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Abstract

Questions: Our study evaluated how species composition and plant traits that

indicate functioning condition in fens responded to grazing cessation over time

in an arid ecosystem of the western US. The specific questions addressed were:

(1) how does livestock exclusion influence species composition in fens; (2) is

grazing cessation associated with shifts in species functional traits that indicate

fen condition; and (3) what is the pattern of response to livestock exclusion over

time?

Location: Plumas National Forest, CA, US.

Methods: We studied paired fenced and unfenced study sites in two fens to

examine the effects of livestock exclusion. Parallel transects were established at

each site, and plant species and ground cover were repeatedly surveyed, once

prior to and multiple times following treatment, using 0.01 m2 frequency

frames. We used NMDS to analyse species composition, RLQ and fourth-corner

analysis to evaluate species functional traits and environmental variables, and

linear mixed effects models to examine differences in responses between fenced

and unfenced study sites over time.

Results: After fencing, we observed unexpected shifts in species composition

and plant functional traits. Grazed sites were associated with peat-forming obli-

gate wetland, moss and sedge species, while fenced sites were characterized by

non-peat-forming facultative upland, and upland forb, grass and early seral spe-

cies. Species composition also varied between sites and sample years.

Conclusions: We found that livestock exclusion strongly affects plant species

composition in fens, including promoting species with functional traits that indi-

cate a loss of functioning condition, such as ruderal and upland species. Possible

explanations for these observed shifts include: (1) biomass accumulation in the

absence of herbivory, (2) competitive exclusion in fenced sites, (3) succession,

(4) the abiotic conditions of our study sites, particularly hydrology and nutrient

status, and (5) interactions among these factors. We conclude that degradation

of fen wetlands caused by livestock grazing in the arid western US may not be

reversed by excluding livestock alone.

Introduction

Livestock grazing has been associated with a number of

negative impacts in arid western ecosystems of the US

(Belsky et al. 1999; Jones 2000). Although livestock can

have positive ecological effects in areas with a long evolu-

tionary history of grazing (Milchunas & Lauenroth 1993),

plant communities in much of the western US did not

evolve with analogues to modern domesticated cattle, such

as bison (Bison bison; Mack & Thompson 1982). Instead,

these systems were grazed over the past 10 000 yr at low

tomoderate intensity by small native herbivores, including

mule deer (Odocoileus hemionus), bighorn sheep (Ovis

canadensis) and antelope (Antilocapra americana; Ratliff

1985; Dull 1999). Given that domestic cattle can weigh up

to 20 times more than these native herbivores, it is not sur-

prising that many of the negative impacts associated with

livestock grazing are the physical effects of trampling and

hoof action, such as soil compaction and erosion (Belsky

et al. 1999; Jones 2000).
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One of the most often identified causes of fen degrada-

tion in the Sierra Nevada, CA, US, is livestock use (Ratliff

1985; Cooper & Wolf 2006). Fens can be disproportion-

ately targeted by livestock in seasonally dry climates such

as the mediterranean regions of the western US, where

grazing often becomes concentrated in fens in the late

summer when most surrounding areas are dry (Ratliff

1985; Cooper & Wolf 2006). Fens are groundwater-fed

wetlands that accumulate organic matter as peat, requiring

persistent anaerobic conditions and cold temperatures to

limit organic matter decomposition (Bridgham et al.

1995). Fens may be especially prone to damage from live-

stock because of their saturated soils. Livestock trampling

and hoof action in fens can result in soil compaction, expo-

sure and drying of the peat body, causing it to quickly

decompose (Ratliff 1985; Whittington & Price 2006; Weix-

elman & Cooper 2009). Hydrologic alteration caused by

livestock can also damage fens,which are sensitive to small

fluctuations in the depth of the water table, affecting not

only the rate of peat formation, but also the species compo-

sition of the fen (Holden et al. 2004; Diggelen et al. 2006).

Livestock can alter the nutrient status of fens through

manure deposition, causing changes in species composi-

tion, declines in biodiversity and loss of rare species

(Bedford et al. 1999).

Concerns about the potentially negative effects of live-

stock use in the arid western US have led landmanagers to

fence degraded riparian wetland, meadow and fen ecosys-

tems (Sarr 2002). However, the effects of livestock exclu-

sion on fens, in particular, are not well known in the US.

In European fens, many studies have shown that species

diversity decreases without livestock grazing or mowing

(Hald & Vinther 2000; Diemer et al. 2001). However, most

European fens have been at least partially drained and

have an evolutionary history of grazing by large, heavy

herbivores that are analogous to modern domesticated

livestock. We know of only two studies that have evalu-

ated livestock exclusion from fens in the US. Tesauro &

Ehrenfeld (2007) found that grazing cessation from fens in

the eastern US increased the cover of invasive species.

Middleton (2002) found that after excluding cattle from

fens in the mid-western US, shrubs invaded a formerly

grazed fen but not a nearby ungrazed reference site. Both

authors concluded that the effect of removing livestock

from fens is unpredictable, and may depend on the condi-

tion of the fen prior to exclosure, including nutrient status

and the presence of invasive species.

