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Abstract Small headwater fens at high elevations

exist in the dry climatic regime of western Colorado,

despite increasing demands for water development

since the 1800’s. Fens on Grand Mesa have accumulated

plant material as peat for thousands of years due to cold

temperatures and consistently saturated soils. The

peatlands maintain unique plant communities, wildlife

habitat, biodiversity, and carbon storage. We located

and differentiated 88 fens from 15 wet meadows and 2

marshes on Grand Mesa. Field work included deter-

mining vegetation, soils, moisture regimes, and impacts

from human activities. All fens were groundwater-

supported systems that occurred in depressions and

slopes within sedimentary landslide and volcanic glacial

till landscapes. Fens occupied 400 ha or less than 1 % of

the 46,845 ha research area and ranged in size from 1 to

46 ha. Peat water pH in undisturbed sites ranged from

4.3 to 7.1. Most fens had plant communities dominated

by sedges (Carex) with an understory of brown mosses.

Variation in vegetation was controlled by stand wetness,

water table level, organic C, conductivity (EC), and

temperature �C. Fen soils ranged from 13.6 to 44.1 %

organic C with a mean of 30.3 %. Species diversity in

fens was restricted by cold short growing seasons,

stressful anaerobic conditions, and disturbance. Multi-

variate analysis was used to analyze relationships

between vegetation, environmental, and impact vari-

ables. Stand wetness, water table level, OC, electrical

conductivity (EC), and temperature were used to

analyze vegetation variance in undisturbed fens, wet

meadows, and marshes. Vegetation composition in

impacted fens was influenced by flooding, sedimenta-

tion, stand wetness, water table level, OC, EC, and

temperature. Hydrologically modified fens supported 58

plant species compared to 101 species in undisturbed

fens. Analysis of historical 1936–2007 aerial pho-

tographs and condition scalars helped quantify impacts

of human activities in fens as well as vegetation changes.

Fourteen fens had evidence of peat subsidence, from

organic soil collapse, blocks of peat in the margins, soil

instability, and differences in surface peat height

between the fen soil surface and the annually flooded

soil surface. Of 374 ha of fens in the Grand Mesa study

area, 294 ha (79 %) have been impacted by human

activities such as ditching, drainage, flooding, or

vehicular rutting. Many fens had little restoration

potential due to severe hydrological and peat mass

impacts, water rights, or the cost of restoration.
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Introduction

Peat accumulating wetlands, termed fens, have formed

in many high elevation watersheds in the Rocky

Mountains where groundwater discharges to the

surface supporting perennially saturated soils (Cooper

and Andrus 1994). Fens, wet meadows, and marshes

are often addressed similarly by land management

agencies yet they have distinctive vegetation, hydro-

logic regimes, and soils. Marshes and wet meadows

differ from fens in having mineral soils, and from each

other, marshes having seasonally deep standing water

(Cooper et al. 2012). Fens support distinctive land-

forms created by peat accumulation, including floating

mats and hummocks, and regionally critical biodiver-

sity, including habitat for animals such as amphibians

(Lemly 2007; Lamers et al. 2015). Many peatlands are

repositories of paleoecological fossils preserving pre-

historic plant and animal remains, including masto-

dons (Johnson and Miller 2012). Fens perform the key

function of carbon storage (Cooper 1996; Chimner

et al. 2010), and in the southern Rocky Mountains

accumulate organic matter at a rate of 8–30 cm per

1000 years (Cooper 1990; Cooper and MacDonald

2000).

Peat accumulation and landform preservation

requires perennial soil saturation that limits decom-

position. Because fens are supported by nearly con-

stant groundwater inflows from their watershed, they

are highly sensitive to landscape changes that influ-

ence the quantity, chemistry or timing of inflows.

Many fens in the southern Rocky Mountains have

been accumulating peat for more than 10 millennia

and natural disturbances such as fires and insect

infestations that influence the surrounding high ele-

vation forests have had little known impact on fen

hydrologic regimes (Cooper et al. 2012; Schimelpfe-

nig et al. 2014).

Since Caucasian settlement in the mid 1800’s

human impacts to fens in western North America have

been from localized gold and silver mining, roads, and

large-scale water development for agriculture. In the

San Juan Mountains of southwestern Colorado 10 %

of fens have had severe hydrologic modifications from

road construction, mining, housing development, and

ditch drainage (Chimner et al. 2010). On Grand Mesa

478 ha of wetland and lake basins, many supporting

fens, were hydrologically modified prior to 1995 to

store water in support of lower elevation irrigated

agricultural lands (USFWS 1995). The alteration of

fen hydrologic regimes can reduce plant species

diversity, disrupt soil carbon storage (Chimner and

Cooper 2003a; Patterson and Cooper 2007), and lead

to peat oxidation, decomposition, and subsidence

(Armentano and Menges 1986; Holden et al. 2004;

Siegel and Glaser 2006).

Many fens in the southern Rocky Mountains are

geographically ‘‘isolated wetlands’’, lacking direct

surface connections to navigable waters. Therefore,

US Army Corps of Engineers jurisdictional regulation,

and state level regulations do not extend to all fens in

the region (Leibowitz 2003). Information on the

location of fens, their vegetation composition, condi-

tion, and the effects of hydrologic modifications is

needed to manage fens in mountain watersheds. We

conducted research to help provide guidelines for the

management of fens in the Rocky Mountains. We

determined the distribution of fens on Grand Mesa,

Colorado, characterized floristic and soil differences

between fens, marshes, and wet meadows, quantified

environmental gradients controlling fen plant com-

munity composition, and characterized the type and

extent of impacts to fens.

