2017, DeRose 2019*

Soil

5

Blank et al. 2006, Blank and Morgan 2010, Norton et al. 2014, Roche et al. 2014, Baccei et al. 2020

Fens

2

Flett 2018, Merriam et al. 2018

Amphibians

5

Roche et al. 2012a, 2012b, McIlroy et al. 2013, Cole and North 2014, Cole et al. 2016

Aquatic macroinvertebrates

2

Herbst et al. 2012*, DeRose 2019*

Birds

6

Flett and Sanders 1987, Valentine et al. 1988, Cicero 1997, Fogg 2009, Powers et al. 2011,
Kalinowski et al. 2014

Fish

7

Knapp and Matthews 1996*, Matthews 1996a, 1996b, Knapp et al. 1998*, Herbst et al. 2012*,
Nussle et al. 2015*, Nussle et al. 2017*

Mammals

4

Total

61

Loft et al. 1987, Kie et al. 1991, Loft et al. 1991, Loft et al. 1993
a

The asterisk denotes studies that evaluated multiple resource areas and thus are listed in multiple categories in the table below (n = 8, 17.0% of all
studies)
a

This total is greater than the number of studies reviewed (47) because some studies examined multiple resource areas

Table 2 Number of studies that found negative, neutral, positive, or unclear association of livestock grazing and Sierra meadow ecology
Association

Number of studies

Citations

Negative

29

Flett and Sanders 1987, Loft et al. 1987, Odion et al. 1988, Valentine et al. 1988, Allen 1989, Kie et al.
1991, Loft et al. 1991, Loft et al. 1993, Knapp and Matthews 1996, Matthews 1996a, 1996b, Cicero
1997, Dull 1999, Blank et al. 2006, Derlet et al. 2008, Sarr and Dudley 2008, Fogg 2009, Jones et al.
2011, Myers and Kane 2011, Derlet et al. 2012a, 2012b, Herbst et al. 2012, Myers and Whited 2012,
Thiptara 2014, Nussle et al. 2015, Nussle et al. 2017, Flett 2018, Baccei et al. 2020, DeRose et al. 2020

Neutral

7

Conroy et al. 1991, Blank and Morgan 2010, Roche et al. 2012a, 2012b, McIlroy et al. 2013, Freitas
et al. 2014, Roche et al. 2014

Neutral/Negative

5

Stevenson 2004, Roche et al. 2013, Norton et al. 2014, Oles et al. 2017, DeRose 2019

Positive/Negative

3

Knapp et al. 1998, Cole et al. 2016, Kalinowski et al. 2014

Positive

2

Powers et al. 2011, Cole and North 2014

Unclear

1

Merriam et al. 2018

Total

47

Some studies found mixed responses and are denoted by neutral/negative or positive/negative labels

majority of studies ﬁnding negative (n = 42, 68.9%), neutral
(n = 7, 11.5%) or mixed negative and neutral (n = 6, 9.8%)
associations between livestock grazing and different elements of Sierra meadow ecology, with at least one study per
resource area suggesting negative associations (Table 3).
Two studies (3.5%) found positive associations between
livestock grazing and Sierra meadow ecology, and three
studies found both positive and negative associations
(5.3%) (Tables 2 and 3). One study (1.8%) had unclear
associations (Merriam et al. 2018). Below we synthesize
key ﬁndings about livestock grazing effects on different
Sierra meadow resource areas, which are also summarized
in the Supplementary Information.

Hydrologic Function
Functional meadow hydrology is characterized by hydrologic connectivity both laterally across the ﬂoodplain and
vertically between surface and subsurface ﬂows, contributing to groundwater recharge, late-season stream ﬂow, high
water table, and attenuation and delay of peak ﬂows (Ratliff
1985; DeLaney 1995; Hammersmark et al. 2008; Loheide
et al. 2009; Ramstead et al. 2012). Livestock can affect
meadow hydrological functioning through physical removal
of and damage to vegetation through trampling, and physical damage to soils through hoof puncturing and compaction. Historic overgrazing by sheep and, to a lesser

Environmental Management
Table 3 Number of studies that
had negative, neutral, positive,
or unclear associations between
livestock grazing and different
resource areas representative of
Sierra meadow ecology

Resource area

Negative Neutral Neutral/Negative Positive/Negative Positive Unclear

Hydrologic function

4

0

1

0

0

0

Water quality

9

0

1

0

0

0

Plants

10

2

3

0

0

0

Soils

2

2

1

0

0

0

Fens

1

0

0

0

0

1

Amphibians

0

3

0

1

1

0

Aquatic macroinvertebrates 2

0

0

0

0

0

Birds

4

0

0

1

1

0

Fish

6

0

0

1

0

0

Mammals

4

0

0

0

0

0

Totals

42

7

6

3

2

1

Some studies found mixed responses and are denoted by neutral/negative or positive/negative labels

extent, cattle, led to widespread hydrological alterations of
Sierra meadows during the late 19th and early 20th centuries (Menke et al. 1996; Moyle et al. 2017). The hydrologic alterations observed in Sierra meadows today may be
a product of historic overgrazing and other anthropogenic
impacts that may be compounded by present-day livestock
grazing.
The impacts of livestock grazing on riparian hydrological
function are well documented in the literature (see reviews
by Kauffman et al. 1983; Trimble and Mendel 1995),
though few studies have focused explicitly on Sierra meadows. We found ﬁve studies that evaluated livestock grazing impacts to the hydrological functioning of riparian
meadows in the Sierra. Livestock grazing in Sierra meadows is associated with altered stream channel morphology
and hydrologic integrity, including stream channel incision,
widening and shallowing of the streambed (Allen 1989;
Herbst et al. 2012; Knapp and Matthews 1996; Stevenson
2004), and increased bank erosion (Herbst et al. 2012).
Shifts in streambank morphology can alter hydrological
functioning, vegetation composition, and habitat quality for
ﬁsh and wildlife, including alterations to aquatic invertebrate assemblages, which is discussed as its own separate
resource area (DeRose 2019; Herbst et al. 2012).
Two studies took place within riparian meadows of the
Golden Trout Wilderness, Inyo National Forest. Herbst
et al. (2012) found that season-long cattle grazing in
riparian meadows signiﬁcantly altered bank and riparian
habitat features, with more eroded banks, ﬂatter bank
angles, and wider bankfull cross-sections in grazed versus
ungrazed stream reaches but not inside versus outside
adjacent fenced reaches; each sampled stream reach was
250 m in length. Knapp and Matthews (1996) found differences in stream channel morphology at the scale of local
exclosures, with exclosed stream reaches generally deeper,
narrower, and featured more riparian vegetation than
reaches subject to cattle grazing, which occurred under