Fens support a disproportionate number of rare, threat-

ened and endangered bryophytes and vascular wetland

plant species, making them a priority for research and con-

servation around the world (Bedford & Godwin 2003;

Diggelen et al. 2006). Assessments of fen condition are

often used to identify and prioritize sites for restoration. In

addition to directly evaluating soils and hydrology, fen

condition can be determined by the presence of key indica-

tor plant species (Bedford & Godwin 2003; Weixelman &

Cooper 2009).Many plant species are sensitive and reliable

indicators of soil moisture (Lichvar et al. 2016). Plants that

indicate a healthy fen are obligate wetland species, demon-

strating that the water table is near the soil surface. The

presence of peat-forming species, whose underground bio-

mass contributes most of the organic matter to the peat

body, is also critical for the persistence of fen wetland

ecosystems (Timmermann et al. 2006; Schrautzer et al.

2013). A degraded fen, on the other hand, is dominated by

upland, non-peat-forming plant species that indicate a

lowered water table, eutrophication and soil drying (Weix-

elman & Cooper 2009). Seral stage can also reflect the con-

dition of fens and meadows, with late seral species

indicating stable plant communities and proper function-

ing condition (USDA 1997;Weixelman & Zamudio 2001).

Objectives and hypothesis

Our study evaluated how species that indicate functioning

condition in fens respond to grazing cessation. The

research questions we addressed were: (1) how does live-

stock exclusion influence species composition; (2) is live-

stock exclusion associated with shifts in species functional

traits that indicate functioning condition in fens; and (3)

what is the pattern of response to livestock exclusion over

time? We hypothesized that excluding livestock would

alter species composition and result in an increase in peat-

forming obligate wetland and other species with traits that

indicate functioning condition in fens. We expected this

trend to be linear, and to increase over time.

Methods

Site description

Sampling was conducted in two fens in the northern Sierra

Nevada range of California, US. The two fens, referred to as

Old House (39°5603.12″ N, 120°34058.28″ W) andWoodsy

(39°5402.52″ N, 120°33025.2″ W), are located approxi-

mately 4 km apart at 1780 m a.s.l. (Appendix S1). Found

within broad montane meadows, our study sites remain

wet well into the summer months due to a network of

springs that discharge groundwater that is slightly acidic to

neutral pH (5.5–6.9), classifying them as moderate-rich

fens (Weixelman & Cooper 2009). The study area experi-

ences a montane mediterranean climate, with warm dry

summers and cold wet winters. Average annual precipita-

tion over the course of our study was approximately

32 cm (http://wrcc.dri.edu, 2/1/17). Our study fens resem-

ble grasslands in structure, and are dominated by peat-

forming obligate wetland sedges that do not form tussocks.
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Peat-forming mosses such as Drepanocladus aduncus and

Philonotis fontana are dominant; Sphagnummoss species are

absent. Trees and shrubs are very rare. Prior to our study,

these fens were considered at-risk due to physical degrada-

tion (i.e. exposed peat and excessive erosion) resulting

from livestock use, and fencing was proposed to protect

them. Upland, non-peat-forming and disturbance indica-

tor species (Weixelman & Cooper 2009) were also present

in both fens.

Our study sites are both located within the 5146-ha

Grizzly Valley Grazing Allotment in the Plumas National

Forest. This allotment was grazed exclusively with sheep

until 1945, when cattle were introduced. We fenced a por-

tion of the two fens, using temporary electric fencing,

while the remainder of the fens and the surrounding mea-

dow landscape was left open to livestock grazing. These

fenced–unfenced paired sites were located 262 m apart at

Woodsy Fen and 550 m apart at Old House Fen. Over the

course of this study, 505 cow–calf pairs were permitted

annually within the unfenced portions of the fens between

16 Jun and 15 Sept.

Old House Fen was fenced in 2007 andWoodsy Fen was

fenced in 2009. Old House was sampled in 2007 and 2008.

Both fens were sampled simultaneously in 2009, 2010,

2012 and 2015, however due to different fencing dates,

our time since fencing variable varied between fens. We

included multiple sampling dates in order to capture pre-

fencing condition, to account for inter-annual variability

in climatic and environmental conditions, and to evaluate

the pattern and rate of vegetation change in response to

fencing over time.

Field sampling

Within each site, four or five parallel 25-m long transects

were established using a systematic sampling approach.

Twenty-five 0.01 m2 frequency frames were placed along

each transect at 1 m intervals, for a total of 100–125 frames

per site. All plant species rooted within the frequency

frames were identified following the nomenclature of

Baldwin et al. (2012) for vascular species and Norris &

Shevock (2004) for bryophytes. Frequency was calculated

for each species by dividing the number of occupied frames

by the total number of frames (n = 25) along each transect.

