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a b s t r a c t 

Groundwater-dependent ecosystems are biologically diverse and productive ecosystems but constitute a 

small fraction of total land area in semiarid regions. Effort s to link remotely sensed data from satellite- 

based platforms to measurements of vegetation structure and function at smaller spatial scales have in- 

creasingly received attention, due to the need to manage diverse landscapes at scales relevant to man- 

agement. In the semiarid western United States, grazing is a dominant land use and meadows can receive 

a high degree of grazing pressure. In this study we examined satellite-based and near-surface imagery to 

determine if they were useful in assessing grazed systems with different grazing management. We com- 

pared meadows that were chronically grazed by feral horses in conjunction with periodic cattle grazing 

to a meadow managed and grazed by cattle only. We examined the agreement between near-surface 

digital cameras (PhenoCams) and satellite-based indices of greenness and production for meadows in 

the Central Great Basin, United States. We also verified them with field-collected data on percent foliar 

cover by dominant functional groups. There was strong agreement between the Landsat normalized dif- 

ference vegetation index and PhenoCam Green Chromatic Coordinate (GCC) (Pearson’s r ≥ 0.61). Gross 

primary production modeled using Landsat satellite imagery and integrated over the growing season had 

a strong linear relationship with GCC integrated over the growing season ( R 2 = 0.89). Furthermore, de- 

spite differences in spatial and temporal resolution, integrated metrics from both platforms were able to 

discern differences in grazing pressure. Meadows with chronic feral horse grazing plus 3 mo of livestock 

grazing had reduced integrated gross primary production and GCC in comparison with a meadow that 

had short-term grazing (for 2 mo) by livestock only. The ability to detect differences in grazed systems 

from PhenoCams and satellite platforms provides important tools for quantifying the effects of grazing in 

groundwater-dependent ecosystems. 

Published by Elsevier Inc. on behalf of The Society for Range Management. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Phenology is the study of relationships between periodic bio-

ogical phenomena and the climatic factors that influence them.

ince the beginning of the 21st century, monitoring phenology
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15AC0 0 075. DMB was supported by CRIS project 3050-11210-0 09-0 0D. 
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rom near-surface cameras and satellite-based remote sensing 

as received increased attention, due in part to realized and pro-

ected changes in global climate, which necessitate understanding

hanges in plant phenology ( Cleland et al. 2007 ; Bradley and

ustard 2008 ; Brown et al. 2016 ; Tang et al. 2016 ). Changes in

iming of vegetation green up, peak production, and length of the

rowing season have important implications for carbon storage,

ultitrophic interactions between vegetation and wildlife, and 

vailable forage for livestock ( Caldwell 1984 ; Briske and Richards

995 ; Bailey 2004 ). Near-surface digital cameras capture dynamics

t finer spatial scales and greater temporal resolution than those

iscerned via satellite platforms ( Browning et al. 2017 , 2019 ).

nhanced temporal and spatial resolutions come at the cost of
s is an open access article under the CC BY-NC-ND license 
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iminished feasibility of capturing dynamics across broad spa- 

ial scales or geographic extents. Satellite-based remote sensing 

latforms provide critical information at extents ranging from 

andscape, to regional, and on to global. The challenge is to blend

hese multiple scales of measurement and verify them with the 

ost relevant data collected (typically) in the field and to iden-

ify whether and how remotely sensed metrics correlate with 

eld data and derive relationships that facilitate extrapolation 

 Browning et al. 2015 ). 

Although arid and semiarid groundwater-dependent systems 

re a small fraction ( ≈ 1%) of the total land area, they pro-

ide a disproportionate amount of ecosystem goods and services 

 Sada 2008 ). Their importance is recognized worldwide, as is their

usceptibility to human-caused degradation ( Rohde et al. 2017 ).

roundwater-dependent ecosystems (GDEs) include riparian areas, 

eadows, and springs that rely on near-surface shallow ground- 

ater to support vegetation. GDEs support greater levels of vege- 

ation density due to the near-surface water than the more xeric

pland ecosystems ( Naumburg et al. 2005 ). They provide a dispro-

ortionate amount of forage for a taxonomically diverse species, 

re critical habitat for wildlife, and have high biological diver- 

ity ( Kauffman and Krueger 1984 ; Naiman et al. 1993 ; Sada 2008 ;

esenmyer et al. 2018 ). GDEs are receiving increased attention, in

esponse to growing threats such as increasing air temperatures 

nd demands for water and livestock products and the importance 

f these systems for maintaining floral and faunal diversity ( Lowry

t al. 2011 ). 

Many mountain ranges in the semiarid western United States 

re characterized by wet winters and dry summers, with ecosys- 

ems that rely on snowmelt and groundwater during the sum- 

er dry season; mountain meadows are an important subset of 

DEs ( Lowry et al. 2011 ). Annual fluctuations in precipitation and

emperature will cause meadows to naturally expand during wet 

eriods and contract during dry periods ( Naumburg et al. 2005 ;

untington et al. 2016 ). In addition to natural variation, demands

n limited water resources in these areas, such as groundwater 

umping for agriculture, water for human consumption, and live- 

tock water, can place these systems at risk ( Devitt et al. 2011 ;

evitt et al. 2018 ). The Great Basin is characterized by north-to-

outh trending mountain ranges interspersed with aggraded val- 

eys. It is a cold high-elevation desert, where snowfall varies with

levation; historically across the region, approximately 75% of the 

recipitation has fallen as snow ( Klos et al. 2014 ). Precipitation that

alls as rainfall is generally minimal for deep groundwater recharge 

elow the rooting zone ( Scanlon et al. 2005 ; Scanlon et al. 2009 ).

reat Basin GDEs are tightly coupled to precipitation to recharge 

roundwater, primarily from mountain recharge associated with 

nowmelt ( Harrill et al. 1983 ). Degradation of meadows caused by

hannel incision and subsequent declines in depth to groundwa- 

er can push these systems to cross hydrologic thresholds that are

ifficult to restore ( Kauffman and Krueger 1984 ; Stringham et al.

001 ; Fesenmyer et al. 2018 ). 

GDEs in the Great Basin are of conservation concern, and mon-

toring these systems is an ongoing research focus ( Brown et al.

011 ; Badik et al. 2019 ). These ecosystems can be extremely sensi-

ive to disturbance and interannual precipitation variability, which 

ay lead to declines in ecosystem services (e.g., soil loss, limited

orage capacity, water storage) ( Reynolds et al. 2007 ; Zhao et al.

017 ). Grazing and other disturbances have the potential to affect

he high temporal variability that accompanies resource availabil- 

ty in these areas ( Lebon et al. 2014 ). Assessing their current eco-

ogical condition is a prerequisite to address effective management 

trategies of GDEs. The ecological condition of GDEs can be as-

essed by field monitoring ( Elmore et al. 2006 ; Pérez Hoyos et al.