variable intensities in July and September/October of each
year; each sampled stream reach was 125 m in length.
Similar results have been found in Sierra meadows outside of the Golden Trout Wilderness. A 10-year study of
Sierra riparian stringer meadows subject to grazing at
relatively high levels of utilization (range 55–82% utilization) observed increased bank erosion, streambank widening, and bare eroded surfaces relative to initial conditions,
though these changes were not quantiﬁed (Allen 1989).
Stevenson (2004) found that riparian meadows in active
USFS allotments with season-long continuous cattle grazing
had signiﬁcantly higher channel width to depth ratio and
decreased abundance of shallow- and deep-standing water
relative to meadows that had been rested from grazing for at
least 30 years. DeRose (2019) found that indicators of
stream channel hydrologic integrity and instream biotic
integrity were negatively related to short-term grazing
pressure as measured by annual utilization within meadows
grazed season-long under USFS riparian grazing standards.

Water Quality
Water quality within functional Sierra meadows is characterized by streams with low sediment outputs, low turbidity, cool water temperatures, and low levels of nutrients
and pathogenic microorganisms (Drew et al. 2016; NFWF
2010; Vernon et al. 2019). We found ten studies that
examined the association between livestock grazing and
water quality impacts to streams within and downstream of
Sierra meadows, with effects categories examined including
sedimentation, water temperature, nutrients, and microbial
pathogens.
Streambank disturbance and erosion from trampling and
removal of streamside vegetation by livestock can increase
stream turbidity, suspended sediments, and water temperature (Herbst et al. 2012; Myers and Kane 2011; Myers and
Whited 2012; Nusslé et al. 2015). Studies in the Golden
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Trout Wilderness have found that meadow streams with
season-long livestock grazing have signiﬁcantly more eroded banks, more sediment, more algal growth, and higher
water temperatures than ungrazed riparian meadow streams
(Herbst et al. 2012; Nusslé et al. 2015).
Livestock can inﬂuence aquatic levels of microbial
pathogens and nutrients directly through manure and urine
deposition into water bodies or indirectly by deposition in
meadows and adjacent to streams and lakes, which can be
introduced to water bodies by overland ﬂow (Ostoja et al.
2014). Studies have found signiﬁcantly higher concentrations of fecal coliform and E. coli in streams and lakes
emanating from or within riparian meadows subject to
season-long continuous grazing under USFS grazing standards, with concentrations frequently exceeding state and/or
federal guidelines (Derlet et al. 2012b; DeRose et al. 2020;
Myers and Kane 2011; Myers and Whited 2012; Roche
et al. 2013). Two studies that examined water quality in
surface waters before and after the arrival of cattle to USFS
grazing allotments in riparian meadows observed a signiﬁcant positive increase in the mean concentration of fecal
coliform and E. coli at grazed sites after cattle arrived, with
frequent violations of the state water quality standard for
fecal coliform bacteria (Myers and Kane 2011; Myers and
Whited 2012).
Studies comparing microbial pathogen levels in surface
waters emanating from Sierra Nevada watersheds under
different land uses have found that livestock grazing in key
grazing areas (e.g., meadows) representative of the broader
allotment tends to be associated with more elevated concentrations of bacteria associated with pathogenic organisms relative to public land uses, but not rural residential
areas. Roche et al. (2013) found signiﬁcantly higher fecal
coliform and E. coli concentrations at key grazing areas and
areas with no concentrated use activities relative to recreation areas. Derlet et al. (2008) found that streams and lakes
emanating from cattle grazing areas in USFS allotments had
the highest prevalence of coliforms out of the other land
uses studied (pack animals, backpack, day hiker, and wild
sites), with coliforms detected at 96% of cattle sampling
sites in total across the 5-year study. DeRose et al. (2020)
found that concentrations of E. coli and fecal coliforms
were highest downstream of rural residences, followed by
downstream of public lands key grazing areas and recreation areas, suggesting that rural residences may contribute
more to microbial pathogen concentrations than cattle
grazing in rural watersheds. Fecal indicator bacteria concentrations have been found to be greater at locations where
there were observations of cattle (Myers and Whited 2012;
Roche et al. 2013) and stagnant, turbid, and/or low water
conditions (Roche et al. 2013; Thiptara 2014) at the time of
sampling. E. coli concentrations appear to be dependent on
where and when the samples are taken (Roche et al. 2013).

Though these studies suggest that livestock grazing
contributes to elevated levels of fecal indicator bacteria in
streams, researchers differed in their conclusions about what
this signiﬁes for ecosystem and human health as interpretations were contingent on the water quality standards
(e.g., regional, state, or federal) selected as a benchmark,
which vary across agencies. However, the studies reviewed
all found that fecal indicator bacteria in streams exceeded
the strictest water quality standards applicable to the location in which each study was performed (Derlet et al. 2010;
DeRose et al. 2020; Myers and Kane 2011, Myers and
Whited 2012; Roche et al. 2013).
Defecation and urination by livestock may also introduce
and/or redistribute nutrients within watersheds, which may
trigger eutrophication by stimulating algal and aquatic plant
growth (Belsky et al. 1999; Ostoja et al. 2014). Derlet et al.
(2012a) considered algae as indicators of aquatic eutrophication and found a signiﬁcantly higher presence of periphytic algal biomass and periphyton-attached E. coli in
Sierra Nevada watersheds exposed to summer cattle grazing
relative to remote wildlife areas and recreation use areas,
suggesting that eutrophication was highest at sites grazed by
cattle. Roche et al. (2013) evaluated nutrient concentrations
in streams and found signiﬁcantly higher concentrations of
total N and phosphates in key grazing areas and areas with
no concentrated use activities compared to recreational
areas. However, the authors found that the nutrient concentrations of N and P were one order of magnitude or more
below levels recommended to avoid eutrophication and
were at or below estimated background levels (Roche et al.
2013).