Species richness was calculated as the total number of spe-

cies per transect. Species turnover (b-diversity) between

sampling years was calculated as b = [Y1 � C] + [Y2 � C];

where Y1 is the total species richness of the first year, Y2 is

the total species richness of the following year, and C is the

number of species they have in common. Percentage cover

of ground cover variables (exposed peat, water, litter,

moss, hoof prints, cow dung and basal cover of vegetation)

was calculated from point intercept measures collected at

the four corners of each frequency frame for a total of 100

points per transect. Basal cover of vegetation refers to the

amount of ground occupied by plant stems where they

emerge from the soil (Stocking 1994). Transect was the

unit of analysis for all variables.

We included annual precipitation in our analyses to

serve as a proxy for hydrologic variables, such as water

table depth; we did not measure directly. Inclusion of this

variable in our models allowed us to separate the response

of the plant community to our fencing treatment from the

effect of inter-annual variation in climatic and other envi-

ronmental conditions. Precipitation data were obtained

from a National Weather Service station located 18 km

from our study sites (http://wrcc.dri.edu, 10/1/16).

Species functional traits

We classified both vascular and non-vascular species

according to functional traits commonly used to assess fen

condition. Wetland indicator status was defined according

to the National Wetland Plant List (Lichvar et al. 2016).

Peat-forming species and disturbance indicator species,

which include both early seral and species that indicate

lowered water tables and drying soil conditions, were iden-

tified according toWeixelman & Cooper (2009). We classi-

fied species as early, mid- or late seral following the

definitions in U.S. Department of Agriculture (1997) and

Weixelman & Zamudio (2001). Functional trait classifica-

tion of the most common species in our study is provided

in Appendix S1.

Statistical analysis

How does livestock exclusion influence species composition?

To examine species composition, we evaluated species fre-

quency data using NMDS analysis. Data from all sampling

years were utilized, with the exception of species that

occurred in <5% of transects, leaving a total of 37 species

and 88 transects for the analysis. A second matrix of envi-

ronmental variables included percentage cover values for

exposed peat, basal vegetation, litter, water, cow dung,

moss, hoof prints; as well as annual precipitation (cm);

time since fencing (years); fen (Woodsy or Old House),

treatment (fenced or unfenced) and sample year. A Multi-

Response Permutation Procedure (MRPP; Mielke 1984)

with a rank-transformed Sørensen (Bray-Curtis) distance

measure was used to test whether site, treatment or time

since fencing affected species composition. We employed

indicator species analysis to identify species with both high

specificity and fidelity for fenced and unfenced treatments

(Dufrêne & Legendre 1997). All analyses were conducted

in PC Ord (v 6; MjM Software Design, Gleneden Beach,

OR, US).
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Is livestock exclusion associated with shifts in species functional

traits?

The relationships between species functional traits and

environmental variables were tested by combining RLQ

and fourth-corner analyses as recommended by Dray et al.

(2014). In the RLQ analysis we used correspondence anal-

ysis (CA) for the L (species frequency) table, Hill-Smith

principal components analysis (PCA) for the R (environ-

mental variables) table (Hill & Smith 1976) and multiple

correspondence analysis (MCA) for the Q (functional

traits) table. We then applied fourth-corner tests to the

output of the RLQ ordinations, allowing us to statistically

test and quantify the relationships between environmental

variables and species traits. Significance was assessed based

on 49 999 permutations, and P-values were adjusted using

the false discovery rate method (Dray et al. 2014). Analy-

ses were performed with the ade4 package (Dray & Dufour

2007) in R (v 3.3.2; R Foundation for Statistical Comput-

ing, Vienna, AT).

Does the response to livestock exclusion change over time?

To evaluate how individual species, species richness and

turnover, environmental variables and functional traits

responded to fencing over time, we fitted linear mixed

effects models (LMEM) in the R lme4 package (Bates et al.

2015). All models specified time since fencing (years) and

treatment (fenced or unfenced) as fixed effects, with tran-

sect specified as a random effect. The frequency of tree and

shrub species, and of upland and facultative upland species,

were combined to create sufficient sample sizes for analysis.

Results

We identified 53 plant species in our fen study sites. An

additional ten taxa could only be identified to family or

genus due to immaturity or lack of sufficient plant material

(Appendix S1). Obligate wetland peat-forming sedges,

such as Eleocharis quinqueflora and Carex simulata, were

among themost frequently occurring species across all sites

and years (Appendix S1). However, species from every

functional trait category were represented, including a

large number (39 species) of forbs (Appendix S1). There

was very little exposed peat at either of our study sites,

with a mean cover of only 3%. Mosses, basal vegetation

and litter were the most common ground cover variables,

averaging 27%, 22% and 18% cover, respectively. Total

species richness, obligate wetland, and peat-forming spe-

cies frequency were the same at both fens prior to fencing.

However, Woodsy Fen had more early seral and forb spe-

cies than Old House Fen, and also supported the only

shrub species, Salix eastwoodiae. Annual precipitation over

the 9 yr of our study ranged from 21 cm in 2007 to 57 cm

in 2010, averaging 32 cm. This represented drought condi-

tions relative to the average annual rainfall of 52 cm

recorded over the past 100 yr (http://wrcc.dri.edu, 10/1/

16; Diffenbaugh et al. 2015).