Methods

Study area

The 46,845 ha study area is located on Grand Mesa, a

1300 km2 plateau at 3100 m elevation in western

Colorado (Fig. 1). Grand Mesa initially formed nearly

10 million years ago as a flat basalt plain underlain by

calcareous sedimentary rocks (Fig. 2). Unlike most

mountain regions in the southern Rocky Mountains,

mass wasting and landslide activity have dominated its

geologic history (Fig. 3). The weight of the basalt and

glacial ice cap on weak underlying shale layers caused

slump block movements that created hundreds of

depressions (Retzer 1954; Yeend 1973; Drummond

1999). Most basins filled with water forming lakes.

Where perennial groundwater, moving through land-

slide debris and glacial till, discharged to the surface,

peat accumulated. Many peatlands occur on the

upgradient side of lakes where hillslope ground water

enters, maintaining shoreline water levels.

Grand Mesa mean daily January -10.8 �C and July

temperature of 56 �C is similar to other high mountain
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regions including the San Juan Mountains of Color-

ado, Yellowstone National Park in Wyoming, and

southern Canadian Rocky Mountains (High Plains

Regional Climate Center 2015; Warner and Asada

2006; Western Regional Climate Center 2007). Mean

annual precipitation on Grand Mesa is 83 cm com-

pared to a range of 44–62 cm in these three other

areas. Winter precipitation on Grand Mesa is largely

from Pacific frontal storms, while summer rain is

driven largely by the southwest monsoon (Yeend

1965).

Potential fen identification

A total of 111 potential fen sites were identified using

1:24,000 scale aerial photographs taken in 1988,

National Wetland Inventory (NWI) topographic quads

(1:24,000) and 1 m resolution color digital orthophoto

quads from the National Agricultural Imagery Pro-

gram (NAIP). Fens have features that can be identified

on many air photographs, including saturated soil,

reddish-brown colored mosses, and landforms such as

strings, pools, and floating mats.

Fig. 1 Map of Grand Mesa

showing the location of the

research area within the

western United States and

study sites. The research

area is centered at

39�03012.800 0N,

107�57031.530 0W, 3178 m

Fig. 2 Cross sectional view of the geology of Grand Mesa.

Claystone layer is the Unnamed Formation. Adapted from

Yeend (Yeend 1965)
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Field evaluations

Each potential fen site was visited to determine

whether organic soil was present, using the definitions

in Soil Taxonomy (NRCS 1999). In each site one soil

sample was collected from 35 to 40 cm depth and

analyzed for % organic carbon (C) with dry combus-

tion at 900 C in a LECO TruSpec at Colorado State

University’s Soil Laboratory in Fort Collins, Color-

ado. Soils with organic C content [18 % were

considered organic,\12 % were considered mineral,

while those containing 12 to 18 % were analyzed for

clay content and the formula for organic soil determi-

nation was applied: % clay 9 0.1 ? 12 (smallest % of

organic C) (NRCS 1999). For example, a soil sample

with 13 % organic C and 25 % clay content produced

a calculated value of 14.5 %, indicating a mineral soil.

Sites with at least 40 cm of organic soils were

considered fens (Chimner et al. 2010). For estimating

site soil moisture, we used a modified six-point scalar

(Cooper and Andrus 1994). Sites with consistently dry

or moist soil conditions were ranked 1. Sites with

seasonally high water tables and occasional soil

saturation were ranked 2. Sites with consistently

saturated surface soil conditions were ranked 3. Sites

with water table levels 8–10 cm above the soil surface

were ranked 4. Sites with earthen dams and artificial

flooding were ranked 5. Sites with water levels

[20 cm above the soil surface were ranked 6.

Each study site was visited three or more times

between 2003 and 2007, homogenous stands of

vegetation were identified in each, and one 4 m2 plot

per stand was sampled using the relevé method

(Mueller-Dombois and Ellenberg 1974). A total of

303 stands were sampled. All vascular plants were

verified in the University of Colorado Herbarium

(COLO), and vascular plant nomenclature follows

Weber and Wittmann (2012). Vascular plant vouchers

are stored at Western State Colorado University’s

Herbarium (WSCU), Gunnison, Colorado. Bryo-

phytes were identified by W. A. Weber and R.

C. Wittmann and deposited at COLO. Sphagnum

specimens were identified by R. C. Andrus and are

vouchered at Binghamton University (BING), New

York. Bryophyte nomenclature follows Anderson

et al. (1990) and Weber and Wittmann (2007).

Ground water pH and conductivity were sampled in

a 40 cm deep pit in each stand that was allowed to fill

with fresh groundwater. Deep standing water was

present in several highly modified sites, and in these

sites water pH and EC were sampled from holes dug

into large blocks of peat either floating or lodged on

the pond edge. We did not sample the standing pond

water. Water pH and temperature �C were measured

Fen on basalt cap Fen on south landslide bench 

Fig. 3 Photograph showing basalt cap on ridge in upper left and landslide bench below cap. Representative locations of fens are shown

on basalt cap and south landslide bench
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using a YSI Environmental pH100 meter and conduc-

tance with a YSI EC300 conductivity meter. Conduc-

tivity was corrected for H? ions (Sjors 1950).