016 ). Field methods can be quite time-consuming and spatially 

imited. Effort s to employ remotely sensed data from satellite- 
aded From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 31 Ma
f Use: https://bioone.org/terms-of-use
ased sensors to link land surface dynamics, vegetation structure, 

nd ecosystem function have become increasingly sophisticated 

 Hufkens et al. 2016 ) and, at the same time, publicly available

 ClimateEngine.org ). Two recent reviews have highlighted how re- 

ote sensing techniques have been successfully used in a variety 

f water-limited systems worldwide to identify critical GDEs for 

anagement ( Eamus et al. 2015 ; Pérez Hoyos et al. 2016 ). Recent

esearch in the Great Basin used near-surface cameras (hereafter 

eferred to as PhenoCams) and remotely sensed Landsat imagery 

o assess the function of meadow GDEs by calculating various in-

ices of meadow greenness and vigor. 

The normalized vegetation difference index (NDVI; Tucker et 

l. 1979 ) and Green Chromatic Coordinate (GCC; Sonnentag et al.

012 ) greenness indices have been shown to be effective at charac-

erizing meadow function in the Great Basin from both the Landsat

rchive ( Huntington et al. 2016 ; Snyder et al. 2019b ) and Pheno-

ams ( Snyder et al. 2016 ; Snyder et al. 2019b ). Relationships be-

ween NDVI derived from satellite and gross primary production 

n western rangelands are mixed due to sparse vegetation cover in

any areas ( Phillips et al. 2008 ; Huang et al. 2021 ). We previously

valuated the ability to determine the relationships between domi- 

ant plant communities of the Great Basin with NDVI from Pheno-

am imagery and Landsat-derived NDVI ( Snyder et al. 2019b ). We

ound that for meadow communities, relationships of NDVI were 

enerally robust for peak of season and start of season; however,

here was less agreement with the start and end of fall senes-

ence. Since grazing relies on the whole growing season and up-

er meadow systems are critical to extend the grazing season for

attle, we chose to evaluate GCC from PhenoCams to evaluate po-

ential differences in grazing pressure. GCC is the most commonly 

sed vegetation index from PhenoCam imagery as it is a propor-

ional measure of relative channel brightness that appears to be 

obust in reducing noise in the phenology signal from vegetation 

 Richardson et al. 2009 ; Sonnentag et al. 2012 ; Julitta et al. 2014 ;

rown et al. 2017 ; Browning et al. 2017 ; Cremonese et al. 2017 ;

oda and Richardson 2018 ; Vrieling et al. 2018 ; Cui et al. 2019 ;

urke and Rundquist 2021 ). In addition, any camera can be used

o determine GCC (as no infrared-enabled filter is required) and 

CC is computationally easy to calculate, thus making this a prac-

ical method that could be employed by land managers. We chose

andsat imagery for its midscale spatial resolution (30 × 30 m) that

ost closely matches the size of many meadows in the Great Basin

hat constitute a mixture of vegetation types (i.e., mixed pixels) 

 Badgley et al. 2017 ) and its 16-d revisit frequency that compares

ith the timescale at which vegetation can respond to environ- 

ental triggers. 

In the Great Basin, high-elevation meadows ( > 2 0 0 0 m) ex-

st in many mountain regions of Nevada and are difficult to ac-

ess. For the remote and extensive nature of the meadow GDEs, 

ime series imagery from PhenoCams and satellite provide ways 

o assess the rangeland condition of these meadows, thereby po- 

entially providing better tools for natural resource management. 

n the Great Basin, 70% of the land is public land and man-

ged by federal agencies primarily for grazing, mining, timber, and 

ecreational use ( Torregrosa and Devoe 2008 ). Many meadows are

razed by cattle and are also grazed by feral horses, deer, and

ther ungulates. Many of the mountain ranges have an overpop- 

lation of feral horses (Equus ferus caballus), which can place ex-

reme grazing pressure on rangeland systems ( Beever et al. 2018 ;

arrott 2018 ). Year-round feral horse grazing can significantly re- 

uce plant height, is notoriously hard to control, and is under-

tudied due to the limited ability to manage feral horse graz-

ng ( Beever and Brussard 20 0 0 ; Boyd et al. 2017 ; Beever et al.

018 ). These landscape-scale challenges provide research impera- 

ives to establish validated tools for remote monitoring of range- 

ands. 
y 2024
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Figure 1. Location of the A, Haypress meadow complex and B, Porter Canyon Experimental Watershed meadow. Meadows are located in the Desatoya Mountain Range in 

central Nevada. The extent of the meadows is shown in orange. The camera viewshed (i.e., field of view) of the four PhenoCams is shown in blue. PhenoCam locations are 

represented by blue dots ( C ). 
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A series of high-elevation meadows, referred to as the Hay-

ress meadows, exist in the Desatoya Mountains of the Central

reat Basin. These meadows are critical habitat for the at-risk

pecies, the greater sage grouse (Centrocercus urophasianus) ( Sinai

t al. 2017 ), and are subject to permitted cattle grazing and pres-

ure from a high feral horse population. A 2018 census estimate

f feral horse population by the Bureau of Land Management far

xceeded the recommended grazing allotment. Federal and state

artners have proposed fencing to manage grazing to improve the

ondition of these meadows. Therefore, assessing baseline land sur-

ace condition of these meadows before restoration is prudent to

auge restoration effectiveness. The current study is focused on

etermining if the degraded ecological condition of these mead-

ws can be quantified by PhenoCams and Landsat metrics of plant

reenness and production. In addition, field measurements (such

s stubble height and vegetation cover) can be used to enhance

hese remotely sensed measurements (i.e., PhencCams and Land-

at). Vegetation cover is a commonly used metric in determining

ecovery rates post grazing disturbance ( Bestelmeyer et al. 2013 ;

hishigbayar et al. 2015 ), and measuring the stubble height of

razed plants is a useful predictor of when unacceptable impacts

heavy use, trampling, etc.) of grazing are about to occur ( General

ccounting Office 1988 ; Hall and Bryant 1995 ). 