Effect of livestock exclusion on species composition

patterns

The final NMDS ordination solution had three dimensions

and a stress of 13.08, an instability of <0.001, and a cumu-

lative R2 of 0.892 (R2 axis 1 = 0.505, axis 2 = 0.192, axis

3 = 0.196). Litter cover was strongly correlated with axis 1

(R2 = 0.31), while variables associated with livestock uti-

lization (hoof print and cow dung cover) were correlated

with axis 2 (R2 = 0.112 and 0.109, respectively; Fig. 1).

Annual precipitation and other ground cover variables

were not significantly related to the ordination axes. Spe-

cies composition significantly differed between fens

(T = �14.14, A = 0.05, P < 0.001), between fenced and

unfenced treatments, (T = 10.88, A = 0.200, P < 0.001)

and as a result of the number of years since fencing

(T = �11.36,A = 0.095, P < 0.001).

Three species were identified as significant indicators of

unfenced sites. These were perennial, obligate wetland,

peat-forming sedge species Carex nebrascensis (indicator

value (IV) = 59.1, P < 0.001) and Eleocharis quinqueflora

(IV = 57.6, P < 0.001), and an obligate wetland peat-form-

ing moss, Drapanocladus aduncus (IV = 55.4, P < 0.001). A

Fig. 1. Scatter plot of NMDS axis scores for fen species ordination. Plots

are symbolized to show the distribution of fenced and unfenced

treatments and the bi-plot of environmental variables where R2 > 0.1

(litter, hoof print and cow dung cover) along ordination axes 1 and 2.

Applied Vegetation Science
4 Doi: 10.1111/avsc.12333© 2017 International Association for Vegetation Science

Grazing affects fen species composition K.E. Merriam et al.

http://wrcc.dri.edu


larger number of species (19 species) were significant indi-

cators of fenced sites (see Appendix S1). Of these, six spe-

cies are considered indicators of disturbance, 14 are not

peat-forming, seven are facultative wetland or upland

species, six are early establishers and one is a shrub

(S. eastwoodiae).

The influence of livestock exclusion on species

functional traits and environmental variables

The first axis of the RLQ analysis accounted for 80% of the

total co-inertia (i.e. link between the traits and environ-

mental variables) and the second axis for 9%. This repre-

sented 38% of the correlation expressed for the first axis in

the CA of species composition (table L), 68% of the total

variance expressed for the first axis in the Hill-Smith PCA

of the environmental variables (table R) and 90% of the

total variance expressed for the first axis in the MCA of the

traits table (table Q). The global test of the fourth-corner

analysis revealed a highly significant relationship between

species distribution and environmental variables (model 2;

P < 0.001) as well as between species composition and

functional traits (model 4; P = 0.032). Total inertia of the

combined models was also significant (Psrlq = 0.03; Dray &

Legendre 2008).

Applying the fourth-corner method to the RLQ

ordination scores revealed a number of significant

associations between RLQ axes, species traits and envi-

ronmental variables (Fig. 2, Appendix S1). The first RLQ

axis was positively correlated with grazing (unfenced),

water and cow dung cover and non-disturbance indica-

tor, peat-forming, obligate wetland, moss and sedge spe-

cies functional traits. The first RLQ axis was negatively

associated with livestock exclusion (fenced), covers of

litter and exposed peat, and species functional traits of

non-peat-forming, facultative upland, forb, grass and

early seral species functional traits. The second RLQ axis

was negatively associated with the ground cover of

mosses. No species functional traits emerged as signifi-

cantly associated with this axis.

Changes over time in response to livestock exclusion

Species richness, including both vascular and non-vascular

species, was significantly higher in fenced sites than in

unfenced sites, and this did not change over the 9 yr of our

study (LMEM: main effect of fencing: t = �4.1, P < 0.001;

of time since fenced: t = 1.6, P = 0.11). The mean number

of species was 18 (� 0.6) in fenced sites and 11 (� 0.5) in

unfenced sites. Species turnover (b-diversity) between the

Fig. 2. Combination of fourth-corner and RLQ results. Fourth-corner tests between the first two RLQ axes for significant relationships between: (a)

environmental gradients (AxR1/AxR2) and traits, and (b) trait syndromes (AxcQ1/AxcQ2) and environmental variables. Positive significant associations are

black cells, negative associations are grey cells, and variables with no significant associations are left blank. Significance was assessed with 49 999

permutations and false discovery rate adjusted P-values.
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first sampling period prior to fencing and the first year after

fencing was almost two-fold greater in fenced sites com-

pared with unfenced sites (b = 10 and 5.5, respectively)

and remained significantly greater in fenced sites for the

remainder of the study (LMEM: main effect of fencing:

t = �3.4, P < 0.01; of time since fenced: t = �9.4,

P = 0.79).

