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a b s t r a c t 

Because riparian ecosystems are highly valued for their diverse ecological services, past and ongoing dis- 

turbances in riparian zones have led to extensive restoration effort s, litigation, and compliance monitor- 

ing of the effects of livestock grazing. Better understanding of the factors that influence cattle riparian

use, especially in landscapes supporting threatened or endangered fish, could lead to improved predic- 

tions of management outcomes and riparian recovery for sustainable grazing systems. Although published

models predict habitat selection by cattle, there is a gap in our understanding of cattle use, or occupancy,

in riparian zones. As part of a long-term, multi-disciplinary project in a semi-arid riparian system in Ore- 

gon, USA, we collected 4 yr (2017-2020) of cattle telemetry data to identify factors affecting riparian use

by cattle. We used beta regression in a Bayesian hierarchical framework to model the daily proportion of

cattle locations in the riparian zone. We hypothesized that riparian use would 1) increase with increas- 

ing Julian date, temperature, solar radiation, days in pasture, and days since herding, and 2) decrease

with higher humidity and precipitation. The best model predicted that use was greater with increasing

days since herding, number of days grazing in a pasture, and Julian date, and lower as relative humidity

increased. Daily riparian use by cattle averaged 0.167 (SD = 0.180) across years and pastures. The final 

model performed well, based on k-fold cross validation (Pearson’s correlation = 0.72; 90% CI from 0.66 

to 0.77). Our findings demonstrate the importance of considering management strategies (herding, graz- 

ing seasons) that affect riparian use by cattle, in tandem with weather, pasture characteristics, and other

factors, and can be used in decision support systems to guide riparian grazing management.

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

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ )
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Riparian ecosystems worldwide provide multiple ecological ser- 

ices and support high biodiversity in relation to the relatively

mall proportion of the landscape they occupy ( Obedzinski et al.

001 ; National Resource Council 2002 ; Bestelmeyer and Briske

012 ; Swanson et al. 2015 ). Riparian systems face numerous
✩ This work was supported by the U.S. Forest Service Pacific Northwest Research

tation , Wallowa-Whitman National Forest , Oregon State University , Oregon Depart- 

ent of Fish and Wildlife, Oregon Watershed Enhancement Board, Grande Ronde

odel Watershed, and Bonneville Power Administration.
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hreats, including dams and water diversion, vegetation removal,

xotic species, and recreation ( Obedzinski et al. 2001 ; Poff et al.

012 ). Improper livestock use has also altered some riparian sys-

ems, especially in the western U.S. ( Kauffman and Krueger 1984 ;

rmour et al. 1994 ; Erhart and Hansen 1997 ; National Resource

ouncil 2002 ; Poff et al. 2012 ), leading to controversy, litigation,

nd changes in grazing management ( Wyman et al. 2006 ; Charnley

t al. 2018 ). 

Disturbance by cattle ( Bos taurus ) in riparian zones can nega-

ively impact streamside vegetation, bank stability, and water qual-

ty ( Kauffman and Krueger 1984 ; Harris et al. 2002 ; DelCurto et al.

005 ; Roper and Saunders 2021 ; Kauffman et al. 2022 ). In a review

f monitoring data collected on Bureau of Land Management graz-

ng allotments, failures of riparian condition standards (e.g., wa-

ershed health) were more associated with livestock grazing than
s is an open access article under the CC BY license
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ere failures of upland standards ( Veblen et al. 2014 ). Thus, sus-

ainable grazing in riparian areas, especially those supporting spe- 

ial status species such as fish listed under the U.S. Endangered

pecies Act (ESA), requires strategic management to limit distur- 

ance by cattle in the riparian zone ( Platts and Wagstaff 1984 ;

harnley et al. 2018 ). 

In response to these challenges, management agencies have de- 

eloped several standards and associated thresholds for grazing 

ompliance indicators (e.g., stubble height, streambank alteration) 

o monitor riparian health ( Clary and Leininger 20 0 0 ; Heitke et al.