Our specific objectives were to determine if we could estab-

ish baseline phenology from Phenocams to quantify seasonal pat-

erns in heavily grazed meadows with three meadow subregions
d From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 31 May 2
se: https://bioone.org/terms-of-use
i.e., dry, mesic, and wet) before fencing and evaluate the field-

stimated canopy cover of functional groups and measured plant

eight in the four meadows to determine if there were differences

etween meadows and meadow subregions. We quantified these

atterns for four meadows, each of which spanned a wetness gra-

ient and a small-elevation gradient. Furthermore, we quantified

elationships between PhenoCam-derived GCC and Landsat-derived 

DVI and gross primary production (GPP). Lastly, we examined

hether remotely sensed phenology metrics from PhenoCam and

andsat can distinguish differences in grazing pressure. 

ethods 

ite description 

The Desatoya Mountains are in the Central Great Basin, Nevada

39 °27 ′ N, 117 °36 ′ W; 39 °19 ′ N, 117 °42 ′ W; Fig. 1 ). Average annual

recipitation for the Haypress meadows during the 30-yr period

1981–2010) obtained from PRISM was 354 mm. Average mean

nnual temperature was 4.1 °C with a minimum temperature of

9.7 °C in February and maximum temperature of 24.2 °C in July

 PRISM Climate Group 2021 ). The four meadows in the Haypress

eadow complex are 1) Upper at 2 395-m elevation, 2) Middle

 at 2 365 m, 3) Middle A at 2 340 m, and 4) Lower meadow

t 2 295 m. In addition, we used a fifth meadow, Porter Canyon

xperimental Watershed meadow at 2 160 m in elevation, in the
024
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Table 1 

Meadow and PhenoCam information, including area of the PhenoCam field of view (i.e., camera viewshed), areal extent of the meadows, latitude and longitude of the 

meadows, elevation of each meadow, and orientation of each PhenoCam. 

Camera viewshed (ha) Meadow area (ha) Lat/Long Elevation Camera orientation (cardinal direction) 

Upper 0.05 0.38 39.317479/-117.697128 2 395 NNE 

Middle A 0.06 1.45 39.322538/-117.703238 2 340 NNE 

Middle B 0.02 0.07 39.320682/-117.703979 2 365 NNE 

Lower 0.11 0.73 39.331126/-117.701456 2 295 NNE 

Porter Canyon 0.41 7.48 39.466055/-117.613013 2 160 SSW 
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atter analyses at the larger meadow scale to determine the ef-

ects of different grazing management. The four meadows in Hay- 

ress and the meadow in Porter are shown with both the cam-

ra field of view (i.e., camera viewshed) and the full extent of

he meadow outlined, as determined with field mapping surveys 

f vegetation (see Fig. 1 ). The area of the camera viewsheds and

ull meadows are listed in Table 1 . Camera viewsheds ranged

rom 0.02 to 0.41 ha, and meadows ranged from 0.07 to 7.48 ha

see Table 1 ). 

Grazing in the Haypress meadow complex consisted of year- 

ound grazing by feral horses and cattle grazing. Cattle graze ei-

her early or late in the growing season depending on the calendar

ear. In 2018 approximately 700 cow-calf pairs had access to the

aypress meadows from July to September. The Porter Meadow is 

ompletely fenced, and the road is gated, though it is periodically

sed for managed livestock grazing. There was no feral horse graz-

ng during the period 2015–2018. There were no cattle grazing in

015 and 2016. The Porter meadow was used in 2017 and 2018

s an area to naturally collect cattle in the August and Septem-

er. The gate was opened, and cattle entered the meadow and then

ere removed by the rancher (personal communication, Sam Loss- 

ng, ranch manager). 

We included the Porter Canyon Experimental Watershed 

eadow because it was instrumented with a PhenoCam in fall 

014 and has been managed differently for grazing. Therefore, in- 

orporating this meadow for the larger-scale meadow analyses of 

CC, GPP, and NDVI provides a grazing contrast and longer time

eries. 

Average annual precipitation for the Porter meadow during the 

0-yr period (1981–2010) obtained from PRISM was 341 mm. Aver- 

ge mean annual temperature was 7.9 °C with a minimum temper-

ture of −6.8 °C in December and maximum temperature of 28.8 °C
n July. For a full description of Porter Canyon Experimental Water-

hed, see Snyder et al. (2016 , 2019a ). 

ield survey methods 

The line point intercept (LPI) method outlined in the Mon- 

toring Manual for Grassland, Shrubland, and Savanna Ecosystems 

 Herrick et al. 2005 ) was used to measure percent cover by species

ia transects that traversed wet, mesic, and dry subregions of 

ach meadow. The LPI method measures canopy by the number 

f “hits” of a given species out of the total number of points

easured along a transect. Number of transects, length of tran- 

ects, and number of points along transects was dependent on the

ize and shape of each individual subregion. However, each subre- 

ion generated roughly the same number of data points (between 

00 and 120). Percent foliar cover was measured in June 2018

nd tabulated as the proportion of all hits for a given functional

roup. 

Along each LPI transect, height of plant species was also 

ecorded. At 25%, 50%, and 75% of the total length of each transect,

 1-m hoop was placed and heights of all vegetation within the

egion were gathered. Heights of plants were recorded bimonthly 

etween June and August of 2018. 
aded From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 31 Ma
f Use: https://bioone.org/terms-of-use
henoCam imagery 

Ground-based cameras (i.e., PhenoCams) were used to deter- 

ine if multiple photographic images per day could discern dif- 

erences in plant phenology of heavily grazed meadows. In fall 

017, four PhenoCams were installed in four meadows in the 

aypress Meadow complex. We followed the methods for in- 

talling and using PhenoCams standardized by the PhenoCam Net- 

ork ( https://phenocam.nau.edu/webcam 2018 ). The Porter Canyon 

eadow camera was installed in fall of 2014. PhenoCam images 

ere acquired by StarDot NetCam SC 5MP infrared-enabled cam- 

ras using a complementary metal oxide semiconductor image 

ensor at a resolution of 1296 × 960 pixels and a lens focal length

f 6.2 mm. Eight RGB images were taken in a two- and one

alf-hour window with a 30-min interval ranging between 12:00 

.m. and 3:30 p.m. PhenoCam images were manually downloaded 

onthly in the growing season and every 3 mo in the winter. 

We used the R statistical program package, phenopix by Filippa

t al. (2016) , to define areas of interest and extract phenological

etrics. Regions of interest were manually defined to be repre- 

entative of wet, mesic, and dry meadows based on vegetation 

urveys and maps Fig. 2 . We used the average region of interest

ethod where an individual pixel’s digital numbers were averaged 

ithin the region of interest for each image captured per day.

igital numbers from PhenoCam images range from 0 to 255 

nd were extracted for red (R), green (G), and blue (B) bands for

ach color channel. These data are then converted into a relative

ercent index; we used the GCC: 

CC = 

GDN 

( RDN + GDN + BDN ) 
(1) 

here the digital number of the green channel (GDN) is divided

y the sum of all three channels (RDN, GDN, BDN). 