Plants
Functional wet meadow plant communities are characterized by a meadow hydrologic regime and forage utilization
that supports hydric meadow graminoid species with an
obligate or facultative wetland rating and, where ecologically appropriate, riparian shrubs and trees of diverse age
classes (NFWF 2010; Ratliff 1985; Weixelman et al. 2011).
We found 15 studies that examined the association between
livestock grazing and Sierra meadow vegetation communities, with effect categories examined including plant
species composition, species richness, species diversity,
cover of riparian shrubs and trees, and the survival and
growth of restoration plantings. Grazing can change meadow plant community composition and structure directly
through vegetation removal and trampling and indirectly
through changes to meadow hydrology and soil compaction
that lead to drier conditions (Odion et al. 1988; Ostoja et al.
2014; Stevenson 2004). The combined effects of livestock
trampling and defoliation that break down protective sod
can lead to erosion, channel incision, and a lowered water
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table and subsequently transition the meadow toward a
more xeric vegetation community (Odion et al. 1988).
Studies of historic and present-day livestock grazing
have found that grazing is associated with changes in plant
community composition, characterized by decreases in
wetland and riparian species and increases in more xeric and
non-native species (DeRose 2019; Dull 1999; Nusslé et al.
2015, 2017; Odion et al. 1988; Oles et al. 2017; Stevenson
2004). Dull (1999) assessed historic vegetation change in a
Sierra meadow and found that livestock introduction in the
mid-1800s coincided with a shift in meadow plant communities, characterized by the loss of willows (Salix spp.),
decreases in nonvascular microphytes (Riccia spp.), and
increases in hardy vascular plants more tolerant of grazing
(Artemisia, Rosaceae, and Cyperaceae spp.). Studies have
observed declines in the relative frequency of wetland
obligates (DeRose 2019; Oles et al. 2017) and increases in
non-native species (DeRose 2019) with increasing grazing
pressure as measured by fecal loading density. However,
precipitation is also associated with shifts in meadow species composition for wetland obligates, forbs, and nonnative species, and may contribute in part to observed shifts
(Stevenson 2004, Oles et al. 2017). Though livestock
grazing may result in shifts in meadow plant species composition, complete cessation of grazing may not be sufﬁcient to recover functional meadow plant communities. In a
10-year study of Sierra stringer meadows, Allen (1989)
found that meadow plots grazed under high levels of utilization with livestock-induced alterations to stream channel
morphology had similar changes in species composition
over a 10-year period as a permanent exclosure, suggesting
that meadows remained in poor condition throughout
the study.
Recruitment and regeneration of riparian vegetation, speciﬁcally willows and aspen (Populus tremuloides), may be
particularly impacted by livestock grazing in Sierra meadows. Dull (1999) found that the onset of historic livestock
grazing was correlated with a subsequent loss of willows in
the meadow plant community. More recent studies in the
Golden Trout Wilderness have found signiﬁcant differences
in riparian vegetation between areas subject to livestock
grazing and areas where livestock have been excluded, with
greater cover, density, and height of willows in sites excluded
from grazing (Herbst et al. 2012; Knapp and Matthews 1996;
Nussle et al. 2015, 2017; Odion et al. 1988). Aspen may also
be susceptible to livestock grazing. Jones et al. (2011) found
that under a season-long continuous grazing regime, cattle
shifted from use of herbaceous meadow vegetation earlier in
the season toward increased use of aspen suckers as the
grazing season progressed, which may have implications for
aspen regeneration.
Restoration plantings of willows and sedges (Carex spp.)
may be susceptible to livestock grazing, though altering

season of use and protecting plantings may help alleviate
impacts. Odion et al. (1988) found that survival rates for
recovered willow plantings were signiﬁcantly higher when
cuttings were protected from cattle grazing, with the total
number of surviving willows greater inside than outside
cattle exclosures. Conroy and Svejcar (1991) found no
signiﬁcant differences in the survival and growth of
unrooted Geyer willow (Salix geyeriana) cuttings when
comparing pastures treated with early season light grazing,
late season light grazing, and no grazing, though willows
were more defoliated in grazed than ungrazed pastures. Sarr
and Dudley (2008) found that season-long cattle grazing at
moderate levels of utilization signiﬁcantly reduced the
survivorship and lateral sprouting of beaked sedge (Carex
utriculata) transplants used for meadow restoration relative
to transplants in ungrazed meadow reaches.
Reducing grazing pressure and implementing riparian
grazing standards may contribute to plant community
recovery (Freitas et al. 2014; Oles et al. 2017), though
recovery potential may depend on initial site conditions. In
a 10-year study examining long-term changes in meadow
plant communities after transitioning to USFS riparian
management guidelines (USDA Forest Service 2004), Oles
et al. (2017) found that changes in plant species composition, richness, and diversity were not associated with livestock stocking rate at the allotment-scale, though there was
an apparent negative relationship between livestock grazing
pressure (as measured by livestock fecal density) and plant
species richness at the meadow scale. DeRose (2019) also
found a negative association between species richness and
long-term grazing pressure as measured by livestock fecal
density but did not ﬁnd a signiﬁcant association between
species diversity and either long-term grazing pressure (as
described above) or short-term grazing pressure (measured
by forage utilization and streambank alteration). A 10-year
study by Freitas et al. (2014) in high elevation meadows of
Inyo National Forest found that trends in plant species
richness and diversity were not appreciably different
between meadows where grazing was removed and meadows where utilization was signiﬁcantly reduced in conjunction with implementation of riparian grazing standards.
The authors concluded that riparian conservation grazing
strategies neither degraded nor hampered recovery of
meadow plant community conditions relative to non-grazed
conditions (Freitas et al. 2014).