Indicators of hydrologic modifications (dams,

ditches, reservoir surface water) were identified using

1936, 1956, and 1978 USDA Forest Service aerial

photographs, as well as 1 m resolution NAIP aerial

photographs from 2005, and 2011 Earth Google aerial

photographs. All disturbances were field verified.

Other disturbances were identified during fieldwork.

Ditches and dams had straight-line signatures while

flooding produced by reservoirs created dark grey

colors from mineral sediment overlying peat. A

wetland condition scalar was used to evaluate distur-

bance from human activities on fen hydrologic regime,

physical characteristics, and sedimentation in soil

samples (Clarkson et al. 2004). We documented

impacts to fens with photographs of flooding, floating

peat, drowned plants, dams, ditches, vehicle ruts, peat

collapse and subsidence, and bare soil. Many hydro-

logic modifications that occurred prior to 1995 are

identified on National Wetland Inventory maps

(USFWS USFWS 1995).

Data analysis

Plant communities were identified using agglomera-

tive cluster analysis, with the Sorenson distance

measure and flexible beta linkage using the computer

program PC-ORD version 4.14 (van Tongeren 1995;

McCune and Mefford 1999; McCune and Grace

2002). The input data to the cluster analysis was

percent canopy cover for each plant species in the 303

stands sampled for this project. Detrended correspon-

dence analysis (DCA), an indirect gradient analysis

technique, was used to determine the overall variation

in floristic composition in the same vegetation data set

(Hill and Gauch 1980; McCune and Mefford 1999).

Pearson and Kendall Correlation analysis was used to

determine whether the DCA axes were related to the

following environmental variables: percent soil OC,

ground water pH and EC, soil temperature, slope,

depth to water table, and the stand wetness scalar

(McCune and Mefford 1999).

Vegetation composition was related to environ-

mental variables with constrained ordination using

canonical correspondence analysis (CCA) performed

with the software program Canoco version 4.5 (ter

Braak and Smilauer 2002). Constrained ordination

complemented the indirect gradient analysis (DCA)

with detailed analysis of the environmental and

disturbance gradients (Økland 1996). Bi-plot scaling

and inter-species distances were used for axis scaling.

The significance of the species data set to environ-

mental variables was tested with 499 Monte Carlo

permutation tests. Only environmental variables that

were significant at P\ 0.05 are included in the final

analysis.

The parameters of the DCA analysis (McCune and

Mefford 1999) produced combinations of environ-

mental variables including those indicative of impacts,

stand wetness, slope, organic C, temperature �C,

conductivity (EC), pH, water table depth, sedimenta-

tion, flooding, and drainage. Bi-plot scaling and inter-

species distances were used for axis scaling (ter Braak

1986). The significance of the species to impact

variable relationships was tested with 499 Monte

Carlo permutation tests. The analysis included only

environmental variables significant at P\ 0.05.

Indicator species analysis was used to identify plant

species with high fidelity (P\ 0.01) to human-

constructed structures, disturbance type, and water

table level modification (Dufrene and Legendre 1997;

McCune and Grace 2002). Indicator values were

tested for statistical significance with a Monte Carlo

method using 1000 iterations (McCune and Mefford

1999). To add strength to the analysis, we verified the

relationships between impact variables and plants

species using Statistix 7 software (Analytical Software

2007).

Results

Fen identification

Soil organic C content in sample stands ranged from

0.5 to 44.1 % with a mean of 27.7 %. Of the 111 sites,

88 had organic soils and are considered fens. Fen soils

had a mean organic C of 30.3 %, and ranged from 13.6

to 44.1 %. Wet meadow and marsh stands had mean

organic C of 8 %.

Fens had a mean mid-summer standing water depth

of 28.9 cm. Wet meadow and marsh stands had

standing water levels of -0.3 cm and ?26.8 cm

respectively (Table 1). Only thick organic soils sup-

ported floating mat communities dominated by species
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such as Carex limosa, Calliergon stramineum,

Menyanthes trifoliata and Sphagnum teres (Fig. 4).

Site distribution and characteristics

Eighty-nine of the 111 potential fen study sites

occurred on sedimentary landslide material, and 14

on basalt. Fens occurred in depressions, basins, the

base of slopes, and on hillslopes. Vegetation stands

were located in basins (n = 239) or gentle (1–4 %)

slopes (n = 64). Fens occupied 374 ha, or 0.008 % of

the 45,180 ha research area. The largest sampled fen

covered 32 ha, the smallest 1 ha, and the mean size

was 5 ha. Ground water chemistry varied little

between the sampled fens (Table 1). Ground water

pH ranged from 4.5 to 7.1 in intact fens (n = 72), 5.5

to 7.5 in disturbed fens (n = 16), and 5.3–6.8 in wet

meadows and marshes (n = 15).

Vegetation classification

From the 303 relevés analyzed, 16 plant communities

were identified using cluster analysis (Table 2). The

first division of the cluster analysis separated open and

treed stands on sloping or drier sites from those with

consistently saturated soil conditions or high water

tables. Vegetation composition in the data set was

controlled by site wetness, water table level, organic

C, water EC and temperature (Fig. 5). Species rich-

ness was highest in Carex simulata, Eleocharis

quinqueflora, Carex illota, Salix planifolia, and Picea

engelmannii dominated plant communities but the

mean was only 10 species per relevé. Plant commu-

nities were grouped by dominant life forms.