To remove images containing snow, we implemented an ad- 

itional filter not in the phenopix package based on the blue

hromatic coordinate; see Snyder et al. (2019b) for details. The re-

aining GCC values for the area-averaged region of interests were 

ltered using the auto filters available in the phenopix package. 

he filters applied were the night, spline, and max filters, in that

rder. Filtered subdaily GCC values were processed using a double 

ogistic fit proposed by Gu et al. (2009) , and this method was

lso used to determine seasonal transition dates (i.e., phenophase 

ates) with 1 0 0 0 replications for the uncertainty analysis to

iscern how well the predicted values fit the observed values. 

esiduals between fitted and observed were used to generate 

andom noise to the data, and fitting was applied recursively to

andomly noised original data. The Gu et al. (2009) threshold 

ethod assigns four phenophases: an upturn date when GCC 

f vegetation begins to increase consistently at the start of the

rowing season; a stabilization date when vegetation approaches 

aximum GCC at the peak of the growing season; a downturn

ate when GCC starts to consistently diminish, indicating the end 

f the growing season and the beginning of senescence; and a

ecession date when vegetation is fully senesced and reaches a 

easonal low. These upturn and recession dates are fit based on

he intercepts of slope of the recovery line (i.e., green up) and the
y 2024
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Figure 2. PhenoCam regions of interest (ROIs) for A, lower meadow, B, middle A meadow, C, middle B meadow, and D, upper meadow. Each ROI is outlined: dry meadows 

(shown in yellow), mesic meadow (shown in blue), and wet meadows (shown in red). 
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Terms of U
enescence line with the x-axis. Stabilization date and downturn

ate are fit based on predicted peak GCC from the slopes of

he recovery and senescence line. Growing season length was

etermined by subtracting upturn date from the recession date. 

andsat NDVI and GPP 

For comparisons of vegetation greenness and primary produc-

ion estimated from satellite, we extracted Landsat NDVI and GPP

t 30 m from different sources. NDVI from Landsat images was av-

raged over the meadow polygons (blue areas, see Fig. 1 ) for two

ime periods: years 2015 to 2018 for the Porter meadow and 2018

or the Haypress meadows with data from Landsat 8 using the

limate Engine ( Huntington et al. 2017 ). The Porter and Haypress

eadows occur at the intersection of adjacent Paths and Rows as

art of the Worldwide Reference System for the Landsat sensor

Fig. S1, available online at 10.1016/j.rama.2022.12.001 ). NDVI val-

es were calculated as Equation 2 : 

 DV I = 

( N IR − Red ) 

( N IR + Red ) 
(2) 

here NIR is the near infrared at-surface reflectance and Red is the

ed at-surface reflectance. 

The full meadow polygons included dry, mesic, and wet

eadow types within the camera viewsheds (see Fig. 1 ). 

We used gross primary production (GPP) modeled data prod-

ct by Robinson et al. (2018) available in Google Earth Engine

 Gorelick et al. 2017 ) at 30-m spatial resolution for its ease of use.

he GPP data product by Robinson et al. (2018) is based on the

OD17 algorithm (MODerate Resolution Imaging Spectroradiome- 

er) ( Running et al. 2004 ) applied to the Landsat time series and
d From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 31 May 2
se: https://bioone.org/terms-of-use
ore finely resolved inputs than the 500-m MODIS GPP data prod-

ct. Landsat GPP is a 16-d cumulative product of GPP (kg-C-m 

−2 ).

e report GPP values as the mean of nine meadow pixels (30 × 30

) centered on the PhenoCam locations for the four meadows in

his study. 

To capture the variation in seasonal amplitude (i.e., height of

he growing season response curve) and variable growing season

ength, we integrated under the fitted seasonal GCC curve and the

andsat-derived GPP time series for the growing season dates be-

ween the upturn and recession dates defined by the phenopix-

ackage. Integrated GCC (iGCC) and integrated GPP (iGPP) were de-

ermined by integrating the area under the respective curves be-

ween upturn and recession dates using the integrate function in

he base R statistical package ( R Core Team 2013 ). Annually in-

egrated values for satellite iGPP and PhenoCam iGCC were com-

ared to determine the relationship between satellite and Pheno-

am metrics of productivity. 

tatistical methods 

We used a one-way analysis of variance (ANOVA) with meadow

s the dependent variable and percent foliar cover by plant func-

ional group as the independent variable to determine if there

ere functional group differences in vegetation cover across

eadows. Three plant functional groups were present: shrubs,

orbs, and graminoids. We also evaluated total percent foliar cover.

e used a 1-way ANOVA to determine if within a meadow site

here were differences in the percent foliar cover of functional

roups. Plant height was analyzed using a repeated measures

NOVA with Tukey tests. Root mean square error (RMSE) and

earson’s r were used to determine the strength of the relation-
024
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Figure 3. Line point intercept data grouped by percent foliar cover of functional type at the four meadows in the Haypress Meadow complex in the Desatoya Mountains, 

Nevada. Significant differences are indicated by uppercase letters among dry, mesic, and wet meadows. 

Table 2 

One-way analysis of variance for the difference in percent foliar cover of functional 

types across the three meadow types. 

Forbs Df Sum Sq. Mean Sq. F value Prob ( > F ) 

Plot 2 0.5438 0.272 21.57 < 0.0 0 01 

Residuals 71 0.8951 0.013 

Graminoid 

Plot 2 0.332 0.166 5.116 0.0084 

Residuals 71 2.304 0.032 

Shrub 

Plot 2 2.8127 1.406 237.8 < 0.0 0 01 

Residuals 71 0.4198 0.006 

Total foliar 

Plot 2 0.1831 0.092 4.79 0.0112 

Residuals 71 1.3568 0.019 
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hip between Landsat-derived NDVI and PhenoCam-derived GCC 

nd the relationship between Landsat-derived GPP and PhenoCam 

CC. All Landsat NDVI and GPP values were used to fit the RMSE

nd r values between PhenoCam GCC for the dates of the Land-

at overpass. A simple linear regression was used to assess the

elationship between iGCC and iGPP. 

esults 

aypress meadows subregions 

One-way ANOVAs determined that the four meadows in Hay- 

ress did not differ significantly by meadow location in terms of

he percent foliar cover of the dominant functional groups. There 

as no difference in shrub, forb, graminoid, or total vegetation

ercent foliar cover between the four meadows. However, percent 

over of functional groups was significantly different between dry, 

esic, and wet meadows ( Fig. 3 , Table 2 ). 

Dominant species in the dry meadow type were mountain big 

agebrush ( Artemisia tridentata Nutt. ssp. vaseyana [Rydb.] Beetle), 

nd Douglas’ sedge ( Carex douglasii Boott). Mountain sagebrush 

as 35 −40% and Douglas’ sedge was 23 −29% of the total cover.

ther species < 10% but > 4% of the cover found in the dry mead-

ws were Leymus triticoides (Buckley) Pilg., Poa secunda J. Presl, and

oa pratensis L. Mesic meadows were dominated by Douglas’ sedge 

ith foliar cover of 30 −65%. Secondary dominant species varied by

eadow and were Juncus arcticus Willd., Poa secunda J. Presl, Poa

ratensis L., and Chenopodium fremontii S. Watson. Wet meadows 

ere more varied and dominant species included Carex nebrascen- 

is Dewey, Carex douglasii Boott, Iris missouriensis Nutt., Ranunculus 

ymbalaria Pursh, and Juncus arcticus Willd. 
aded From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 31 Ma
f Use: https://bioone.org/terms-of-use
Porter meadow vegetation was measured in 2017, and composi- 

ion was similar to the Haypress meadows (for details see Snyder

t al. 2019 ). The dry meadow was dominated by mountain big

agebrush, big sagebrush ( Artemisia tridentata sp. tridentata ), Dou- 

las’ sedge, Iva axalliaris, Leymus cinereus, and Bromus tectorum . The

esic meadow was dominated by Douglas’ sedge and J. articus . The

et meadow was dominated by C. nebrascensis and J. articus . 