Soil
Functional meadow soils are characterized by high levels of
soil organic matter, high water holding capacity, net carbon
sequestration, low bulk density, and low cover of bare
ground (Drew et al 2016; NFWF 2010; Ramstead et al.
2012; Vernon et al. 2019). We reviewed ﬁve studies
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examining livestock grazing impacts on meadow soil
characteristics, including nutrient cycling (nitrogen, soil
organic carbon (SOC)), and soil resistance and deformation.
Livestock can impact meadow soils through physical disturbances such as trampling and vegetation removal (Blank
and Morgan 2010; Flett 2018), which may lead to reduced
SOC (Norton et al. 2014), increased soil compaction, elevated nutrient availability, and enhanced soil nutrient
cycling (Blank and Morgan 2010). This in turn may impact
site vegetation cover (Baccei et al. 2020; Lee et al. 2017)
and plant species composition (Blank and Morgan 2010).
Livestock grazing managed at low levels of utilization in
hydrologically functional meadows may have limited
impacts on soil nutrients but may lead to soil deformation
and increased bulk density, with implications for meadow
hydrological functioning.
Studies suggest that livestock grazing can affect nutrient
availability and cycling in Sierra meadows, with the livestock grazing regime potentially playing a role in the degree
of observed impacts. Blank et al. (2006) found that shortterm livestock grazing with high stocking density and
moderate utilization levels signiﬁcantly affected soilsolution chemistry relative to the livestock exclusion treatment, with effects primarily occurring at the forest-meadow
edge for nitrogen relative to mid-ﬂoodplain and stream edge
landscape positions. Blank and Morgan (2010) found that a
rest-rotation grazing regime with moderate forage utilization had a minimal impact on most pools of nutrient
availability and did not cause elevated nitrogen availability.
The high root biomass of meadow plant communities may
help sequester nutrients in plant tissue and mitigate excess
levels of nutrients introduced to the meadow by livestock
grazing (Blank et al. 2006; Blank and Morgan 2010).
Meadow site condition and hydrology may play a more
important role in nutrient concentrations, particularly SOC,
when compared to the effects of livestock grazing, as SOC
is highly correlated with soil water content in Sierra meadows (Norton et al. 2014; Roche et al. 2014). Norton et al.
(2014) found that the SOC and nitrogen content of soils in
non-riparian, hydrologically functional wet meadows may
be resistant to the impacts of low to moderate livestock
utilization levels under season-long continuous grazing.
However, SOC and total nitrogen concentrations in soils of
seasonally wet meadows dropped signiﬁcantly with
increasing forage utilization, suggesting vulnerability to loss
as utilization increases (Norton et al. 2014). Similarly,
Roche et al. (2014) found that SOC, total nitrogen, and soil
organic matter concentrations in hydrologically functional
wet meadows were largely driven by hydrologic controls
rather than livestock grazing in compliance with USFS
riparian grazing standards, with nutrient concentrations
generally increasing with patch wetness. Alterations to soil
moisture classes or hydrology that result in drier meadow

soils, such as those associated with livestock grazing (e.g.,
Herbst et al. 2012; Stevenson 2004), may result in losses of
SOC and deterioration of ecosystem function (Norton et al.
2014).
Livestock trampling can impact meadow soils through
soil deformation and compaction, which can lead to
increased bulk density, lowered water inﬁltration rates, and
increased runoff (Kauffman et al. 1983; Ratliff 1985;
Trimble and Mendel 1995). Soil resistance is the ability of
soil to resist deformation under applied pressure and
increases with bulk density, with associated reductions in
soil water holding capacity (Baccei et al. 2020). Baccei
et al. (2020) used soil resistance as an index to examine
meadow vulnerability to trampling by pack stock (mules
and horses) and found that the soil resistance of wet meadow plant community types is insufﬁcient to sustain trampling by pack stock without incurring soil deformation.
Low gradient wet meadows with ﬁner substrates, greater
gravimetric water content, wetter plant community types,
and lower soil resistance were more vulnerable to soil
compaction than middle or high-gradient meadows (Baccei
et al. 2020). Effects of pack stock on soils are likely to be
similar to the effects of cattle, though the degree of impact
to soils from cattle is likely to be higher because pack stock
disturbances are of shorter duration and lower intensity
relative to cattle (Osoja et al. 2014).

Fens
Sierra Nevada fens are a particular type of Sierra meadow
deﬁned as groundwater-supported, peat-accumulating wetlands (Wolf and Cooper 2015; Wolf 2017). Fens may be
particularly susceptible to degradation from livestock
grazing because they are characterized by saturated peat
soils that form over millennia with potentially long recovery
times post-disturbance; they are also disproportionately
targeted by livestock (Merriam et al. 2018). Livestock can
impact fens through physical disturbance of peat soils,
trampling of vegetation, selective grazing of palatable species, and alterations to nutrient cycling and hydrology (Flett
2018; Merriam et al. 2018). Fens that were heavily grazed
in the 19th century may not have recovered because of
threshold-crossing impacts such as erosion gully formation
and loss of soil organic matter, with effects of current
livestock use in fens potentially additive to historic grazing
impacts (Dull 1999; Wolf 2017).
We found two studies examining livestock grazing
impacts on carbon storage and plant species in Sierra fens.
Flett (2018) found that disturbance from late-season cattle
grazing affected carbon accumulation in fens, with hoofpunched areas having signiﬁcantly less carbon storage
potential than areas without hoof punching. Hoof punching
was also found to have a greater negative effect on carbon
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sequestration than water table drawdown as a result of gully
incision, which has implications for restoration actions that
seek to restore fen hydrology (Flett 2018). Merriam et al.
(2018) found that species richness and species turnover
were higher in fenced fens than fens grazed season-long by
cattle and that species composition differed between fenced
and unfenced sites. Counter to expectations, grazed fen sites
featured a greater frequency of peat-forming obligate wetland, moss, and sedge species, while fenced fen sites
excluded from grazing featured non‐peat‐forming facultative upland, and upland forb, grass, and early seral species
(Merriam et al. 2018). Livestock utilization prior to exclusion may have altered the underlying abiotic and biotic
conditions (e.g., hydrology, nutrient cycling, plant succession) of the fens in a way that maintained the fens in a nonfunctional state even after livestock were excluded (Merriam et al. 2018). Biomass accumulation, competitive
exclusion, and/or plant succession dynamics may have also
contributed to the observed results (Merriam et al. 2018).
These studies suggest that livestock exclusion coupled with
restoration actions to restore fen function may be necessary
to set degraded fens on a trajectory of recovery.