Impact characteristics

The CCA produced combinations of environmental

variables including those indicative of impacts, stand

wetness, slope, organic C, temperature �C, conductiv-

ity (EC), pH, water table depth, sedimentation,

flooding, and drainage. In impacted sites sedimenta-

tion, flooding, stand wetness, water table depth,

organic C, conductivity (EC), and temperature con-

trolled gradients of plant species composition. (Fig-

ure 6). Increased sedimentation, flooding, stand

wetness, temperature, and conductivity resulted in

the decline of fen plant species and an increase in

disturbance triggered communities such as Eleocharis

macrostachya—Potamogeton foliosus. As water table

depth and organic C decreased with drainage, the

presence of bare peat, and the disturbance indicators

Table 1 Peat ground water chemical content of fens on Grand Mesa and other regions of North America

Variable A B C D E F G H I J K

pH 6.0 6.0 6.1 5.3 5.9 6.2 7.9 4.5–5.5 5.5–7.0 6.2 6.3–6.9

EC (lS/cm) 39.7 44.4 30.9 70.1 67.9 – 913.0 21.3 68.7 24.5 24–59

Ca2? (mg/L) 4.8 6.6 5.0 5.5 6.3 2.9 71.7 3–5 5–35 4.0 2.4–4.1

Mg2? (mg/L) 1.3 1.9 1.4 1.0 1.3 0.5 68.6 0.4 4.8 0.6 0.4–0.8

K? (mg/L) 0.8 0.8 1.0 1.5 1.8 – 1.7 0.4 1.7 – –

Na? (mg/L) 1.7 1.6 1.6 2.7 3.3 1.3 14.6 0.4 5.6 – 2.3 –3.3

A Horse, McCullough & Fountain Fens on sedimentary landslide substrates (Grand Mesa)

B Roaddust Fen on claystone, limestone, sandstone deposits (Grand Mesa)

C Coyote Fen on basalt substrates (Grand Mesa)

D Yellowstone NP fens on basalt (Lemly 2007)

E Yellowstone NP fens on rhyolite (Lemly 2007)

F Wind River Range, WY on granite (Cooper and Andrus 1994)

G High Creek Fen, CO—on limestone (Cooper 1996)

H Poor fens (Vitt and Chee 1990; Vitt 2000)

I Moderate-rich or transitional fens (Vitt and Chee 1990; Vitt 2000)

J San Juan Mountains, CO—on rhyolite (Gage and Cooper 2006)

K East Lost Park Fen, CO—on granite (Cooper 1991)
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Rorippa teres and the community Eleocharis acicu-

laris—Hippuris vulgaris became more common.

Forty-two of the 88 fens sampled, covering a total

of 294 ha, were influenced by disturbances ranging

from minor impacts from earthen dams and elk

wallows to severe impacts from dams that have

inundated fens, as well as drainage ditches, and peat

subsidence (Table 3). Fourteen fens had severe hydro-

logical and peat mass modifications including subsi-

dence, loss of the original soil surface elevation, and

vegetation alterations (Fig. 7). These sites likely

cannot be restored. Only 46 fens, with an area of

80 ha, had little or no disturbance.

Comparison of historic with 2007 aerial photog-

raphy indicated increased anthropogenic disturbance

at Kennecott Fen, reducing its size from 80 to

approximately 15 acres, and triggering vegetation

alteration, disintegration of the peat mass, and loss

of the main peat body (Appendix 1). The site has

been altered from a floating mat or large sedge

community with abundant bryophytes to small sedge

stands with bare peat, and an abundance of the

disturbance tolerant species Rorippa teres and

Eleocharis acicularis. Intact fens have irregular

shapes, without straight lines from ditches or dams.

Fens with impacts had lighter colored areas indicat-

ing dry soils, straight lines, and dark grey colored

flooded areas (Fig. 8).

Hydrologically modified fens supported 58 species

compared to 101 species in the undisturbed fens. Mean

bryophyte canopy cover was 21.3 % in undisturbed

fens (n = 211) compared with 8.2 % (n = 57) in

impacted fen stands. Eleocharis macrostachya and

Gnaphalium uliginosum were consistent indicators of

flooding and drainage (Dufrene and Legendre 1997).

Discussion

Fens on Grand Mesa formed in sites where ground-

water discharge and saturated soils have occurred for

millennia allowing peat accumulation. Similar condi-

tions support fens in mountain regions of Canada

(Slack et al. 1980; Vitt and Wieder 2006), and the

western U.S. (Cooper et al. 2002; Chimner and Cooper

2003b; Patterson and Cooper 2007). The majority of

fens are on landslide deposits that formed suitable low

gradient topography or basins. The largest fen is

46 ha, and the average fen is 5 ha, which is much

larger than the 1.2 ha average reported for the San

Juan Mountains (Chimner et al. 2010). The large fen

size on Grand Mesa is likely due to the relatively level

topography compared with the steeper San Juan

Mountains.