Seasonal fits of GCC and phenophase dates within the three 

eadow types were remarkably similar for upturn date, stabi- 

ization date, and downturn date, with the least similarity in the

nd-of-season recession date ( Fig. 4 ). The greatest divergence in

henophase dates was observed for recession date. Middle B had 

he longest growing season ( Table 3 ) for both the dry and mesic

eadow types. 

In general, the dry meadow type had a later start to the grow-

ng season than the mesic and wet meadow types and longer

rowing season length (days ± 1 SD) and lower seasonal ampli- 

ude in GCC (155 ± 33, 0.3 ± 0.01, respectively). This result was

xpected given that the dry meadow was dominated by semide- 

iduous shrub species, instead of forbs and graminoids (see Fig. 4 ).

esic meadows had the shortest growing season length and in- 

ermediate amplitude (87 ± 12, 0.07 ± 0.01). Wet meadows had 

ntermediate growing season length and the greatest amplitude in 

CC (123 ± 30, 0.10 ± 0.02). The longer growing season length in

he upper wet meadow was due to the presence of Iris (Iris mis-

ouriensis) in the region of interest. Iris is largely unpalatable to

razers and a species indicative of meadow degradation and over- 

razing ( Brown 1982 ). 

Field-estimated vegetation height reflects species composition 

nd vegetation physiognomy ( Fig. 5 ). Height in the dry meadows

ncreased a bit and then was relatively stable through time, as

ould be expected from semideciduous shrub communities. The 

ower meadow had significantly greater vegetation height than 

he other three meadows (Table S1, available online at 10.1016/j.

ama.2022.12.001 ). In the mesic meadows, height was very low by

he end of the season ( < 8.5 cm) and Middle B had significantly

reater vegetation height than the other three meadows. Height in 

he wet meadows was generally < 10 cm. The exception to this

as the Middle A meadow, which had increased height relative to

he other three meadows. The increased height in Middle A was

ue to the presence of Iris (I. missouriensis) in the region of inter-

st. 

reenness metrics from satellite and PhenoCam at meadow level 

Comparisons of Landsat NDVI, Landsat GPP, and PhenoCam GCC 

etrics were conducted at the whole meadow level using the 
y 2024

https://doi.org/10.1016/j.rama.2022.12.001


K.A. Snyder, W. Richardson and D.M. Browning et al. / Rangeland Ecology & Management 87 (2023) 69–82 75 

Figure 4. Green Chromatic Coordinate values and phenophase dates for the regions of interest for the three meadow types A, dry meadows, B, mesic meadows, and C, wet 

meadows. Phenophase dates and confidence intervals are upturn date (UD), a stabilization date (SD), a downturn date (DD), and a recession date (RD). 

Table 3 

Phenophase dates and confidence intervals for the three subregion meadow types. Phenophase dates and confidence intervals are upturn date (UD), stabilization date (SD), 

downturn date (DD), and recession date (RD). Growing season length (GSL) was determined by subtracting UD from RD. GSL and minimum, maximum, and amplitude values 

of Green Chromatic Coordinate (GCC). 

Type & site 

UD SD DD RD GSL Min Max Amplitude 

DOY ± (d) D GCC 

Dry—Lower 102 (0.69) 168 (0.43) 192 (0.83) 286 (0.78) 183 0.33 0.36 0.03 

Dry—Middle A 108 (1.51) 156 (1.18) 174 (1.10) 219 (1.84) 107 0.31 0.34 0.03 

Dry—Middle B 101 (4.71) 165 (2.70) 186 (4.52) 289 (11.12) 188 0.32 0.34 0.02 

Dry—Upper 115 (1.08) 175 (0.45) 192 (0.90) 255 (0.95) 140 0.34 0.38 0.04 

Mesic—Lower 93 (1.51) 131 (2.01) 153 (2.16) 191 (3.24) 98 0.34 0.40 0.07 

Mesic—Middle A 100 (0.24) 134 (0.11) 148 (0.28) 181 (0.20) 81 0.32 0.37 0.05 

Mesic—Middle B 112 (0.22) 140 (0.20) 153 (0.21) 213 (0.68) 100 0.33 0.40 0.08 

Mesic—Upper 103 (0.23) 133 (0.28) 152 (0.13) 174 (0.16) 71 0.34 0.42 0.07 

Wet—Lower 113 (0.41) 164 (0.85) 182 (0.22) 210 (0.64) 97 0.30 0.39 0.09 

Wet—Middle A 94 (1.47) 137 (0.58) 155 (1.01) 211 (2.02) 116 0.29 0.37 0.08 

Wet—Middle B 115 (0.51) 147 (1.71) 160 (1.30) 222 (1.41) 106 0.28 0.38 0.10 

Wet—Upper 100 (4.21) 156 (4.30) 190 (2.84) 273 (9.30) 173 0.31 0.45 0.14 
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amera viewshed (see Fig. 1 ) and averaged across 30-m pixels;

his approach evaluates metrics for each of four meadows across

ll three meadow types or subregions (dry, mesic, and wet). All

he Haypress meadows were small and were 1 Landsat pixel,

hile the Porter meadow was 4 Landsat pixels. There was good

greement between Landsat NDVI and PhenoCam GCC for all

our of the Haypress meadows in 2018 ( Fig. 6 and Table 4 , r ≥
.87, and RMSE ≤ 0.05). The Porter Canyon meadow spanned 4

ears ranging from dry to wet rainfall years. Long-term average

recipitation is 341 mm. Total annual precipitation in 2015 was

elow average (284 mm), and 2016 was above the long-term

verage (441 mm) following a 4-yr drought; 2017 precipitation

xceeded long-term average (452 mm) and was followed in 2018

y a slightly below average yr (312 mm). NDVI values were highly
d From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 31 May 2
se: https://bioone.org/terms-of-use
orrelated with Landsat in the Porter Canyon meadow for 3 of

he 4 years ( Fig. 7 and Table 4 , r ≥ 0.90 and RMSE ≤ 0.05). The

xception to this was in 2016 with lower correlation and higher

MSE (see Fig. 7 and Table 4 , r = 0.60 and RMSE = 0.09). In this

ear, Landsat NDVI greenness was sustained at a greater value in

he fall, while GCC declined. This discrepancy may be due to the

atellite essentially seeing something different than the PhenoCam.