008 ; Burton et al. 2011 ; Roper 2020 ). Measurements are made

long the “greenline,” described by Swanson et al. (2015) as “the

egetated streambank closest to the active channel” and more for- 

ally defined by Burton et al. (2011) as “a linear grouping of

erennial plants at or near the water’s edge along a stream chan-

el.” If measurement thresholds are exceeded during the grazing 

eason, or over successive years, range managers may alter permit 

onditions by lowering stocking densities, excluding riparian areas 

ith fencing, or reducing grazing season length. All these conser- 

ation effort s come with the possibility of economic losses for per-

ittees ( Charnley et al. 2018 ; Roper 2020 ). 

A variety of factors affect cattle distributions, including topog- 

aphy and forage condition. Many studies have documented the 

onsistent influence of slope on habitat use by cattle, a prod-

ct of the energetic costs of grazing on and traversing steep ter-

ain ( Mueggler 1965 ; Cook 1966 ; Bryant 1982 ; Roath and Kruger

982 ; Roever et al. 2015 ; Rivero et al. 2021 ). Grazing behaviors are

trongly shaped by the interactions of terrain and forage quantity 

nd quality, a pattern found in grazing systems worldwide ( Rivero

t a. 2021 ). Flatter and greener streamside environments are com-

only selected in late summer when riparian areas provide more 

ucculent vegetation and a reliable source for daily watering needs 

 Parsons et al. 2003 ; Roper and Saunders 2021 ). 

Climate and weather patterns also affect how cattle distribute 

cross landscapes. Thermal stress as temperatures peak during 

ummer months can exacerbate cattle requirements for water 

 National Academies of Sciences, Engineering, and Medicine 2016 ),

hich can increase heat loads and concomitant cattle behavior 

 Sprinkle et al. 2021 ), including use of riparian areas ( Harris et al.

0 02 ; Franklin et al. 20 09 ; Malan et al. 2018 ). With increasing

olar radiation in semi-arid environments, cattle often seek the 

ore shaded environments of riparian areas compared to up- 

ands ( National Resource Council 2002 ; Parsons et al. 2003 ; Tucker

t al. 2008 ; Lees et al. 2019 ; Cheleuitte-Nieves et al. 2020 ). Cat-

le may also select sites within an optimal range of relative hu-

idity ( Bryant 1982 ; Roath and Krueger 1982 ) or combinations of

emperature and humidity ( Roath and Krueger 1982 ; Loza et al.

992 ; Franklin et al. 2009 ). Periods of drought can likewise in-

uence cattle distributions ( Roever et al. 2015 ), leading to more

iparian use when upland forage senesces ( Marlow and Pogacnik 

986 ) or, conversely, increased upland use if greenup follows rain-

all events ( Bork et al. 2001 ). We define riparian use in this paper

s synonymous with riparian occupancy, not utilization of riparian 

orage. 

Temporal factors, for example, seasonality or day of year, can 

rive cattle riparian use by serving as proxies for increasing tem-

eratures and the typical decline in forage quality and abundance, 

specially in uplands, from peak conditions early in the grazing

eason to senescence later ( Parsons et al. 2003 ; DelCurto et al.

005 ; Malan et al. 2018 ; Raynor et al. 2021 ). This pattern is es-

ecially true when cattle graze in semi-arid systems; for example, 

attle in eastern Oregon, USA were on average 62 m farther from

treams in early (mid-June to mid-July) versus late (mid-August to 

id-September) summer ( Parsons et al. 2003 ). 

Past grazing experience can also alter cattle behavior on mul- 

iple timescales (e.g., seasonal, annual). Large herbivores like cat- 
le have “spatial memories” and behavioral types that may influ- 

nce their distributions ( Bryant 1982 ; Bailey et al. 1996 ; Creamer

nd Horback 2024 ). For example, Walburger et al. (2009) found

hat older cows placed in the same pastures in consecutive years

razed at higher elevations and farther from water than younger 

ows with less experience. Similarly, Howery et al. (1998) re- 

orted that cows returned to locations where they were reared as

alves. 