Fens were distinguished from marshes and wet

meadows using organic soil criteria, including %

Fig. 4 Grand Mesa Fen with flowing mat of Carex limosa, Calliergon stramineum, Menyanthes trifoliata and Sphagnum teres plant

communities. Carex utriculata and Carex vesicaria plant communities on the margin
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Table 2 Sixteen different fen, marsh, modified fen (Mod. fen), and wet meadow (Wet mdw) plant communities described for Grand

Mesa

Dominant life forms All stands OC pH EC TEMP WT BRY Similar plant

communities

Semi-aquatic NUPLUT Fens (10) 35.8 5.7 21.5 15.2 39.7 0.2 Cooper and Andrus (1994)

NUPLUT Marshes (1) 9.8 5.7 36.0 18.0 35.0 0.0 NatureServe (2008)

ELEMAC Fens (2) 33.2 5.4 25.7 15.1 5.0 6.4 Kartesz (1999)

ELEMAC Mod. fens (11) 25.8 7.1 38.9 13.3 17.7 0.0

ELEMAC Marsh (1) 8.1 5.0 36.0 18.1 2.0 0.0 Kartesz (1999)

Large sedge CARVES Fens (18) 28.9 5.7 26.2 13.7 4.6 4.8 Carsey et al. (2003),

NatureServe (2008)

CARVES Wet mdw (3) 7.7 5.5 36.3 16.2 -5.0 0.0 NatureServe (2008)

CARUTR Fens (27) 31.3 5.7 35.5 15.0 6.3 6.5 Cooper (1990), Heidel and

Laursen (2003)

CARUTR Mod. fens (5) 30.9 7.4 50.6 12.7 -5.6 7.5

CARUTR Wet mdw (2) 7.4 5.8 59.0 14.3 7.5 7.5

CARSAX Fens (50) 29.4 5.6 30.6 13.2 0.1 18.6 Aiken et al. (1999), Gignac

et al. (2004), NatureServe

(2008)

CARSAX Modified fens (5) 24.4 6.7 58.0 8.9 -13.2 9.8

CARSAX Wet mdw (8) 7.7 5.8 35.1 13.1 -6.4 20.2 Carsey et al. (2003)

Floating mat and bryophyte MENTRI Fens (6) 28.0 5.9 24.7 18.1 23.3 0.0 Viereck et al. (1992)

CARLIM Fens (15) 37.4 5.6 29.3 14.5 5.7 54.1 Glaser et al. (1981)

CALSTR Fens (7) 31.9 5.9 26.6 21.1 8.4 72.1

SPHTER Fens (5) 38.0 5.5 19.1 9.4 1.6 66.6 NatureServe (2008)

Small sedge CARAQU Fens (35) 29.8 5.7 29.1 12.5 3.3 30.8 Johnston (1987), Cooper

(1990), Carsey et al. (2003)

CARAQU Mod. fens (2) 32.5 6.8 66.1 11.5 4.5 43.0

CARAQU Wet mdw (3) 6.6 6.0 32.3 13.4 0.7 20.1 Carsey et al. (2003)

CARSIM Fens (15) 27.5 6.0 65.2 13.9 0.4 44.7 Cooper (1990), Rocchio

(2004), Lemly (2007)

CARSIM Mod. fens (1) 22.6 8.0 59.3 14.4 0.0 5.0

CARSIM Wet mdw (2) 12.0 5.6 43.0 11.0 1.0 35.6 Rocchio (2004), NatureServe

(2008)

ELEQUI Fens (23) 29.9 5.8 42.6 16.0 1.3 63.2 Cooper (1990), Heidel and

Jones (2006), Lemly (2007)

ELEQUI Mod. fens (2) 23.9 7.7 56.4 7.4 – 21.9

ELEQUI Wet mdw (6) 6.6 6.1 51.9 11.9 1.0 65.1 Cooper (1990), NatureServe

(2008)

CARILL Fens (6) 28.9 5.5 45.1 11.5 -2.2 48.8 Cooper and Andrus (1994),

Wolf and Cooper (2015)

CARILL Mod. fens (1) 22.1 6.3 69.8 13.1 1.0 7.1

CARILL Wet mdw (1) 7.4 5.8 45.0 11.1 2.0 6.0 Wolf and Cooper (2015)

ELEACI Fens (1) 14.8 6.0 23.1 14.2 – 0.0 NatureServe (2008)

ELEACI Mod. fens (3) 35.0 7.2 47.3 15.7 – 0.0

Shrub and forest SALPLA Fens (12) 28.0 5.7 38.2 11.5 -7.8 13.6 Cooper (1990), Viereck et al.

(1992)

SALPLA Wet mdw (3) 9.5 5.8 42.5 12.6 1.0 3.4 Cooper (1990), NatureServe

(2008)

PICENG Fens (11) 29.0 5.9 41.4 10.5 -8.6 31.9 Johnson (1997)

PICENG Wet mdw (2) 9.2 5.6 37.2 11.4 -7.0 27.9 Johnston (1987)

Mean percent organic carbon (OC), pH and electrical conductance (EC) of soil water, soil temperature (TEMP in C), water table

depth (WT in cm), total percent cover of bryophytes (BR), and researchers describing similar plant communities
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organic C content, thickness of organic layers, and

water table levels (Driver 2010; Cooper et al. 2015;

Chimner et al. 2010). The mean soil organic C of

30.3 %, is nearly identical to the 30.0 % organic C

matter found in San Juan Mountain fens (Chimner

et al. 2010) and 31.9 % organic C in Yellowstone

National Park, Wyoming (Lemly and Cooper 2011).

By contrast wet meadows had a mean organic C

content of 8.2 %.