Fish and Wildlife
Functional Sierra meadows provide habitat that supports
diverse native terrestrial and aquatic wildlife, including
birds, amphibians, aquatic macroinvertebrates, ﬁsh, and
mammals that depend on meadows or stream ﬂows emanating from riparian meadows for some or all portions of
their life cycle (Drew et al. 2016; NFWF 2010; Vernon
et al. 2019). We found 24 studies that examined livestock
grazing associations with amphibian, aquatic macroinvertebrates, bird, ﬁsh, and mammal species and their
habitats.

life stages of Cascades frog leading to recruitment, with
cattle grazing positively associated with breeding site
selection and negatively associated with survival to metamorphosis. Early life stages of Cascades frog (eggs, larval)
may be more susceptible to mortality associated with cattle
use, with highest survival of embryos to metamorphosis
occurring where cattle use was minimal or nonexistent
(Cole et al. 2016).
Studies suggest that livestock grazing may be compatible
with Yosemite toad conservation when managed using
USFS riparian grazing standards under low to moderate
levels of utilization. Roche et al. (2012a) found no signiﬁcant differences in the habitat conditions of occupied
Yosemite toad breeding pools in meadows fenced to
exclude grazing, meadows with fencing to exclude livestock
from toad breeding areas only, and unfenced meadows
grazed by cattle in compliance with USFS riparian grazing
standards. In a companion study, McIlroy et al. (2013)
found no signiﬁcant effect of fencing the whole meadow or
fencing toad breeding areas on the densities of Yosemite
toad tadpoles and young of the year relative to unfenced
meadows with cattle grazing. However, forage utilization
was consistently above what was allowable under grazing
standards outside fenced areas at four of the ﬁve meadows
with fenced breeding areas, likely because fencing was not
paired with a reduction in cattle stocking density (McIlroy
et al. 2013). Roche et al. (2012b) found that Yosemite toad
occupancy in meadows was not signiﬁcantly associated
with cattle utilization.
Habitat preferences of cattle and amphibian species may
have inﬂuenced the observed results and conclusions of
these studies. Roche et al. (2012b) posited that cattle prefer
relatively drier meadow sites than those selected by Yosemite toad, resulting in niche partitioning, while Cole et al.
(2016) posited that both cattle and Cascades frog preferred
wetter meadows, thus resulting in shared use of this habitat.

Amphibians
Aquatic macroinvertebrates
We found ﬁve studies that examined livestock grazing in
relation to two meadow-dependent amphibian species:
Cascades frog, a California species of special concern and
state candidate for listing as endangered, and the federally
threatened Yosemite toad (Bufo canorus). Grazing regime,
species, and life stage may all play a role in observed
associations between livestock grazing and amphibians.
Published studies on the effects of cattle grazing and
Cascades frog are limited to wet montane meadows in the
Klamath Mountains. Cole and North (2014) found a slight
positive relationship between Cascades frog site occupancy
and long-term cattle impacts, which may suggest shared
habitat preferences, though the overall effect was weak
relative to other environmental factors. Cole et al. (2016)
found that cattle grazing had different effects on different

Aquatic macroinvertebrates have been found to be sensitive
to alterations in hydrologic functioning from livestock
grazing (e.g., Braccia and Voshell 2006; Scrimgeour and
Kendall 2003; Strand and Merritt 1999) and thus can be
used as indicators of in-stream biotic integrity and riparian
health (Merritt et al. 2008). Differing bioassessment methods using stream macroinvertebrates have been found to
yield very similar, effective discrimination of impaired
biological condition even where there are differences in
ﬁeld, laboratory, and data analysis approaches, highlighting
the value of using aquatic macroinvertebrates as metrics of
stream health (Herbst and Silldorff 2006). Studies have
found negative associations between aquatic invertebrate
metrics and livestock grazing, though results varied
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depending on the scale of ungrazed reaches (Herbst et al.
2012) and degree of grazing pressure (DeRose 2019).
Herbst et al. (2012) found season-long cattle grazing was
associated with lower stream macroinvertebrate richness
and diversity metrics and increases in stress-tolerant invertebrate taxa relative to stream reaches in meadows that had
been rested from grazing for a period of 4 years, likely as a
result of livestock-induced alterations to stream channel
morphology. The authors did not observe differences in
macroinvertebrate metrics between grazed reaches and
small-scale fenced exclosures, suggesting that short-term
removal of livestock at larger scales (e.g., entire meadow or
grazing allotment) is more effective than long-term but
smaller-scale riparian fencing in facilitating stream recovery
(Herbst et al. 2012). Aquatic invertebrates may respond
differently depending on the degree of livestock grazing
pressure. DeRose (2019) found that long-term, but not
short-term, grazing pressure in meadows grazed seasonlong by cattle under USFS riparian grazing standards was
negatively associated with percent of sensitive macroinvertebrate taxa (EPT taxa, Ephemeroptera, Plecoptera,
and Tricoptera), with long-term grazing pressure measured
by fecal loading density.
Birds
Meadows are critically important to breeding birds, with the
majority of bird species that breed in or migrate through the
Sierra Nevada using meadows at some point in their annual
cycle (Siegel and DeSante 1999). We found six studies
examining associations between livestock grazing and birds
in Sierra meadows, including for two species listed as
endangered in California: willow ﬂycatcher (Empidonax
traillii) and great gray owl (Strix nebulosa). Livestock can
have direct and indirect effects on meadow birds, including
altering habitat, vegetation, and hydrology (Cicero 1997);
disturbing nests (Valentine et al. 1988); increasing nest
parasitism by brown-headed cowbirds (Molothrus ater)
(Flett and Sanders 1987); and reducing resources such as
cover, prey, nest sites, and habitat availability (Cicero 1997;
Fogg 2009; Kalinowski et al. 2014; Powers et al. 2011).
Individual bird species in Sierra meadows may be
affected by livestock in different and complex ways. Cicero
(1997) found that Lincoln’s sparrows (Melospiza lincolnii)
were more likely to be detected in moderately wet to very
wet meadows with low levels of grazing impacts (deﬁned as
low to no bare ground, gullying, erosion, livestock droppings, or trails), and were absent from all meadows with
heavy grazing damage (deﬁned as ≥50% of meadow with
bare ground exposed, pronounced to extreme gullying and/
or streambank erosion, and moderate to high density of
livestock droppings). Livestock grazing may have led to
direct and indirect effects on this species, such as nest