Herding is a well-established management tool for achieving 

ptimal cattle distributions ( Skovlin 1957 ; Cook 1966 ; Bailey 2004 ,

005 ; Bailey et al. 2008 ), but studies that quantified the efficacy

f herding are uncommon. Among those that did, most revealed

ositive effects of range riding. In a Montana study, herding re-

uced the time cattle spent near perennial streams and resulted 

n increased stubble heights near waterways compared to controls 

 Bailey et al. 2008 ). On public lands in Idaho, herding led to less

ime spent by cattle in the riparian area but was effective only

ith daily riding ( Butler 20 0 0 ). In eastern California, Derose et al.

2020) reported that herding effort was positively (but not signifi- 

antly; P > 0.2) associated with riparian richness metrics (e.g., in-

ertebrate taxa). These studies did not, however, report on the ef-

ects of weather or seasonality. 

As described above, research on factors that influence cattle 

pace use is well-established, including habitat selection models 

o predict static spatial distributions of cattle in pastures with 

iparian areas ( Clark et al. 2016 ; Kaufmann et al. 2013 ; Roever

t al. 2015 ). Some studies have estimated riparian use by cat-

le ( Bailey et al. 2008 ; Franklin et al. 2009 ; Johnson et al. 2016 ;

oper and Saunders 2021 ), while others have documented effects 

f livestock grazing on key stream and riparian monitoring met- 

ics ( Carter et al. 2017 ; Goss and Roper 2018 ; Roper and Saunders

021 ). None, however, have developed predictive models that iden- 

ify the dynamic temporal factors that influence riparian use by 

attle. 

Better quantification of the interactions of range riding, sea- 

on, and weather in a multivariate framework can both inform 

ivestock management and benefit special resource needs such as 

almonid habitat. Increases in global warming on North American 

angelands ( Polley et al. 2013 ), ongoing declines in stocks of en-

angered salmonids ( Wilson et al. 2022 ), recent publications de-

cribing negative effects of riparian grazing ( Jones et al. 2022 ;

rall and Roni 2023 ), and calls for livestock removal from pub-

ic lands ( Beschta et al. 2013 ; Swette and Lambin 2021 ; Kauffman

t al. 2022 ; Ripple et al. 2022 ) all point to the importance of such

odels. 

We initiated a long-term study in eastern Oregon, USA with 

he overarching goal of better understanding how wild and do- 

estic ungulate grazing affects stream and riparian restoration for 

almonids. To support this goal, we sought to investigate the com-

atibility of a suite of cattle grazing practices with stream restora-

ion, including frequent range riding and pasture moves ( Averett 

t al. 2017 ; Wisdom et al. 2021 ). This paper focuses on cattle use

f the riparian zone. Our objective was to predict riparian use by

attle during summer by modeling temporal factors, weather, cat- 

le behavior, and herding, using 4 yr (2017-2020) of telemetry lo-

ation data. In predicting riparian use, we sought to complement 

xisting spatial models of habitat use by cattle. We predicted that

iparian use would 1) increase with increasing Julian date, temper- 

ture, solar radiation, days in pasture, and days since herding, and

) decrease with higher humidity and daily and prior (e.g., weekly)

recipitation. Understanding how these specific components influ- 

nce cattle use of riparian zones, combined with existing knowl- 

dge about factors that affect use, such as pasture characteristics, 

ffsite water, and stocking rates, can help managers develop sus- 

ainable grazing practices and predict outcomes of management 

ecisions in these essential systems ( Figure 1 ). 
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Figure 1. Schematic depicting potential influences on riparian grazing by cattle, which is linked to metrics often used in compliance monitoring to evaluate fish habitat. Gray 

stippled boxes indicate factors that management can influence, and boxes outlined in green depict those addressed in the cattle riparian use model. Other known factors 

that may affect riparian monitoring metrics and fish habitat, such as wild ungulates and inherent stream and greenline characteristics, are not shown. 
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tudy area 

The Meadow Creek study area encompasses 2 218 ha within

he Starkey Experimental Forest and Range (Starkey) in northeast-

rn Oregon, USA. Starkey is a long-term research site established

y the U.S. Forest Service (USFS) to investigate grazing and range-

and management practices in semi-arid lands common to the In-

ermountain West ( Figure 2 ; Rowland et al. 1997 ). Climate and

egetation communities at Starkey are typical of forested and up-

and riparian systems in the Blue Mountains ecoregion. Average an-

ual precipitation at Starkey is 51 cm, most of which falls between

ovember and June ( Rowland et al. 1997 ). 