The frequency of a number of individual species chan-

ged over time in response to fencing. Eleocharis quinque-

flora, an obligate wetland, peat-forming, sedge species,

declined significantly over time after fencing relative to

unfenced sites (Fig. 3a). On the other hand, the frequency

of Carex utriculata, also an obligate wetland, peat-forming

sedge, increased significantly after sites were fenced, but

remained unchanged with continuous grazing (Fig. 3b).

Philonotis fontana, an obligate wetland, peat-forming moss

species, also declined in fenced sites over time relative to

unfenced sites (t = 2.0, P = 0.04). Several other species

increased in fenced sites relative to unfenced sites over

time, including Muhlenbergia filiformis, an early seral, non-

peat-forming, obligate wetland grass species (t = �2.1,

P = 0.03), Deschampsia cespitosa, a disturbance indicator,

non-peat-forming, facultative wetland grass species

(t = �2.1, P = 0.03), and Micranthes oregana, a peat-form-

ing, obligate wetland forb species (t = �1.95, P = 0.05).

The frequency of early seral species increased after fenc-

ing (Fig. 3d), as did the frequency of facultative upland

and upland species (time since fenced 9 treatment inter-

action: t = �2.4, P = 0.02). Conversely, the frequency of

mosses declined over time in fenced relative to unfenced

sites, (time since fenced 9 treatment interaction: t = 2.3,

P = 0.02). We did not observe changes in the frequency of

woody species (Pinus jeffreyi and S. eastwoodiae) or the fre-

quency of forbs over time in response to fencing. Litter

Fig. 3. Linear mixed effects models with transect specified as random effect. Results reported are for time since fenced 9 treatment interaction:

(a) Eleocharis quinqueflora frequency (t = 3.14, P = 0.002), (b) Carex utriculata frequency (t = �3.81, P < 0.001), (c) Litter cover (t = �4.7, P < 0.001) and

(d) Early seral frequency (t = �2.0, P = 0.04). Grey bands indicate 95% CI.
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cover exhibited a significant linear increase over time after

removal of grazing (Fig. 3c), while moss cover declined

(time since fenced 9 treatment interaction: t = 3.2,

P = 0.002).

Discussion

Our results contribute to a growing body of literature

demonstrating that livestock exclusion can strongly affect

plant community composition in wetland ecosystems

worldwide. Contrary to our expectations, livestock

removal did not increase the frequency of key plant spe-

cies. Grazed sites were associated with peat-forming obli-

gate wetland, moss and sedge species, while fenced sites

supported more non-peat-forming facultative upland and

upland, forb, grass and ruderal species. Possible explana-

tions for these unexpected shifts in species composition

after grazing cessation include: (1) biomass accumulation

in the absence of herbivory, (2) competitive exclusion in

fenced sites, (3) succession, (4) the abiotic conditions of

our study sites, particularly hydrology and nutrient status,

and (5) interactions among these factors.

Without grazing or mowing, biomass accumulation in

fens and grasslands has been repeatedly linked to signifi-

cant changes in plant community composition (Schrautzer

et al. 2013). We found that litter cover increased signifi-

cantly over time in fenced relative to unfenced sites

(Fig. 3c). Biomass accumulation can inhibit germination

and reduce light availability for small-statured prostrate

plants, such as mosses (Diemer et al. 2001; M€alson et al.

2008). A decline of bryophyte species has been frequently

reported in fens in the absence of grazing or mowing (Fojt

& Harding 1995; Bergamini et al. 2001; Diemer et al.

2001). We found that both the frequency of the moss life

form and the percentage ground cover of mosses declined

over time in the absence of grazing. This pattern is con-

cerning because moss species are often rare, and can be the

most abundant peat-forming species in fens (Stammel

et al. 2003;Weixelman & Cooper 2009).

Excluding grazing from fens can promote tall-statured

nutrient-demanding graminoids (Stammel et al. 2003;

M€alson et al. 2008; Wesche et al. 2012). We found that

fencing increased the frequency of grass life forms, such as

D. cespitosa and Poa palustris. E. quinqueflora, a short-sta-

tured sedge, declined significantly over time in fenced rela-

tive to unfenced sites (Fig. 3a). On the other hand, Carex

utriculata, a tall robust sedge species, increased significantly

after sites were fenced, but remained unchanged with con-

tinuous grazing (Fig. 3b). These patterns are consistent

with the competitive exclusion hypothesis proposed by

Grime (1979), that competitive species, such as perennial

graminoids, increase without grazing and dominate less

competitive groups, such as short-statured and annual

species. In Europe, active management of fens by mowing

and/or grazing is considered necessary to maintain less

competitive species, which are often rare (Fossati & Pautou

1989; Middleton et al. 2006).