Water chemistry

Water chemistry and vascular and bryophyte plant

species composition are often used to characterize fens

along the rich to poor gradient (Vitt and Slack 1975;

Cooper and Andrus 1994; Anderson and Davis 1997;

Vitt 2000; Heidel and Jones 2006). Grand Mesa fens fit

well into the concept of moderate-rich with soil water

pH ranging from 5.7 to 7.0 and support an abundance

of common rich-fen brown moss indicator species

including Drepanocladus aduncus, Calliergon stra-

mineum, Aulacomnium palustre and Tomentypnum

nitens (Vitt and Chee 1990; Cooper and Andrus 1994;

Vitt 2000). The treed fen community on Grand Mesa

has high canopy shade and supports the mosses

Climacium dendroides, Plagiomnium ellipticum and

A. palustre similar to forested fens elsewhere in

Colorado (Johnson 1997), northern Michigan (Vitt and

Slack 1975), and Alberta, Canada (Whitehouse and

Bayley 2005).

The three major bedrock types sampled on Grand

Mesa (Table 1) created ground water with a chemical

content similar to the basalt and rhyolite bedrock

regions of Yellowstone National Park (Lemly 2007),

as well as the volcanic substrates in the San Juan

Mountains (Gage and Cooper 2006). Peat water EC

and Ca2? concentrations from sites on sedimentary

landslide substrates were similar between Grand Mesa

(28.5 lS/cm and 4.8 mg/L) and the San Juan Moun-

tains (24.5 lS/cm and 4.0 mg/L).

Fig. 5 Direct gradient analysis of fen (black dots), wet

meadows, and marsh (white dots) stands (N = 303 stands).

Plant variation is explained by environmental gradients

(arrows) including stand wetness, water table depth, conduc-

tivity (EC), and organic C. The greater the distance between the

species symbols, which represent plant community relevés, the

more dissimilar their species composition. Species in the top left

� of the graph grow in drier more sloping sites with higher

conductivity (EC). Species in the top right� tolerate the deeper

water levels often found in depressions and basins. The bottom

left� of the graft indicates drier slightly colder sites with poorer

drainage. Plant species in the bottom right � of the graph grow

in sites with deep peat and higher organic C (i.e. floating peat

mats). DCA eigenvalues for axes 1 and 2 were 0.869 and 0.572

respectively

Fig. 6 Canonical Correspondence Analysis (CCA) of 268 fen

stands, including disturbed (filled triangles) and undisturbed

(open circles) sites. Y-axis (R = 0.508, eigenvalue = 0.139,

biplot score = 0.499) shows environmental variables related to

greater impacts, including sedimentation and flooding (top

right), and no disturbance (bottom). The X-axis (R = 0.697,

eigenvalue = 0.346, biplot score = 0.697) shows increasing

moisture from left to right. Arrows point in the direction of the

sharpest increase in environmental and impact gradients with p

values of\ 0.05
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Vegetation and environmental drivers

Water table depth, stand wetness, organic C, and soil

water electrical conductivity were the gradients

determining plant community distribution and site

variation on Grand Mesa. This is distinct from

mountain regions in Canada, Yellowstone National

Park, the San Juan Mountains, South Park and other

Table 3 Fen stands affected by each impact type with mean wetland condition scalar ratings from 1 (greatest impact), to 5 (least

impact)

Disturbance type Number of

sites impacted

Mean wetland

condition scalar

Sites potentially

restorable

Ditched 11 3.8 11

Ditch draining into site 1 3.6 1

Gas pipeline across site 1 3.5 0

Road across site 1 3.5 0

Vehicle ruts 7 4.2 7

Flooding & drainage for reservoir use, peat subsidence 14 3.4 0

Remnant fen. Hydrologic impacts to primary peat mass. 5 3.6 0

Earthen dam and flooding 1 4.3 1

Spring development for livestock use 1 3.6 0

Total 42 20

Minor impacts such as elk wallowing or livestock damage to vegetation and soil are not included in this table

Fig. 7 Clockwise from top left peat collapse in a fen that has been flooded and drained, large peat block on the edge of a modified fen

that is flooded by a water supply reservoir, bare peat in area that is regularly flooded, vehicle ruts through a fen
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areas where the main drivers of fen vegetation

composition are geology and source water pH (Zoltai

and Vitt 1995; Cooper 1996; Lemly 2007; Chimner

et al. 2010). The difference may be because relatively

little variation in bedrock occurs on Grand Mesa,

therefore little water chemistry variation occurs com-

pared with other mountain regions. Carex species

dominated the vegetation of most study fens and is

likely the primary peat-forming species with brown

mosses, as is typical in the western U.S. (Patterson and

Cooper 2007; Chimner et al. 2010; Lemly and Cooper

2011; Lamers et al. 2015).

Impacts

Of the 374 ha of fens in the Grand Mesa study area,

294 ha (79 %) have been impacted by human activ-

ities. In addition, several novel plant communities

have formed due to reservoir flooding, drainage, and

bare peat formation. In the San Juan Mountains only

6 % (126 of 200) of fens are impacted by human

activities (Chimner et al. 2010), while on Grand Mesa

47 % (42 of 88) of fens are impacted. In California

impacts to fens is primarily from livestock grazing and

trampling (Weixelman and Cooper 2009, Sikes et al.

2013, Wolf and Cooper 2015). The extent of hydro-

logic impacts on Grand Mesa is highly unusual for

such a high elevation region (Bedford and Godwin

2003; Cooper and MacDonald 2000; Chimner et al.

2010; Johnston et al. 2012) and appears to represent

one of the most highly impacted high mountain

regions in the U.S.