trampling, reduction of cover, and changes in vegetative
and hydrologic conditions that may lead to a reduction in
nesting sites and an increase in the distribution and abundance of more tolerant competitor species (Cicero 1997).
Fogg (2009) found that the territory density of western
wood-pewees (Contopus sordidulus) was signiﬁcantly
higher in ungrazed meadows relative to meadows grazed
season-long by cattle, perhaps because of a lack of foraging
habitat in grazed meadows.
Livestock grazing in Sierra meadows may be an important limiting factor to willow ﬂycatcher because of nest
disturbance, reduction in suitable nesting habitat through
alteration of riparian shrub cover, and increased nest parasitism by cowbirds (Flett and Sanders 1987; Valentine et al.
1988). Valentine et al. (1988) found that 20% of studied
willow ﬂycatcher nests were destroyed by cattle prior to
ﬂedging of young, though no nests were destroyed in 1 year
of the study when stocking levels were reduced and season
of use was altered. Flett and Sanders (1987) recorded nest
failure as a result of brown-headed cowbird in one willow
ﬂycatcher nest in a meadow grazed by cattle and sheep.
Sheep were associated with ﬂocks of brown-headed cowbirds, which could cause an increase in willow ﬂycatcher
nest parasitism if coincided with peak egg-laying time (Flett
and Sanders 1987).
Livestock grazing can indirectly affect great gray owl by
reducing or altering the availability of prey species through
alterations to meadow hydrology and vegetation (Kalinowski et al. 2014; Powers et al. 2011). Voles (Microtus
spp.) are the primary prey species of great gray owl and are
critical to their reproductive success (Kalinowski et al.
2014), while pocket gophers (Thomomys monticola and T.
bottae) are an alternate prey species used in years when vole
populations are low (Powers et al. 2011). Kalinowski et al.
(2014) found that vole abundance in meadows was weakly
negatively associated with cattle grazing, while gopher
abundance was positively associated with cattle grazing.
Similarly, Powers et al. (2011) found that pocket gopher
densities were signiﬁcantly higher in cattle grazed relative
to ungrazed Sierra meadows. These studies suggest that the
conditions created by moderate grazing may provide suitable habitat for pocket gophers by decreasing vegetation
cover, density, height, and thatch thickness, but may lead to
reductions in vole abundance by reducing sward height.
Fish
Hydrologically functional Sierra meadows can beneﬁt ﬁsh
by providing instream habitat within riparian meadows and
cold, clean water downstream. Historic overgrazing of
riparian areas and meadows alongside overﬁshing contributed to major declines in Sierra ﬁsh species at the turn of
the 20th century (Moyle et al. 2017). Historic and
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present-day livestock grazing effects on ﬁsh habitat in
riparian Sierra meadows include removal of streambank
vegetation, compacted soils, collapsed stream banks, stream
widening, reduced bank undercutting, degradation of instream habitat, water quality declines, loss of habitat complexity, and impacts to prey species (Herbst et al. 2012;
Knapp and Matthews 1996; Knapp et al. 1998; Matthews
1996a, 1996b; Nussle et al. 2015, 2017). We found seven
studies examining livestock grazing impacts on California
golden trout (Oncorhynchus aguabonita), a California
species of special concern, and their habitat in riparian
meadow streams.
Studies in the Golden Trout Wilderness, where cattle
have been excluded from some riparian reaches and meadows for between 4 and 23 years, have found that streams
rested from grazing have higher habitat quality and biological integrity than grazed reaches. Cattle exclusion has
resulted in signiﬁcantly higher growth and density of
riparian vegetation; increased stream shading; cooler water
temperatures; stable, undercut banks; deeper and narrower
stream channels; and increased benthic invertebrate richness
relative to grazed reaches (Herbst et al. 2012; Knapp and
Matthews 1996; Nussle et al. 2015, 2017). Herbst et al.
(2012) found that livestock removal at the allotment-scale
was associated with greater benthic invertebrate species
richness and greater instream habitat beneﬁts when compared to local fenced exclosures.
Livestock grazing alterations to stream hydrology and
vegetation have been associated with impacts to California
golden trout. Individuals of this species are more likely to
be associated with stream reaches in riparian meadows
featuring undercut banks, aquatic vegetation, and sedge,
habitat features typically subject to damage and reduction in
extent with cattle grazing (Matthews 1996a, 1996b). Knapp
et al. (1998) concluded that cattle grazing in riparian meadows has likely affected the population structure of the
California golden trout by altering stream channel morphology through increased stream width and removal of
streamside vegetation, resulting in increased spawning
habitat, higher density of nests and age-0 trout, and
decreased growth rates relative to narrow reaches more
characteristic of historic meadow habitat. Knapp and Matthews (1996) found that the density and biomass of California golden trout were greater in reaches excluded from
grazing than in reaches subject to cattle grazing in 75% of
comparisons, suggesting that cattle may have impacted
stream and riparian health.
Mammals
We found four related studies that examined livestock
grazing associations with mule deer (Odocoileus hemionus)
on meadow-riparian areas of the Stanislaus National Forest

under treatments of moderate, heavy, and no cattle grazing,
with the moderate grazing regime representative of standard
USFS stocking densities at the time. These studies found
that cattle grazing is associated with negative impacts to the
foraging behavior, habitat selection, home range, and
availability of hiding cover for female mule deer on Sierra
Nevada summer range (Kie et al. 1991; Loft et al.
1987, 1991, 1993).
Mule deer and cattle preferentially use meadow-riparian
areas (Loft et al. 1993) which may result in resource competition (Kie et al. 1991; Loft et al. 1987). Loft et al. (1987)
found that the availability of hiding cover for female mule
deer and their fawns in aspen and corn lily vegetation types
within meadow-riparian areas was signiﬁcantly reduced
under moderate and heavy grazing. Hiding cover in willow
vegetation within meadow-riparian areas was signiﬁcantly
reduced with heavy, but not moderate, grazing, perhaps
because willows have greater structural resilience to
browsing and trampling than aspen and corn lily (Loft et al.
1987). Kie et al. (1991) found that female mule deer spent
more time feeding and less time resting as cattle stocking
density increased, which may be the result of interspeciﬁc
competition as the quality of available herbaceous forage
declined with cattle grazing. Female mule deer have also
been found to increase home range size and decrease the
proportion of meadow-riparian habitat in their home range
as cattle stocking density increases, perhaps in response to
declining resource availability (Loft et al. 1991, 1993).
Mule deer have been found to maintain signiﬁcant distances
from cattle during the summer at both moderate and heavy
grazing levels (Loft et al. 1993). These studies conclude that
cattle have signiﬁcant impacts on resources available to
female mule deer, which may reduce deer carrying capacity
(Kie et al. 1991; Loft et al. 1993), make fawns more vulnerable to predation (Loft et al. 1987), and contribute to
suboptimal nutrition for female deer and their offspring
(Loft et al. 1991).