Cattle have grazed the Starkey landscape since the mid-1800s,

ith grazing managed under standard USFS allotment operating

lans since the early 1900s ( Skovlin 1991 ). For research in the

eadow Creek drainage, grazing is managed in cooperation with

regon State University ( Bryant 1982 ; Walburger et al. 2009 ). The

eadow Creek Riparian Restoration Project within Starkey was im-

lemented by the USFS in 2012–2013 to improve habitat condi-

ions for endangered salmonids ( Averett et al. 2017 ). As part of the

xperimental design, the study area was divided into 5 pastures

 Fig. 2 , Appendix A). Cattle were initially excluded from Meadow

reek (Pastures 1, 2, and 5 from 2013 to 2016; Figure 2 ) following
stablishment of the new pasture fencing to implement the initial

hase of herbivory experiments evaluating effects of wild ungu-

ates on riparian restoration in the absence of cattle ( Averett et al.

017 ). Cattle had previously been excluded from Pastures 3 and 4

ince 1991 ( Case and Kauffman 1997 ). 

The riparian corridor defined for our analysis encompassed

3 km of Meadow Creek, a perennial stream supporting feder-

lly threatened steelhead ( Oncorhynchus mykiss ) and Chinook ( O.

shawytscha ) salmon. The corridor included 58 ha (2.6%) of the

tudy area and was mapped as the combination of lowland and

iverine potential vegetation types as described by Wells et al.

2015) . Uplands (2 160 ha; 97.4%) composed the remainder, with

ercentages similar to those reported in other riparian grazing

tudies ( Johnson et al. 2016 ). Elevation in the riparian zone ranged

rom 1 122 to 1 240 m, and up to 1 448 m in the uplands and the

orridor width varied from 71 to 125 m across pastures. 

Dominant vegetation types along Meadow Creek were dry

eadow, wet meadow, and open forest ( Averett et al. 2017 ). Com-

on meadow species included meadow foxtail ( Alopecurus praten-

is L.), Idaho fescue ( Festuca idahoensis Elmer), Northwest Terri-

ory sedge ( Carex utriculata Boott), and panicled bulrush ( Scirpus

icrocarpus J. Presl & C. Presl) . Black hawthorn ( Crataegus dou-

lasii Lindl.) and gray alder ( Alnus incana L. (Moench)) were com-

on deciduous woody species, with forests dominated by pon-

erosa pine (Pinus ponderosa Lawson & C. Lawson ) and Douglas-fir
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Figure 2. Meadow Creek Study Area in the Starkey Experimental Forest and Range, northeastern Oregon, USA, depicting five pastures and the riparian zone used to model 

riparian use by cattle. The riparian corridor included 58 ha (2.6%) of the study area and was mapped as the combination of lowland and riverine potential vegetation types 

as described by Wells et al. (2015) . See Appendix A for more information about pasture characteristics. 
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 Pseudotsuga menziesii (Mirb.) Franco) (see Averett al. al. 2017 for

etails). Upland grasslands were dominated by bunchgrasses in- 

luding Sandberg bluegrass ( Poa secunda J. Presl) and bluebunch 

heatgrass ( Pseudoroegneria spicata (Pursh) Á. Löve) on droughty 

oils and Idaho fescue and prairie Junegrass ( Koeleria macrantha 

Ledeb.) Schult.) in mesic grassland sites, with increasing abun- 

ance of North Africa grass ( Ventenata dubia (Leers) Coss.) ( Averett

nd Endress 2022 ). Other common grassland species included slen- 

er cinquefoil ( Potentilla gracilis Douglas ex. Hook.), scabland sage- 

rush ( Artemisia rigida (Nutt.) A. Gray) and common yarrow ( Achil-

ea millefolium L.), with understory species in forests including 

eyer’s sedge ( C. geyeri Boott), pinegrass ( Calamagrostis rubescens 

uckley), and heartleaf arnica ( Arnica cordifolia Hook.). 