he satellite sees more ground area due to its nadir view, and

he satellite has a greater spatial scale (90 × 90 m) than the field

f view of the near surface PhenoCam. In 2015, there were far

ewer Landsat images due to unusual and frequent small storms

uring the growing season. Consequently, one available image was

xcluded from the analyses (06/20/2015) because examination 

f the image determined it had relatively high cloud cover over
024



7
6
 

K
.A

.
 Sn

y
d

er,
 W

.
 R

ich
a

rd
so

n
 a

n
d
 D

.M
.
 B

ro
w

n
in

g
 et

 a
l.
 /
 R

a
n

g
ela

n
d
 E

co
lo

g
y
 &

 M
a

n
a

g
em

en
t
 8

7
 (2

0
2

3
)
 6

9
–

8
2
 

Table 4 

Camera viewshed metrics are shown. Phenophase dates and confidence intervals for the meadows are upturn date (UD), stabilization date (SD), downturn date (DD), and recession date (RD). Growing season length (GSL) 

was determined by subtracting UD from RD. Minimum, maximum, and amplitude of seasonal GCC and integrated GCC (iGCC) are presented. Root mean square error (RMSE) and Pearson’s correlation coefficient (r) between 

PhenoCam GCC and Landsat NDVI or Landsat GPP and the number of available Landsat images used in the analyses. 

Meadow & Yr UD SD DD RD GSL Min Max Amp iGCC Pearson’s 

r NDVI 

vs. GCC 

RMSE 

NDVI vs. 

GCC 

Pearson’s 

r GPP 

vs. GCC 

RMSE 

GPP 

vs. GCC 

Prob 

NDVI 

vs. GCC 

Prob > 

F GPP 

vs. GCC 

N = # 

Landsat 

NDVI 

N = # 

Landsat 

GPP 

Lower 2018 100 (0.38) 134 (0.31) 152 (0.21) 196 (0.64) 97 0.33 0.4 0.07 35.79 0.95 0.03 0.89 68.3 < 0.001 < 0.0 0 01 23 22 

Middle A 2018 100 (0.22) 135 (0.12) 152 (0.59) 188 (0.27) 88 0.31 0.36 0.05 29.86 0.98 0.0045 0.87 68.62 < 0.001 < 0.0 0 01 22 22 

Middle B 2018 113 (0.27) 140 (0.21) 154 (0.26) 219 (0.73) 106 0.32 0.39 0.07 37.74 0.96 0.03 0.92 56.92 < 0.0 0 01 < 0.0 0 01 22 22 

Upper 2018 102 (0.21) 135 (0.14) 148 (0.11) 202 (0.33) 99 0.33 0.4 0.07 36.78 0.87 0.05 0.93 56.39 < 0.0 0 01 < 0.0 0 01 22 22 

Porter 2015 112 (1.19) 157 (0.77) 194 (3.08) 292 (6.84) 179 0.32 0.37 0.04 61.03 0.9 0.006 0.94 37.96 < 0.0084 < 0.0 0 01 12 22 

Porter 2016 84 (1.30) 147 (0.44) 160 (0.34) 265 (16.93) 181 0.33 0.37 0.04 63.62 0.61 0.09 0.97 34.96 < 0.001 < 0.0 0 01 26 22 

Porter 2017 103 (0.51) 155 (0.22) 225 (1.00) 298 (0.41) 190 0.33 0.37 0.04 68.66 0.91 0.01 0.97 36.11 < 0.0 0 01 < 0.0 0 01 24 22 

Porter 2018 108 (0.78) 152 (0.32) 161 (0.54) 301 (2.50) 190 0.33 0.37 0.04 66.16 0.94 0.05 0.96 37.81 < 0.0 0 01 < 0.0 0 01 24 22 

D
ow

nloaded From
: https://bioone.org/journals/R

angeland-Ecology-and-M
anagem

ent on 31 M
ay 2024

Term
s of U

se: https://bioone.org/term
s-of-use
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Figure 5. Mean plant height ( ± 1 standard deviation) measured throughout the 

2018 growing season on fixed transects with day of year (DOY) in the x-axis in A, 

the dry meadows, B, mesic meadows, and C, wet meadows. 
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Terms of U
he Porter Canyon meadow. The data point is still shown in the

gure for reference (see Fig. 7 ). There was greater variation in the

henophase dates across the different years than what was found

or the Haypress meadows in a single year. In particular, although

eak greenness was reached consistently by late May and early

une, the length of time until downturn date varied. In 2015, the

rowing season was characterized by frequent small storms that

ppear to have increased the length of time of peak greenness.

ikewise, the wet yr of 2017 also had increased length of peak

reenness. 

Landsat GPP was highly correlated with PhenoCam GCC. For all

our Haypress meadows in 2018, Pearson’s r ranged from 0.87 to

.93 (see Table 4 ). In the Porter meadow, the Pearson’s r ranged

rom 0.94 to 0.97 (see Table 4 ). The linear relationship between

GCC and iGPP was strong ( R 2 = 0.89) across a gradient of grazing

ressure ( Fig. 8 ). Uncontrolled grazing practices at Haypress mead-

ws were reflected in lower values for both iGCC and iGPP. Middle

, which was a preferred meadow by the cattle, had the lowest

alues, and Middle B, the least accessible to cattle, had the highest

alues for the Haypress meadows. In contrast, managed cattle graz-

ng (or lack of grazing for 2 years) in Porter Canyon was reflected

n greater values for both iGCC and iGPP. In 2016, an average pre-

ipitation yr, cattle were excluded from the meadow (S. Lossing,

mith Creek Ranch, personal communication) and iGCC and iGPP

ad the second highest values. Porter Canyon meadow had values

hat were nearly double that of Haypress, with the wet yr of 2017

aving the highest values. 
d From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 31 May 2
se: https://bioone.org/terms-of-use
iscussion 

We determined that it was possible to satisfy our first objective

nd use PhenoCams to quantify baseline phenological profiles for

eavily grazed Great Basin meadow communities that spanned an

ridity gradient ranging from wet to mesic to dry meadows (see

ig. 4 ). The greatest divergence in phenophase dates for each sub-

egion was for the recession dates. Plausible explanations for these

ifferences include differing levels of grazing pressure and/or water

vailability. Middle B had the longest growing season for both the

ry and mesic meadow types (see Table 3 ), and although we made

o formal estimates of grazing pressure, during the 2018 growing

eason, cattle were routinely present in the Middle A meadow. The

iddle B meadow is located up a steeper slope ( ≈15-degree slope).

t is the smallest meadow and appears to have the least use by

attle. In general, PhenoCam GCC curves for the Haypress mead-

ws had the least amplitude and longest growing season length in

he dry communities; greater amplitude in GCC and the shortest

rowing season length in the mesic communities; and the greatest

mplitude and greatest variability in growing season length in the

et communities. 