Unlike most studies that have detected a decline in early

seral species after removing active management such as

mowing or grazing from fens (Hald & Vinther 2000; Klim-

kowska et al. 2009), we found an increase in colonizer

species after fencing (Fig. 3d). We also observed an

increase in species turnover, suggesting that the availabil-

ity of open niches and removal of grazing pressure after

exclusion may have permitted the colonization of species

adapted to disturbed or nutrient-enriched sites. This

change in species composition may be the result of short-

term succession, where livestock exclusion initially favours

species with adaptations, such as easily dispersed seeds,

that allow them to disperse into exposed areas, such as

those created by hoof prints (Middleton 2002; Stammel

et al. 2003). These patterns may be temporary, and obli-

gate wetland and peat-forming species characteristic of

properly functioning fensmay becomemore common over

time. However, we found that changes in species composi-

tion occurred within a year of fencing and continued in a

linear progression throughout the 8 yr of our study

(Fig. 3). Other studies have found that shifts in species

composition after removing livestock from fens can estab-

lish a successional trajectory that may never resemble

ungrazed reference sites (Middleton 2002; Diggelen et al.

2006).

Contrary to our expectations, fencing reduced the fre-

quency of peat-forming species, and increased the fre-

quency of upland and facultative upland species. Some

authors have found that in the absence of mowing or graz-

ing, species composition can shift to reflect the underlying

hydrology (Fojt & Harding 1995) or nutrient status

(Navr�atilov�a et al. 2017) of the fen. Although species com-

position in fens is primarily determined by the depth of the

water table, pH and nutrient availability, livestock grazing

can modify species composition by influencing species

competitive interactions and tolerances to soil moisture

and nutrient status (Fossati & Pautou 1989; Schrautzer

et al. 2013). Grazing or mowing can also directly reduce

nutrient availability through the removal of vegetative bio-

mass. Fojt & Harding (1995) found that after 30 yr without

management such as grazing, mowing and burning,

hydrologically degraded fens exhibited colonization by

early seral upland and non-fen species, while hydrologi-

cally intact fens remained dominated by fen specialists.

Navr�atilov�a et al. (2017) concluded that eutrophication

and lack of management has resulted in near extinction of

nutrient-poor, alkaline fens (i.e. rich fens) and their associ-

ated species across Central Europe. Eutrophication triggers

succession toward non-fen vegetation because nutrient-
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requiring non-fen species can easily out-compete fen spe-

cialists when nutrients are abundant (Wesche et al. 2012;

Navr�atilov�a et al. 2017). In addition to atmospheric depo-

sition, livestock manure can be a significant source of

nutrient addition, and our study sites have likely experi-

enced increased nutrient availability over their long his-

tory of livestock use. Deschampsia cespitosa, an indicator

species for our fenced sites, has been associated with nutri-

ent enrichment and can out-compete fen specialist species

after grazing cessation, particularly when nutrients are not

limiting (Krahulec et al. 2001). A decline of mosses, in par-

ticular, has been linked to increased nutrient availability in

fens. H�ajek et al. (2015) discovered that mosses adapted to

nutrient-poor conditions (i.e., calcicolous brown mosses)

declined after nutrient addition, even in otherwise intact

undisturbed fens. Both hydrologic degradation and

eutrophication can be exacerbated by drought, and our

study straddled the onset in 2012 of the most intense

drought in recorded history in California (Diffenbaugh

et al. 2015; http://wrcc.dri.edu, 10/1/16), resulting in low-

ered water tables throughout the state (https://waterdata.

usgs.gov/nwis/gw, 15/2/17). However, although we

included precipitation in our models, we did not measure

site-level variation in water table depth or other hydrologic

attributes, and we did not measure nutrient availability.

Therefore, we cannot directly assess how species composi-

tion or functional trait patterns may have been affected by

spatial and temporal hydrologic variability or nutrient

status.

Management implications

The legacy of livestock grazing at our study sites may not be

ameliorated through excluding livestock. A number of fens

and wet meadows in the Sierra Nevada, US, have not been

grazed for over a century, and yet the hydrologic alteration

associated with livestock utilization during the 19th century

is still present in these systems (Dull 1999; Patterson &

Cooper 2007). Erosional processes and nutrient addition

initiated by livestock can become self-reinforcing and per-

sist indefinitely after livestock are excluded (Ratliff 1985;

Belsky et al. 1999). In these cases, specific restoration efforts

focused on re-establishing shallow water tables and revers-

ing eutrophication are necessary (Chimner & Cooper 2003;

Holden et al. 2004; Lamers et al. 2015).

There may be some role for low-intensity grazing in the

maintenance of healthy fen ecosystems, such as to reduce

litter accumulation and prevent dominance of certain spe-

cies, particularly where short-statured species are of man-

agement concern (Bergamini et al. 2001; Stammel et al.

2003; Middleton et al. 2006). However, the timing, dura-

tion and intensity of grazing must be carefully managed to

avoid any potential for livestock to alter fen hydrology,

nutrient status, or to expose peat to desiccation. These per-

manent and often irreversible negative effects far outweigh

any potential benefits of livestock grazing in the arid west-

ern US. Depending on the pH, nutrient status and species

composition of the fen, mowing or grazing with small ani-

mals such as sheep or native herbivores may be an effec-

tive management alternative for maintaining biodiversity

in fens, without the potential physical damage associated

with heavy-bodied livestock such as cattle (Mack &

Thompson 1982; Stammel et al. 2003).