attle grazing system, stocking rate, and location data 

Implementation of an intensive grazing management system 

 Society for Range Management, 1998 ) for the Meadow Creek ex-

eriment began in 2017 using a deferred rotation system across the

ve pastures, with grazing beginning in Pasture 1 in 2017 and 2018

nd in Pasture 5 in 2019 and 2020 ( Fig. 2 ). Turnout dates ranged

rom 4 June – 23 June, with end-of-season dates from 5 Septem-

er to 3 October (Table S1). The grazing management plan autho-

ized by the USFS prescribes 15 d of grazing annually in Pastures

–4 and 62 d in Pasture 5, to account for differences in pastures

izes (Appendix A). Sixty cow-calf pairs (Red Angus × Angus) were 

tocked in 2017, increasing to 80 cow-calf pairs the remaining 3

r. Herd age distribution was established as approximately equal 

umbers of 3- through 10-yr-old cows and was held consistent by

otating out the same number of older cows ( ∼10 yr) as new 3-

r-olds added each year. Stocking rates (i.e., ha/animal unit month) 

n 2018-2020 ranged from 5.1 to 10.1 across pastures, comparable 

o current stocking rates on adjacent USFS allotments in the Blue

ountains ecoregion. Nutritional supplements were provided, and 

everal upland water sites, including troughs, springs, and ponds, 

eveloped on both sides of the stream in each pasture to better

istribute cattle (Appendix A). 
Each year ∼30% of the cows, distributed equally across cow 

ge (excluding calves, which were not collared), were fitted with 

lobal Positioning System (GPS) telemetry collars that recorded lo- 

ations every 30 min. Cows that had worn a GPS collar the prior

ear were collared again if possible, and data were downloaded 

t the end of each grazing season. To finalize the telemetry data

et for modeling, we first omitted data from collars with < 100

ocations and fix success rates < 80% within a pasture each year

 Table 1 ; Nielson et al. 2009 ). Next, we assigned “move dates” as

he days on which > 50% of the collared cattle had been moved

rom one pasture to the next. We then censored the following

ates from the data set to reduce the chance of disturbance from

attle management activities not of interest influencing cattle dis- 

ributions: 1) days of first turnout into Meadow Creek and removal

t the end of the grazing season each year; and 2) move dates be-

ween pastures (Table S1). A multitude of activities occurred on 

hose dates, for example, cattle being driven to Starkey, unloaded 

nto holding pens, and released into the pasture. With our response

ariable of proportion of locations in the riparian area, we assumed

hat telemetry data from these dates would not represent the pri-

ary management activity of interest, i.e., herding to keep cattle 

n the uplands. Last, we created the response variable for model-

ng as the proportion of cattle locations each day that occurred in

he riparian area, that is, we tallied telemetry locations across all

ollars each day and divided those occurring in the riparian cor-

idor, as defined for our analyses, by the total locations for that

ay to obtain the daily proportion. We refer to this proportion as

riparian use,” a measure of occupancy by cattle in the riparian 

one ( Marlow and Pogacnik 1986 ; Franklin et al. 2009 ; Carter et al.

017 ), in contrast to other definitions of use applied to cattle graz-

ng (e.g., percent use, defined as “grazing use of current growth;”

ociety for Range Management, 1998 ). 

ovariate development 

We developed a set of a priori covariates hypothesized to af-

ect riparian use by cattle based on extensive literature review 
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Table 1 

Telemetry data used to model riparian use by cattle, Meadow Creek Study Area, eastern Oregon, USA. 