In terms of evaluating our second objective, to establish base-

ine measures of plant cover and height, we found meadow eleva-

ion or location did not have a significant effect on the percentage

f cover of the dominant functional groups, but there was a signifi-

ant effect of meadow type on the percent foliar cover of the dom-

nant functional groups. Mesic and wet meadows had greater cover

f graminoids than dry meadows. Wet meadows had the greatest

ercent foliar cover of forbs. Height was highest in the dry shrub-

ominated communities, moderate and variable in the wet com-

unities, and lowest in the mesic communities. 

The near surface PhenoCams reflected differences in green-

ess and productivity between sites with different grazing histo-

ies and were highly correlated with satellite values for NDVI and

odeled GPP. PhenoCam greenness (GCC) complemented Landsat- 

ased depictions of productivity (GPP) and vegetation vigor (NDVI)

 Browning et al. 2021 ). These strong relationships support our third

bjective, to quantify the relationships between the different plat-

orms. Furthermore, while they provide similar information, these

wo platforms would be considered complementary—as Pheno- 

ams increase temporal resolution, Landsat increases spatial res-

lution ( Browning et al. 2021 ). 

Next, we explore objective 4, whether remotely sensed phe-

ology metrics from PhenoCam and Landsat can distinguish dif-

erences in grazing pressure. In the following sections, we explore

he interpretations of 1) grazing pressure and data from the three

eadow and subregions at Haypress and 2) observations of graz-

ng pressure at the scale of the full meadows using both sensor

latforms and Haypress and Porter Meadows. 

bservations along an aridity gradient for Haypress Meadows 

The PhenoCams were not designed to monitor grazing pressure,

ut images were inspected visually for the presence of grazers;

nly horse and cattle were observed in the daily images. Between

ay 1 and August 31, 2018, either horses or cattle were observed

n images 12, 17, 3, and 10 d in the Lower, Middle A, Middle B, and

pper meadows, respectively. This crude estimate of grazing pres-

ure cannot fully explain differences in meadow growing season

henology but does indicate that Middle B meadow had less graz-

ng pressure, which seems reasonable given that it is the smallest

f the four meadows and grazers must climb a fairly steep slope

hrough sagebrush to reach the meadow. 

Snyder et al. (2016) analyzed GCC of the subregions of meadow

ypes (dry, mesic, and wet) for the growing season of 2015 in the

orter meadow. Results for the three meadow types’ GCC values
024
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Figure 6. Data for the Haypress camera viewshed regions of interest (ROI). The relationship between Landsat-derived normalized vegetation difference index (NDVI) plotted 

as all available dates (black dots) and PhenoCam-fitted Green Chromatic Coordinate (GCC) (black line) and phenophase dates derived from PhenoCam imagery (vertical lines), 

as well as the relationship between Landsat-derived gross primary production (GPP) (black dots) and PhenoCam-fitted GCC (black line). Phenophase dates and confidence 

intervals are upturn date (UD), a stabilization date (SD), a downturn date (DD), and a recession date (RD). Landsat data before April were removed due to snow. 
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anged from 0.327 to 0.389, similar to what was demonstrated 

n Haypress. Growing season length was 130, 157, and 181 d in

he wet, mesic, and dry meadows, respectively, which is similar

o what was found for growing season length in Haypress for wet

nd dry meadows (123 and 155 d, respectively); but the grow-

ng season length for mesic meadows in Haypress was only on

verage 87 d, illustrating the potential disproportionate effect of 

hronic feral horse grazing in mesic meadows. Other studies have 

emonstrated variation in growth response to grazing as a func- 

ion of plant community type. Clary (1995) observed that sedge-

ominated sites (similar to the mesic communities seen in this 

tudy) had lower height growth and biomass following defolia- 

ion than other sites grazed similarly. These differences in response 

ould be due to different grazing tolerances of species, water avail-

bility, variability in litter reduction across sites, or lack of defoli-

tion during the “boot” stage (i.e., the time when the seedhead is

nclosed within the sheath of the flag leaf) of species ( Miller et al.

990 ; Moore et al. 1991 ; Skaer et al. 2013 ; Richardson et al. 2021 ).

bservations at the Full Meadow Scale 

PhenoCams proved useful for monitoring community phenology 

n heavily grazed meadow systems. The unfenced Haypress mead- 

ws have a 12-mo grazing season by free-roaming feral horses. In

ddition, there is cattle grazing on a 2-yr rotation. For 2 years,
aded From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 31 Ma
f Use: https://bioone.org/terms-of-use
hese meadows are grazed by cattle from mid-April through June. 

he next 2 yr they are grazed by cattle from July through Septem-

er. In 2018, approximately 700 calf-cow pairs had access to Hay-

ress meadows from July through September. Porter meadow is 

enced, and the canyon is gated. There is no grazing by feral horses,

nd grazing by cattle is managed. Smith Creek Ranch records indi-

ated that in 2015 and 2016, the meadow gate remained closed

nd there was no grazing by cattle. In 2017, cows entered and

razed the Porter meadow from July 5 to July 10, when all 32

ows were removed. Between July 27 and August 21, additional 

ows entered the meadow and 27 cows were removed. The gate

as closed. In 2018, the gate to the meadow was opened on July

1. Sixty cows were removed on August 1, 12 cows were removed

ugust 29, and 7 cows were removed on September 19. Then the

ate was closed. 

Differences between the timing and duration of grazing by dif- 

erent types of grazers were detected in both the PhenoCam GCC

nd Landsat-derived GPP, validating our hypothesis that these re- 

ote sensing tools can be useful in monitoring the outcomes 

f grazing management. Increased grazing pressure reduced inte- 

rated GCC and GPP (see Fig. 8 ). Furthermore, there was a strong

inear relationship between iGCC and iGPP, even though these two 

latforms operate at vastly different spatial and temporal scales 

daily and 16-d). Chronic grazing of the Haypress meadows re- 

uced iGCC and iGPP by approximately 50% relative to a managed
y 2024
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Figure 7. Data for the Porter meadow camera viewshed regions of interest (ROI). The relationship between Landsat-derived normalized vegetation difference index (NDVI) 

plotted as all available dates NDVI (black dots) and PhenoCam-fitted Green Chromatic Coordinate (GCC) (black line) and phenophase dates derived from PhenoCam imagery 

(vertical lines), as well as the relationship between Landsat-derived GPP (black dots) and PhenoCam-fitted GCC (black line). Phenophase dates and confidence intervals are 

upturn date (UD), a stabilization date (SD), a downturn date (DD), and a recession date (RD). Landsat data before April were removed due to snow. 