Although land managers in the arid western US often

use species composition as an indicator of functioning con-

dition in fen ecosystems, our results suggest that species

composition at grazed sites may also reflect selective forag-

ing by livestock and differential responses of individual

species to herbivory, hydrology and nutrient status

(Augustine & McNaughton 1998). Therefore, caution

should be used when evaluating fen condition based on

species composition alone when the fen is being actively

grazed. It may be useful to identify indicator species, or

functional traits, with narrow tolerances to hydrologic

condition and nutrient status, as well as to grazing pressure

For example, H�ajek et al. (2015) suggested that changes in

moss species should be closely monitored in order to detect

early signs of eutrophication. On the other hand, we found

that the amount of exposed peat was not sensitive to graz-

ing cessation and may not be a good indicator of past live-

stock usage. Alternately, fencing fens, or portions of fens,

to establish ungrazed reference areas may allow land man-

agers to more accurately assess fen condition using species

composition without the confounding influence of graz-

ing. Ultimately, a direct evaluation of hydrologic indicators

or nutrient status may provide more insight into fen condi-

tion than species composition alone.

We found that species composition differed between

sites and over time, suggesting that fen plant communities

are influenced by a number of factors unrelated to man-

agement. A large number of environmental and biological

variables influence species composition in fens, including

site history, water and soil chemistry, hydrologic regime,

temperature regime, propagule and seed bank composi-

tion, species physiological requirements, competitive

interactions, site productivity and disturbance regimes

(Timmermann et al. 2006; Schrautzer et al. 2013). Future

research that quantifies hydrologic regimes and nutrient

status, and that evaluates long-term successional trajecto-

ries, is needed to better understand these complex

ecosystems.
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Dufrêne, M. & Legendre, P. 1997. Species assemblages and indi-

cator species: the need for a flexible asymmetrical approach.

Ecological Monographs 67: 345–366.

Dull, R.A. 1999. Palynological evidence for 19th century grazing-

induced vegetation change in the southern Sierra Nevada,

California, USA. Journal of Biogeography 26: 899–912.

Fojt, W. & Harding, M. 1995. Thirty years change in the vegeta-

tion communities of three valley mires in Suffolk, England.

Journal of Applied Ecology 32: 561–577.

Fossati, J. & Pautou, G. 1989. Vegetation dynamics in the fens of

Chautagne (Savoie, France) after the cessation of mowing.

Vegetatio 85: 71–81.

Grime, J.P. 1979. Plant strategies, vegetation processes, and ecosystem

properties. JohnWiley & Sons, Chichester, UK.

H�ajek, M., Jirou�sek, M., Navr�atilov�a, J., Horodyska, E., Peterka,

T., Pleskova, Z., Navratil, J., Hajkova, P. & H�ajek, T. 2015.

Changes in the moss layer in Czech fens indicate early succes-

sion triggered by nutrient enrichment. Preslia 87: 279–301.

Hald, A.B. & Vinther, E. 2000. Restoration of a species-rich fen-

meadow after abandonment: response of 64 plant species to

management. Applied Vegetation Science 3: 15–24.

Hill, M.O. & Smith, A.J.E. 1976. Principal component analysis of

taxonomic data with multi-state discrete characters. Taxon

25: 249–255.

Holden, J., Chapman, P. & Labadz, J. 2004. Artificial drainage of

peatlands: hydrological and hydrochemical process and wet-

land restoration. Progress in Physical Geography 28: 95–123.

Jones, A. 2000. Effects of cattle grazing on North American arid

ecosystems: a quantitative review. Western North American

Naturalist 60: 155–164.

Klimkowska, A., Bekker, R.M., Van Diggelen, R. & Kotowski, W.

2009. Species trait shifts in vegetation and soil seed bank

during fen degradation. Plant Ecology 206: 59–82.

Krahulec, F., Sk�alov�a, H., Herben, T., Hadincov�a, V., Wildov�a, R.

& Pech�a�ckov�a, S. 2001. Vegetation changes following sheep

grazing in abandoned mountain meadows. Applied Vegetation

Science 4: 97–102.

Lamers, L.P., Vile, M.A., Grootjans, A.P., Acreman, M.C., van

Diggelen, R., Evans, M.G., Richardson, C.J., Rochefort, L.,

Kooijman, A.M. & Roelofs, J.G. 2015. Ecological restoration of

rich fens in Europe and North America: from trial and error to

an evidence-based approach. Biological Reviews 90: 182–203.

Lichvar, R.W., Banks, D.L., Kirchner,W.N. &Melvin, N.C. 2016.

The National Wetland Plant List: 2016 wetland ratings.

Phytoneuron 2016–30: 1–17.