Nearly complete alteration of the vegetation has

occurred in 14 fens that are affected by annual deep

flooding by the filling of reservoirs, drainage, or in one

case, peat mining. The lack of fen vegetation or

bryophytes and the presence of three species with

affinities to disturbance, E. acicularis, E. macrosta-

chya, and Gnaphalium uliginosum are excellent indi-

cators of alteration. The lack of bryophytes in

impacted fen communities is also an indicator of

hydrologic modifications (Siegel 1968; Slack et al.

1980; Vitt 2014). Bare peat and the lack of fen

vegetation can persist for decades after disturbances

(Chimner 2011). In humid climates disturbed peat-

lands can support high plant species diversity (Warner

and Asada 2006) and the recolonization of fens can

occur within 5–10 years of shallow flooding or more

slowly where peat has been removed (Asada et al.

2005; Wind-Mulder and Vitt 2000; Price et al. 2002).

earthen dam

earthen dam
ditch

Fig. 8 Aerial photograph of modified fen showing earthen dams and ditch
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However, in Colorado’s more arid climate recoloniza-

tion of fen vascular plant and bryophyte species occurs

slowly, and the effects of disturbances can persist for

decades after the original impacts (Cooper et al. 1998;

Cooper and MacDonald 2000). The dewatering of

peatlands using ditches is one of the most common

human disturbances to peatlands in the world (Sher-

wood et al. 2013) and has occurred in the Rocky

Mountains for more than a century (Loughlin

1918; Cooper et al. 1998; Schimelpfenig et al.

2014). Eleven fens on Grand Mesa with drainage

ditches had a lowered water table and altered plant

species composition.

After 56 years of flooding and draining, the peat

body at Kennecott Fen, influenced by Kennecott Dam,

persists although peat subsidence, slope instability,

and vegetation alteration is ongoing. Peat blocks float

to the surface due to air in plant roots, decay-resistant

soil material, and methane accumulation (St. Louis

et al. 2003). Research in the upper 15 cm of peat of

four drained Colorado fens indicated losses of

14.7–91.0 tons of OM within a 20 year period. The

ditches continued to compromise peatland functioning

more than 20 years after being restored (Schimelpfe-

nig et al. 2014). Known peat soil subsidence rates in

North America range from 1.0 to 9.7 cm/year,

depending on water levels, peat thickness, and site

management (Ewing and Vepraskas 2006). However,

once a peat soil is drained, shrinkage continues from

the initial compression depth (Holden et al. 2004;

Price et al. 2005).

Conclusions

Interest in maintaining fen biodiversity and complex-

ity, carbon storage, and other ecosystem services has

increased around the world in recent decades (Lamers

et al. 2015). Fens are highly vulnerable to even minor

alterations of their groundwater connections (Winters

et al. 2006; Chimner et al. 2010; Lamers et al. 2015). A

large proportion of the fens on Grand Mesa have been

impacted by minor impacts, such as elk wallows, to

severe impacts from draining and flooding for

reservoir use since the late 1800’s. It may be difficult

to determine the thresholds below which irreversible

impacts occur (Aldous and Bach 2014). Fens with

severe disturbances to their peat body or hydrologic

regime may not be restored by public land managers

because of the high costs and lack of expertise

(Schimelpfenig et al. 2014). Sites with private water

rights could still be developed as water supply

reservoirs causing additional impacts. Ditches and

vehicle ruts could be filled to restore fen hydrologic

regimes and peat accumulation functions (Chimner

et al. 2010; Schimelpfenig et al. 2014). Buffers of

100 m or less are inadequate for protecting the

hydrologic processes and water quality of rich fens

(Jones 2003). Buffer effectiveness depends on sur-

rounding slope, groundwater flow regimes, OC, and

soil type (Hruby 2013). Travel management guideli-

nes should be updated to restrict ATV and snowmobile

travel across fens. Reservoir maintenance permits

should include guidelines for avoiding fens with

mechanized equipment. Fen reference sites, such as

Coyote Fen on Grand Mesa, should be preserved, and

the remaining unimpacted *80 ha of fen on Grand

Mesa protected.
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Appendix 1

Historic aerial photographs of impacts in Kennecott

Fen on Grand Mesa. Top left clockwise, 1936, 1956,

1978, 2011. The 1936 and 1956 photographs indicate

that the primary peat mass is still intact. The 1978

photograph shows flooding (dark color) and the peat

mass breaking apart. In the Earth Google (2011)

photograph the peat mass has sunken to the bottom of

the reservoir and any remaining plant communities are

drowning.
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Appendix 2

Descriptions of the 16 fen, marsh, wet meadow, and

modified fen plant communities.

Semi-aquatic communities

(1) Nuphar lutea ssp. polysepala—Potamogeton

nodosus a non-peat forming floating aquatic
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plant community, occurred in fen pools

(n = 10) and marshes (n = 1). Similar com-

munities occur in Wyoming (Cooper and

Andrus 1994; Heidel and Laursen 2003; Lemly

2007), Alaska (Viereck et al. 1992), Idaho,

Montana, Oregon, Washington, California, and

British Columbia (NatureServe 2008).

(2) Eleocharis macrostachya—Potamogeton folio-

sus; a semi-aquatic non-peat-forming plant

community, occurred primarily in the pools of

basins that had been modified for reservoir use.

Similar communities (A2) occur primarily in

hydrologically modified fens on Grand Mesa

and marshes with fluctuating water levels across

North America (Kartesz 1999).