Discussion
The available science on the effects of livestock grazing on
Sierra meadow ecology suggests that achieving and maintaining functional meadow conditions may be challenging
under present-day approaches to grazing management and
current levels of grazing occurring in Sierra meadows. Our
SLR found studies reporting negative impacts of livestock
grazing to all resource areas reviewed. Some studies suggested compatibility (i.e., neutral effect) of livestock grazing on different resource areas, with some evidence that
lower grazing pressure under USFS riparian grazing standards (USDA Forest Service 2004) may reduce negative
impacts. Though some studies reported partial positive
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associations for Cascades frog, great gray owl, and California golden trout, studies mostly reported negative
impacts of livestock grazing on these species. Our SLR
aligns with previous reviews suggesting that there is no
substantial evidence that livestock grazing improves the
ecological function of riparian areas as opposed to not being
grazed (Belsky et al 1999).

Implications for Practice
Efforts to restore degraded Sierra meadows are taking place
in the context of livestock grazing, which remains a widespread land use in Sierra meadows and may be a critical
determinant of restoration success (Long and Pope 2014).
Restoration project teams and other invested parties should
discuss livestock grazing management options early on in
the restoration planning process when the proposed meadow is currently grazed or may be grazed post-restoration.
Because restoration can often result in improved forage for
livestock, landowners and livestock operators should have
substantial motivation to modify grazing management to
achieve and maintain functional meadow conditions (Aylward and Merrill 2012).
Though few studies explicitly evaluated the effectiveness
of different livestock grazing management strategies, the
results of this SLR can be used to infer management strategies that may help reduce negative impacts. These strategies include reducing stocking levels and/or grazing
duration to achieve low to moderate forage utilization
levels; altering season of use to avoid impacts to different
resource areas (e.g., breeding wildlife, riparian shrubs and
trees); utilizing a rest-rotation grazing regime to allow for
periods of meadow recovery; improving livestock distribution by providing off-stream supplemental water and
nutritional resources and/or through active herding; and
adhering to USFS riparian grazing standards. Livestock
exclusion from sensitive areas (e.g., fens, riparian zone) will
likely speed ecosystem recovery and/or reduce impacts,
though removal at broad spatial scales (e.g., entire meadow
or allotment) may be preferable to smaller-scale cattle
exclosures, which have shown poor restoration potential
and limited beneﬁts for riparian health (Dauwalter et al.
2018; Herbst et al. 2012; Moyle et al. 2017; Nussle et al.
2015). When possible, meadows should be rested from
grazing for at least 3 years post-restoration to allow for site
recovery, as many rhizomatous species and perennial bunch
grasses characteristic of wet meadow plant communities
require 2–3 years to become well established (Stillwater
Sciences 2012).
Local site conditions may play an important role in
determining effectiveness of different livestock grazing
strategies and recovery potential (George et al. 2011; Herbst
et al. 2012). The degree to which the meadow has

experienced departure from functioning reference condition
as well as factors such as the meadow hydrogeomorphic
type, gradient, soil type, condition, and scale of livestock
use or exclusion may inﬂuence the effectiveness of grazing
strategies in meeting goals. In some cases, historic meadow
degradation may have resulted in present-day conditions
that are less resilient to current levels of livestock grazing
and/or resulted in a fundamental shift in the meadow system
that cannot be passively restored through grazing management or exclusion alone (e.g., Allen 1989; Merriam et al.
2018, see also review by George et al. 2011). In addition,
certain resource areas may respond at different temporal
scales to management changes, requiring long-term monitoring and adaptive management. Improvements to livestock grazing management may help meadows and riparian
systems recover, though recovery may take longer than if
grazing were ended on a temporary or permanent basis
(Belsky et al. 1999).
Meadow restoration practitioners may also consider
prioritizing restoration projects at meadows at which livestock grazing has been (or is planned to be) removed on
either a temporary or permanent basis. This would reduce
the need for long-term livestock management postrestoration and eliminate associated impacts. Depending
on site conditions, temporary removal of livestock from
degraded meadows could be used as a passive restoration
tool to facilitate the process of natural recovery, which
could be aided by active restoration interventions. If the
meadow reaches desired conditions, the invested parties
could then discuss whether and how livestock grazing could
be reintroduced and managed to sustain meadow functionality. There is evidence that such approaches have good
success in restoring desired meadow conditions. A literature
review examining the effectiveness of wet meadow
restoration techniques in the American Southwest found
that removal of livestock grazing can result in vegetation
recovery even in the absence of other restoration interventions (Ramstead et al. 2012). This review also found evidence that revegetation success can be obtained if
hydrology has been restored, the site is protected sufﬁciently from grazing, and, where applicable, proper revegetation practices were used (Ramstead et al. 2012).
In situations where livestock grazing will continue postrestoration, monitoring and adaptive management will be
critical to evaluate the effectiveness of restoration interventions and the livestock grazing regime in meeting
desired outcomes as well as to identify additional management actions. Such projects also present opportunities to
explicitly test and evaluate the effectiveness of different
livestock grazing management strategies and test whether
objectives are achieved. Potential ecological management
objectives include: (a) minimizing trampling, especially on
wet soils and stream banks, (b) limiting use of riparian
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zones and fens, (c) minimizing direct urination and defecation of livestock animals into water, (d) limiting areas of
bare ground, (e) maximizing plant cover, especially of wet
meadow-associated species, (f) increasing cover of riparian
shrubs and trees, (g) protecting restoration plantings, and (h)
altering season of use to avoid impacts to breeding wildlife.

Given the difﬁculty of identifying “pristine” reference
meadows, we recommend that restoration practitioners
identify and quantify the ecological functions characteristic
of meadows in “least-disturbed” condition as a benchmark
for goal-setting and project monitoring and evaluation (Ode
et al. 2016).