Mack, R.N. & Thompson, J.N. 1982. Evolution in steppe with

few large, hooved mammals. The American Naturalist 119:

757–773.

9
Applied Vegetation Science
Doi: 10.1111/avsc.12333© 2017 International Association for Vegetation Science

K.E. Merriam et al. Grazing affects fen species composition



M€alson, K., Back�eus, I. & Rydin, H. 2008. Long-term effects of

drainage and initial effects of hydrological restoration on rich

fen vegetation. Applied Vegetation Science 11: 99–106.

Middleton, B. 2002. Nonequilibrium dynamics of sedge mead-

ows grazed by cattle in southern Wisconsin. Plant Ecology

161: 89–110.

Middleton, B., Holsten, B. & van Diggelen, R. 2006. Biodiversity

management of fens and fen meadows by grazing, cutting

and burning. Applied Vegetation Science 9: 307–316.

Mielke, P.W. Jr 1984. Meteorological applications of permuta-

tion techniques based on distance functions. In: Krishnaiah,

P.R. & Sens, P.K. (eds.) Handbook of statistics, vol 4, pp. 813–

830. Elsevier Science, Philadelphia, PA, US.

Milchunas, D.G. & Lauenroth,W.K. 1993. Quantitative effects of

grazing on vegetation and soils over a global range of envi-

ronments. Ecological Monographs 63: 327–366.

Navr�atilov�a, J., H�ajek, M., Navr�atil, J., H�ajkov�a, P. & Frazier, R.J.

2017. Convergence and impoverishment of fen communities

in a eutrophicated agricultural landscape of the Czech

Republic.Applied Vegetation Science 20: 225–235.

Norris, D.H. & Shevock, J.R. 2004. Contributions toward a bry-

oflora of California: II. A key to the mosses. Madro~no 51: 1–

131.

Patterson, L. & Cooper, D.J. 2007. The use of hydrologic and eco-

logical indicators for the restoration of drainage ditches and

water diversions in a mountain fen, Cascade Range, Califor-

nia.Wetlands 27: 290–304.

Ratliff, R.D. 1985. Meadows in the Sierra Nevada of California: state

of knowledge. General Technical Report PSW-84. USDA For-

est Service, Pacific Southwest Research Station, Berkeley,

CA, US.

Sarr, D.A. 2002. Riparian livestock exclosure research in the

western United States: a critique and some recommenda-

tions. Environmental Management 30: 516–526.

Schrautzer, J., Sival, F., Breuer, M., Runhaar, H. & Fichtner, A.

2013. Characterizing and evaluating successional pathways

of fen degradation and restoration. Ecological Indicators 25:

108–120.

Stammel, B., Kiehl, K. & Pfadenhauer, J. 2003. Alternative man-

agement of fens: response of vegetation to grazing andmow-

ing. Applied Vegetation Science 6: 245–254.

Stocking, M. 1994. Vegetative cover and management effects.

In: Lal, R. (ed.) Soil erosion: research methods, pp. 211–232. Soil

andWater Conservation Society, Ankeny, IA, US.

Tesauro, J. & Ehrenfeld, D. 2007. The effects of livestock grazing

on the bog turtle [Glyptemys (= Clemmys) muhlenbergii]. Her-

petologica 63: 293–300.

Timmermann, T., Marg�oczi, K., Tak�acs, G. & Vegelin, K.

2006. Restoration of peat-forming vegetation by rewet-

ting species-poor fen grasslands. Applied Vegetation Science

9: 241–250.

U.S. Department of Agriculture. 1997. Region 5 rangeland

analysis and planning guide. U.S. Department of Agricul-

ture, Forest Service, Pacific Southwest Region, Vallejo,

CA, US.

Weixelman, D.A. & Cooper, D.J. 2009. Assessing proper functioning

condition for fen areas in the Sierra Nevada and Southern Cascade

Ranges in California. A user guide. USDA Forest Service, Pacific

Southwest Region, Vallejo, CA, US.

Weixelman, D. & Zamudio, D. 2001. Determining ecological sta-

tus of Sierra Nevada Mountain meadows using plant fre-

quency and soil characteristics. In: Faber, P.M. (ed.)

California riparian systems: processes and floodplains management,

ecology, and restoration, pp. 436–471. Riparian Habitat Joint

Venture, Sacramento, CA, US.

Wesche, K., Krause, B., Culmsee, H. & Leuschner, C. 2012. Fifty

years of change in Central European grassland vegetation:

large losses in species richness and animal-pollinated plants.

Biological Conservation 150: 76–85.

Whittington, P.N. & Price, J.S. 2006. The effects of water table

draw-down (as a surrogate for climate change) on the

hydrology of a fen peatland, Canada. Hydrological Processes

20: 3589–3600.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Appendix S1. Species list, functional trait classification,

indicator species information, study site map and comple-

mentary analyses.

Applied Vegetation Science
10 Doi: 10.1111/avsc.12333© 2017 International Association for Vegetation Science

Grazing affects fen species composition K.E. Merriam et al.