Year No. cow/calf pairs 1 No. collars 2 No. locations (range) Mean fix success rate 

2017 60 20 60 765 (171 to 1 684) 93.0 

2018 80 17 40 360 (102 to 1 093) 3 94.1 

2019 80 14 51 782 (173 to 4 036) 90.5 

2020 80 18 63 750 (113 to 2 922) 96.3 

1 Three bulls were also grazed for a portion of each grazing season to accommodate a 60-day breeding season. 
2 Numbers indicate collars used for analyses based on fix success rates exceeding 80% and ≥100 locations for each collar for all pasture/year combinations (see text for 

details). 
3 Telemetry collar programming error in 2018 resulted in fewer total locations that year. 

Table 2 

Covariates considered in beta regression models to predict riparian use by cattle, Meadow Creek Study Area, eastern Oregon, USA. All covariates except Days since herding 

and Season were standardized before modeling; see text for details. 

Covariate category Covariate Description Rationale Example references 

Herding Days since herding, 

Days since herding 

(categorical) 

Days elapsed since range rider present 

(categories = 0, 1, 2, or ≥3) 

Herding reduces time in 

riparian area 

Butler (20 0 0) , Derose et al. 

(2020) 

Precipitation Precip, Precip1, Precip2 Total precipitation (mm) on sampling 

date and during prior 1 or 2 weeks 

Increased forage quantity and 

quality in uplands 

Bryant (1982) , Harris et al. 

(2002) 

Relative humidity Max RH, Mean RH, Min 

RH 

Maximum, average, and minimum 

relative humidity (RH; proportion) 

recorded during the 24-h day 

Humidity can increase thermal 

stress 

Franklin et al. (2009) , Shaw 

and Dodd (1979) 

Solar radiation Max solar, Mean solar Maximum and average solar radiation 

(W/m2 ) recorded during the 24-h day 

Increasing use of shade as solar 

radiation increases 

Lees et al. (2019) , Tucker 

et al. (2008) 

Temperature Max temp, Mean temp, 

Min temp 

Maximum, average, and minimum 

temperature ( °C) recorded during the 

24-h day 

Higher temperatures can 

decrease time spent foraging 

and increase time near water 

Bryant (1982) , Parsons et al. 

(2003) 

Other JDate, JDate2 Days since 1 Jan each (Julian) calendar 

year (1 Jan = 0), including quadratic 

form 

Proxy for increasing forage 

senescence and thermal stress. 

Brown et al. (2022) , Parsons 

et al. (2003) 

Other Pasture days Integer reflecting number of days cattle 

have been in each pasture each year 

Learned behavior influences 

animal distributions 

Butler (20 0 0) , Harris et al. 

(2002) 

Other PropHeat Daily proportion of values (categories 

0, 1; n = 48 per day) when Max temp 

> 25 °C 

Index of heat stress DelCurto et al. (2005) 

Other Season Season categories: early ( < 1 August; 

value = 0), late ( ≥1 August; value = 1) 

Proxy for differences in forage 

senescence and thermal stress 

Brown et al. (2022) , Marlow 

and Pogacnik (1986) 

Other THI Temperature-Humidity Index (THI) 

combining daily Max temp and Min RH 

( Franklin et al. 2009 :2155) 

THI influences shade-seeking 

behavior 

Franklin et al. (2009) , Loza 

et al. (1992) , Malan et al. 

(2018) , Sprinkle et al. (2021) 
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and that observations are continuous between 0 and 1 but do not 
 Table 2 ). To evaluate the role of range riding, we created a herd-

ng covariate using daily journals maintained by range riders. We

ecorded any day with active range riding directed at moving cattle

versus other activities such as mending fences) as a herding day.

he covariate developed for modeling—Days since herding —had a

alue of 0 for active herding days ( Table 2 ). 

We next created a set of temporal and weather-centric covari-

tes for modeling ( Table 2 ). For temporal covariates we hypothe-

ized that duration of grazing in a pasture could affect time spent

n the riparian area, given that cattle learn over time about prevail-

ng conditions in uplands versus the riparian corridor ( Butler 20 0 0 ;

arris et al. 2002 ). This covariate, Days in pasture , documented the

otal days cattle were grazed in each pasture annually ( Table 2 ).

ther temporal covariates included Julian date ( Jdate , in linear and

uadratic form), a proxy for increasing heat load and seasonal de-

lines in forage quantity and quality, and a categorical variable rep-

esenting season (early, late; Table 2 ). 