Figure 8. Relationship between integrated PhenoCam Green Chromatic Coordinate 

(iGCC) and Landsat gross primary production (iGPP) for the camera viewshed re- 

gions of interest. 

g

t  

m  

t  

a  

l  

r  

a  

e  

c

r  

g  

i  

w  

s

 

m  

e  

a  

h  

(  

p  

r  

i  

u  

t  

i  

a  

e  

Downloade
Terms of U
razing situation. Consistently, studies have demonstrated nega- 

ive relationships between chronic or overgrazing and plant growth

etrics. In a literature review conducted by Vernon et al. (2022) ,

hey found that out of 15 studies looking at grazing plant inter-
d From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 31 May 2
se: https://bioone.org/terms-of-use
ctions in high-elevation meadows, 12 had some negative corre-

ation between chronic grazing and plant growth/community met-

ics. Interpretations of patterns in satellite-based GPP ( Robinson et

l. 2018 ) are supported by high correlations between the Robinson

t al. (2018) GPP data product with GPP estimated via eddy-

ovariance methods across grasslands and shrublands (Pearson’s 

 = 0.66 and 0.74, respectively). The ability to detect differences in

razing intensity using 30-m data products is notable and likely

nfluenced by high productivity meadow systems. Future research

ill evaluate these relationships in more arid grazed rangeland

ystems. 

Chronic horse grazing with the addition of cattle in late sum-

er appeared to produce a distinct end to the growing season, as

videnced by the more symmetrical GCC curves in Haypress rel-

tive to the more asymmetrical curves in the Porter meadow that

ave a skewed distribution with an elongated tail in the fall season

 Figures 6 and 7 ). In addition, there was more variance in the 90th

ercentile of the phenophase dates in the Porter meadow. It seems

easonable that uniformly grazed graminoids and forbs < 10 cm

n height would turn brown more abruptly, whereas nonuniform

ngrazed or lightly grazed vegetation would have a more gradual

ransition to senescence. Defoliation of graminoids has been found

n some cases to hasten senescence ( Becker et al. 1997 ). Han et

l. (2015) showed that grazing shifted senescence timing of sev-

ral observed species and shrank the overall growing period for the
024
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ommunities in their study. It has been well studied that grazing

an have positive, zero, or negative effects on plant communities 

epending on a variety of factors such as grazing intensity, wa-

er availability, season of grazing, and available soil nutrients ( Noy-

eir 1993 ). 

The Porter meadow, located lower in elevation than the Hay- 

ress meadows, had a much longer growing season in 2018; the

rowing season length was nearly twice as long (see Table 4 ).

hile this may be partially attributable to weather difference due 

o elevation, it could also be due to differences in grazing season

nd duration, types of grazers, soil water availability, and/or dif- 

erences in soil nutrients ( Aerts and Berendse 1988 ; Berdanier and

lein 2011 ). Visual inspection of the images from Haypress show

ittle evidence of cattle grazing early in the season and an absence

f fresh manure piles. However, as previously mentioned, horse 

razing occurs year-round. There are indications of grazing by cat- 

le from July through the end of August with increased frequency

f fresh manure in the camera viewsheds, and as mentioned pre-

iously, horse grazing is year-round. Because of the short growing 

eason length of the mesic meadows (they were largely senesced 

y the time cattle reached the meadows), it seems reasonable to

ostulate that the mesic meadows may be more impacted by feral

orse grazing than cattle. Future research will address the role of

razing versus soil water availability on meadow growing season 

ength. 

Visual inspection of the PhenoCam images show clearly re- 

uced plant height in the Haypress meadows relative to the Porter 

eadow (see Fig. S1). Vegetation height measurements at Hay- 

ress showed low height of vegetation ( Fig. 5 ). Yet we were still

ble to use PhenoCams to track seasonal phenology. There were 

trong correlations between PhenoCam GCC and Landsat NDVI and 

PP; this shows promise for developing statistical models to ex- 

rapolate to other Great Basin meadows systems using the Landsat 

rchive. Landsat NDVI was well correlated with PhenoCam GCC. 

owever, in 2018, there was a gap in May and June likely due

o cloudy images, and consequently Landsat NDVI did not capture 

he peak of the growing season. There was also a gap in Land-

at NDVI in 2015 and 2017 in the Porter meadow that missed the

eak of season. The 16-d overpass and obstruction by clouds are

wo prominent shortcomings of Landsat, albeit less so in this case

here the study area occurs at the intersection of multiple Land-

at scenes (Fig. S2, available online at 10.1016/j.rama.2022.12.001 ).

he greater temporal resolution of the PhenoCams improved the 

tility of this platform for capturing the peak of the growing sea-

on. The ability to detect overgrazing from chronic overgrazing is 

romising for the Great Basin, which has a large-scale feral horse

roblem ( Boyd et al. 2017 ; Beever et al. 2018 ). Our results are in

oncurrence with other studies that found feral horses preferred 

roundwater-dependent ecosystems and that feral horse grazing 

an reduce height and cover of vegetation ( Ganskopp and Vavra

986 ; Crane et al. 1997 ; Beever and Brussard 20 0 0 ). 

mplications 

Groundwater-dependent ecosystems provide an array of ecosys- 

em goods and services, although they are a small fraction of the

otal landscape in semiarid and arid landscapes. In the current 

tudy we found that GDEs can be successfully monitored with Phe-

oCams at small spatial and temporal scales and by Landsat plat-

orm metrics for NDVI and GPP. Effects of chronic overgrazing were

etected by metrics from both platforms, and integrated GCC and 

PP values were particularly adept at summarizing seasonal pat- 

erns of phenology into a concise measure of ecosystem function. 

hese findings are consistent with previous work on these meadow 

ystems that looked at the utility of PhenoCams and Landsat to

ssess the ecological condition of meadows ( Snyder et al. 2016 ;
aded From: https://bioone.org/journals/Rangeland-Ecology-and-Management on 31 Ma
f Use: https://bioone.org/terms-of-use
arroll et al. 2017 ; Browning et al. 2019 ; Snyder et al. 2019b ). Phe-

oCam metrics were useful at both the subregion meadow type 

evel and the level of the full meadow. PhenoCam metrics at the

ull meadow scale were in good agreement with NDVI and GPP 

erived from Landsat at the 30 × 30 m scale. Our results are in

greement with other research on GDEs in the semiarid western 

nited States, which found that Landsat NDVI was able to track

he success of restoration projects in GDEs. Successful restoration 

f GDEs found restoration efforts increased NDVI relative to pre- 

estoration NDVI, presumably due to increased water availability 

hat improved plant vigor ( Huntington et al. 2016 ; Fesenmyer et

l. 2018 ; Hausner et al. 2018 ; Wilson and Norman 2018 ). The estab-

ishment of these baseline conditions from PhenoCams and Landsat 

mages, in conjunction with field-based measures of plant compo- 

ition and height, will allow us to track community responses of

hese meadows to management that excludes feral horse grazing 

nd uses precision management of livestock. 
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