Limitations

Future Research Directions

There were several limitations with the literature reviewed
herein. First, limiting our review primarily to peer-reviewed
literature within meadows of the Sierra Nevada resulted in a
lack of information for certain resource areas (e.g., birds,
fens). Other studies of Sierra meadows within the gray literature (e.g., Ratliff 1985, Kattelmann and Embury 1996)
and in wet meadows and riparian areas in the western U.S.
(e.g., Ammon and Stacey 1997; Earnst et al. 2005; Ramstead et al. 2012) may also be relevant.
Second, studies inconsistently reported the livestock
grazing regime being evaluated, posing difﬁculties in
assessing how different grazing regimes and management
practices might result in different ecological outcomes.
Livestock grazing records on public lands can be poorly
maintained and incomplete (Herbst et al. 2012), vary
between allotments (e.g., Myers and Kane 2011; Norton
et al. 2014; Roche et al. 2013), and/or be difﬁcult to
quantify because of the high degree of variation (e.g.,
Kalinowski et al. 2014; Myers and Whited 2012). Stocking
densities on USFS lands are often reported at the allotmentscale, which can lead to potentially low precision estimates
of meadow-scale grazing pressure. For example, Oles et al.
(2017) found an effect of stocking rate on plant community
metrics at the meadow-scale but not the allotment-scale.
A lack of suitable reference sites can make it difﬁcult to
draw conclusions between grazed and “ungrazed” meadows. The vast majority of Sierra meadows experienced
high levels of historic grazing from livestock (Gross and
Coppoletta 2013), which may make it difﬁcult to accurately
evaluate the impacts of historic versus present-day livestock
grazing. Oftentimes meadows now excluded from grazing
were grazed up until relatively recently (Dobkin et al. 1998)
and cannot be assumed to represent a pristine ungrazed
landscape (Belsky et al. 1999). These meadows may be in a
degraded state from underlying changes in physical and
abiotic conditions from grazing and/or other disturbances
that hampers their recovery even once released from grazing
(e.g., Allen 1989; Merriam et al. 2018). It is also difﬁcult to
determine whether contemporary ungrazed meadows have
returned to pre-grazing condition given the lack of suitable
reference sites that were not grazed historically (Gross and
Coppoletta 2013). Livestock exclosure studies may thus
underestimate livestock grazing effects from before exclosures were erected (Belsky et al. 1999; Fleischner 1994).

More research is needed on the effects of livestock grazing
on several resource areas associated with Sierra meadow
ecology. First, this SLR only identiﬁed two studies that
examined the effects of livestock grazing on the ecology of
Sierra Nevada fens. Second, we were unable to ﬁnd studies
within our target geography that evaluated livestock grazing
effects on several meadow-associated species of conservation concern, including mountain and Sierra Nevada
yellow-legged frogs (Rana muscosa and R. sierrae), greater
sandhill crane (Antigone canadensis), and yellow warbler
(Setophaga petechia). Finally, we were unable to ﬁnd studies examining the response of functional bird guilds (e.g.,
riparian and meadow-associated species) with livestock
grazing within our target geography, though such studies
have occurred in the Great Basin region (e.g., Ammon and
Stacey 1997; Dobkin et al. 1998; Earnst et al. 2005).
More research is also needed to evaluate the effectiveness of different grazing regimes and management
approaches in reducing impacts and/or achieving compatibility (e.g., neutral or no effect) with diverse resource areas
representative of functional Sierra meadow ecology (Ramstead et al. 2012). The USFS is preparing a report that will
summarize trends in plant species composition and ﬂoodplain and riparian area condition over a 15-year period
under current USFS livestock grazing standards (D. Weixelman, pers. comm.), which will provide valuable data to
answer these questions. We also encourage restoration
practitioners to explore opportunities to pair meadow
restoration projects with experiments to evaluate the effectiveness of different grazing strategies in reaching ecologically functional meadow conditions. Given that present-day
livestock grazing occurs in the context of meadow degradation from historic overgrazing and other anthropogenic
impacts, there is utility in evaluating whether ecological
restoration can result in a more functional meadow system
that may be more resilient to livestock grazing. Critical to
these efforts is the collection of rigorous data on grazing
timing, intensity, and duration, preferably at the meadowscale. Restoration practitioners, land managers, and
researchers should work closely with permittees to collect
these data.
More research is needed as to how livestock grazing may
interact with climate change and other emerging stressors in
Sierra meadows. Livestock grazing effects on Sierra

Environmental Management

meadows may be exacerbated by climate change, requiring
managers to monitor meadow conditions and adapt grazing
strategies in response to changing conditions. For example,
compaction of wet meadow soils by livestock may lead to
decreased soil water storage and interact with decreased
snowpack accumulation and earlier snowmelt to reduce
summer base ﬂows (Beschta et al. 2013). Appropriate
livestock stocking densities and periods of use and recovery
may be a shifting target year-to-year depending on climatic
conditions such as drought. Individual meadows are likely
to experience and respond to changing climate conditions in
site-speciﬁc ways; thus, site-level monitoring and grazing
management adapted to local conditions is needed (Oles
et al. 2017). Climate change is projected to alter precipitation seasonality in California, characterized by declining fall
precipitation and delayed precipitation onset (Lukovíc et al.
2021; Swain et al. 2018), which may place increasing
pressure on Sierra meadows in the fall as the green-up of
winter range at lower elevations is delayed.
More research is needed on the ecological effects of
livestock grazing in montane meadow and riparian systems
in other geographies. Previous studies and literature reviews
of livestock grazing in riparian and montane meadow systems in the southwestern U.S. have provided valuable
ﬁndings and recommendations with implications for meadows in the Sierra Nevada and elsewhere (e.g., Ammon and
Stacey 1997; Belsky et al. 1999; Earnst et al. 2005; Ramstead et al. 2012). Additional research in different montane
meadow and riparian systems can also help provide a more
comprehensive understanding of the ecological effects of
livestock grazing on different resource areas. For example,
studies of livestock-grazed subalpine and alpine meadows
in China have generated similar results as those found in
this SLR, such as increased bulk density, decreased SOC,
and changes in species composition with livestock grazing
(Li et al. 2018; Ma et al. 2016; Zhang and Dong 2009).
Similarly, a study of riparian areas in Australia found lower
amounts of bare ground and increased native vegetation
cover when livestock grazing is removed (Jones et al.
2022), reﬂecting ﬁndings in this SLR. Given that 26% of
the planet is used for livestock grazing (United Nations
Food and Agriculture Organization 2006), the research
ﬁndings and implications for livestock grazing management
reviewed herein are likely to be of value to other researchers
and managers involved in grazed montane meadow systems
in other geographies.
Livestock grazing in Sierra meadows and elsewhere is
situated within a complex social-ecological system that
spans multiple habitats, geographies, communities, and
institutions. Decisions about livestock grazing management
are complex and should be inclusive of multiple stakeholders, including local communities, land managers,
Indigenous peoples, livestock producers, and others.

We hope this SLR informs these decisions. Although outside the scope of this document, research within the conservation social sciences could greatly contribute to our
understanding of this complex social-ecological system.
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