Precipitation data came from the NRCS Snowpack Teleme-

ry (SNOTEL) weather station located within Starkey ( https://wcc.

c.egov.usda.gov/reportGenerator/ ; County Line Station) to create

aily, weekly, and biweekly accumulated precipitation for the 4 yr

f our study ( Table 2 ). For the remaining weather covariates, we

cquired data every 30 min from a weather station (Em50 Data

ollection System, Decagon Devices, Inc.) located along Meadow

reek, including temperature, relative humidity, and solar radia-

ion. We also derived new covariates based on these data, such as

he Temperature-Humidity Index ( THI ; Franklin et al. 2009 ; Malan
t al. 2018 ; Sprinkle et al. 2021 ) ( Table 2 ). Values of THI > 72 are

onsidered a mild heat load for cattle, with those reaching 79 or

ore classified as severe ( Sprinkle et al. 2021 ). 

ata analysis 

tatistical model 

We used a Bayesian hierarchical approach ( Kéry and Royle

020 ) and beta regression ( Ferrari and Cribari-Neto 2004 ; Douma

nd Weedon 2019 ) to model daily proportions of locations within

he riparian area (Appendix B). We chose beta regression over

ther models (e.g., log-normal, glm with logit-link) due to it re-

tricting estimates to the [0,1] interval and flexibility in handling

verdispersion observed in the data. Douma and Weeden (2019)

uggest caution in using beta regression over binomial regression

ith maximum likelihood when the sample sizes are low. How-

ver, we used Markov chain Monte Carlo (MCMC) methods in a

ayesian hierarchical model with count-based proportions based 

n large sample sizes (i.e., 47 locations/collar/day x number of col-

ars). We incorporated a random pasture effect to account for the

ack of independence in the repeated measures of the average daily

roportions within a pasture over time. We used the beta regres-

ion formulation in Smithson and Verkuilen (2006) and provide

ode for the Bayesian hierarchical model using Rjags ( Kellner 2021 )

n Supplemental Material (S2). 

Beta regression assumes independence between observations 

https://wcc.sc.egov.usda.gov/reportGenerator/
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nclude 0 or 1. Any zeros in our data were either the result of no

ctual use of the riparian area, sample size (number of cattle col-

ared), or the fix schedule and missing shorter intervals of ripar-

an use (e.g., when crossing Meadow Creek). To fit beta-regression

odels, we transformed the response by adding 0.001 to the zero

roportions prior to modeling ( Douma and Weedon 2019 ). 

odel development 

After deriving 18 model covariates for each grazing season 

2017-2020; Table 2 ), we checked for collinearity among co- 

ariates using Pearson’s correlation coefficient; if two covariates 

ere highly correlated ( │r │ > 0.6), we did not include them in

he same model. We then created six covariate groups: herding, 

recipitation, relative humidity, solar radiation, temperature, and 

other,” which represented a set of temporal and derived covariates 

 Table 2 ). We chose to retain all covariates in the “other” group for

odeling, given the diversity of potential contributions from this 

et (e.g., seasonality and derived indices based on temperature). 

or the remaining groups, we applied a two-stage information- 

heoretic approach ( Rowland et al. 2018 ) whereby we first com-

ared covariates in each category using univariate models with 

eta regression. We chose the best covariate from each group for

he next modeling step based on the Watanabe-Akaike information 

riterion (WAIC; Hobbs and Hooten 2015 ; Watanabe 2010 ) values

esulting from beta regression. The use of WAIC is like other in-

ormation criteria such as Akaike’s (AIC; Burnham and Anderson 

002 ), the Bayesian information criterion (BIC; Burnham and An- 

erson 2002 ), and the Deviance information criterion (DIC; Hobbs

nd Hooten 2015 ) in that the model with the lower value is deter-

ined to be better. However, compared to the others, WAIC is fully

ayesian (unlike AIC or BIC), based on the actual predictive proce-

ure (not DIC), and is valid for hierarchical models (unlike AIC, BIC,

r DIC; Hobbs and Hooten 2015 ). 