Large sedge communities

(3) Carex vesicaria dominated a peat-forming plant

community that was distributed widely across

the study area, primarily in fens and wet

meadow basins. Standing water occurred during

measurement periods. Similar communities

occur in Colorado (Carsey et al. 2003), Wyom-

ing (Heidel and Laursen 2003; Heidel and Jones

2006), Montana, Idaho, Washington, Oregon,

and California (NatureServe 2008).

(4) Carex utriculata dominated a peat-forming

plant community that was widespread in the

study area. Carex utriculata dominated vegeta-

tion occurs widely in Alaska (Viereck et al.

1992), Colorado (Cooper 1990; Carsey et al.

2003), and Wyoming (Cooper and Andrus

1994; Heidel and Laursen 2003).

(5) Carex saxatilis—Drepanocladus aduncus was

the most widespread peat-forming plant com-

munity in fens (n = 54) and wet meadows

(n = 9) in the study area. Similar communities

occur in Colorado (Carsey et al. 2003), Alaska

(Aiken et al. 1999), western Canada (Gignac

et al. 2004), Utah, Montana, and Washington

(Natureserve 2008).

Floating mat and bryophyte communities

(6) Menyanthes trifoliata dominated a peat-form-

ing plant community found only in seasonal to

perennial pools in basins and small depressions.

It is rare in the study area and occurred only in

undisturbed sites. Similar communities occur in

Alaska (Dachnowski-Stokes 1941; Viereck

et al. 1992).

(7) Carex limosa—Sphagnum teres—Calliergon

cordifolium is a peat-forming plant community

that occurred only in basins with consistent soil

saturation and mean water table depth of 6 cm.

Similar communities are found in Wyoming

(Cooper and Andrus 1994; Heidel and Laursen

2003; Heidel and Jones 2006; Lemly 2007),

Montana (Cooper and Jones 2004), Colorado

(Johnson and Steingraeber 2003), Minnesota

(Glaser et al. 1981), California (Wolf and

Cooper 2015), and Canada (Gignac et al. 2004).

(8) Calliergon stramineum—Carex limosa—

Menyanthes trifoliata is a peat-forming plant

community found in basins with open water.

(9) Sphagnum teres—Calliergon cordifolium—

Carex canescens, a peat-forming plant commu-

nity found in basin fens with floating peat mats.

This community is similar to C. canescens

communities in Wyoming (Cooper and Andrus

1994; Heidel and Laursen 2003) and Canada

(Gignac et al. 2004).

Small sedge communities

(10) Carex aquatilis—Drepanocladus aduncus is

the second most widespread peat-forming

plant community found in fens (n = 37) and

wet meadows (n = 3). Stands occur along

wetter margins of fens or as the dominant

community in wet meadows. Similar commu-

nities are common in Colorado (Johnston

1987; Cooper 1990; Carsey et al. 2003),

Wyoming (Cooper and Andrus 1994; Heidel

and Laursen 2003; Heidel and Jones 2006),

Montana (Cooper and Jones 2004), and

Canada (Gignac et al. 2004).

(11) Carex simulata—Drepanocladus aduncus, a

peat producing community in fens (n = 16)

and wet meadows (n = 2) occurred on gently

sloping hillsides and small depressions. These

stands had higher EC and high canopy cover of

D. aduncus. Similar communities occur in mid

to high elevations in Colorado (Cooper 1990;
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Carsey et al. 2003; Rocchio 2004), Wyoming

(Heidel and Laursen 2003; Lemly 2007),

Montana (Cooper and Jones 2004), California

(Wolf and Cooper 2015), Nevada, Utah,

Oregon, and Idaho (NatureServe 2008).

(12) Eleocharis quinqueflora—Drepanocladus

aduncus—Carex simulata, a widespread

peat-forming plant community found in fens

(n = 24) and wet meadows (n = 7) on slopes

and in depressions. Similar communities occur

across the western United States (NatureServe

2008), including Colorado (Cooper 1990;

Carsey et al. 2003), Wyoming (Heidel and

Laursen 2003; Lemly 2007), and Montana

(Cooper and Jones 2004).

(13) Carex illota—Aulacomnium palustre—Pedic-

ularis groenlandica, a peat-forming commu-

nity found along the margins of seven basin

fens and one wet meadow. Similar communi-

ties occur in Wyoming (Cooper and Andrus

1994), California (Wolf and Cooper 2015),

Colorado (Carsey et al. 2003), and Oregon

(NatureServe 2008).

(14) Eleocharis acicularis—Hippuris vulgaris, a

non-peat forming plant community found only

in hydrologically modified fens with flooding,

drainage, fluctuating water tables, and bare

peat. Similar communities occur in Colorado,

Wyoming, and California and typically has

little plant diversity (NatureServe 2008).

Shrub and Forest communities

(15) Salix planifolia—Calamagrostis canadensis

occurred on the margins of fens and wet

meadows. This type is common on Grand

Mesa and in Colorado (Cooper 1990; Carsey

et al. 2003; Johnson and Steingraeber 2003),

Alaska (Viereck et al. 1992), Utah, and

Wyoming (NatureServe 2008).

(16) Picea engelmannii—Salix planifolia—Cli-

macium dendroides occurred on the margins

of fens and wet meadows. Of 13 stands, 11

were fens. Johnston (1987) classified a Picea

engelmannii community in Colorado which is

possibly related to a similar community (F1)

on Grand Mesa.
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