We could not find any description of potential models of ri-

arian use in the literature to evaluate, so we then developed a

ist of all possible models by combining the 10 remaining covari-

tes, limiting the number of covariates in a model to six. We used

his subjective limit to avoid overly complicated models. We iden- 

ified strong multicollinearity between all temporal and weather 

ovariates (e.g., relative humidity, Pasture days ) and the combina- 

ion of a linear and quadratic form of Julian date (e.g., weather

Jdate + Jdate2 ; Fig. S3). Thus, we only considered the linear and

uadratic forms for Julian date in models that did not contain evi-

ence of multicollinearity. We also initially considered interactions 

etween Season and four covariates (three precipitation covariates 

nd MinTemp ). Because our preliminary investigations revealed no 

ignificant interactions, however, we excluded these interactions 

rom our final model set. We standardized all covariates prior to

odeling by subtracting the mean and dividing by the standard 

eviation. 

We fitted all models in a Bayesian hierarchical framework us- 

ng MCMC methods and the R package jagsUI ( Kellner 2021 ) and

anked models by WAIC values. We calculated 90% Bayesian credi- 

le intervals (CIs; percentile method) for all coefficients. If the 90%

I included 0, we concluded that the estimate was not statisti-

ally significant (equivalent to an alpha level of 0.10). We used Nor-

al(0, 10) priors for coefficients in the model for the proportion of

se and a Gamma(0.1, 0.1) prior for the precision parameter ϕ. The

amma distribution assumed for ϕ is a common choice of a prior

or a distribution of non-negative continuous values. We selected 

he shape and scale values of 0.1 for the Gamma because they pro-

ided vague priors. Comparisons of MCMC results using other val- 

es for the Gamma shape and scale parameters did not show signs

f sensitivity to the values selected. We ran three chains of 20 0 0 0

terations following a burn-in of 5 0 0 0 iterations. We did not thin
r reduce the number of iterations in the MCMC process. Although

hinning is often seen in the literature, it is only advantageous in

torage costs and data handling ( Gilks et al. 1995 ) and posterior

istributions are better approximated without thinning ( Hobbs and 

ooten 2015 ). 

odel evaluation 

We used common methods for evaluating convergence and 

oodness-of-fit for Bayesian hierarchical models including the 

elman-Rubin diagnostic (Rhat: Gelman and Rubin 1992 ), trace 

lots, residual plots, and plots of posterior distributions to evalu- 

te model convergence ( Sinharay 2003 ). We assumed that we ob-

ained sufficient convergence when all Rhat values were < 1.05 and

here appeared to be adequate mixing among chains ( Hobbs and

ooten 2015 ). In addition, we conducted several posterior predic- 

ive checks ( PB ; Hobbs and Hooten 2015 ; Conn et al. 2018 ) using

he Freeman-Tukey measure of model fit ( Conn et al. 2018 ) and

ther discrepancy statistics based on the mean, 10%, and 90% quan-

iles of the simulated data based on the model. Bayesian p -values

nd other discrepancy checks based on posterior distributions pro- 

ide insight into the difference between the observed and simu- 

ated data based on the posterior distributions of the model coeffi-

ients. A large or small Bayesian p -value ( > 0.95 or < 0.05) based on

imulated data strongly suggest lack of model fit, potentially due to

odel choice or prior distributions, whereas a p -value close to 0.5

ndicates there is insufficient evidence of poor fit. 

By combining locations across animals and calculating the to- 

al proportion of the cattle locations in the riparian corridor for

he day, we removed any potential effect of temporal autocorrela- 

ion in individual cattle locations. The daily response of all collared

ows also negates concerns about the independence between col- 

ared cows, provided they represent the average cow in the pas-

ure. The autocorrelation we were concerned about and address in 

ur approach is that of the residuals of our model for use within

 day (not every 30 min). We evaluated the assumption of lack

f independence in standardized model residuals between days by 

alculating residual temporal correlation using Moran’s I ( Moran 

948 ) in a single dimension (time). As described above, we recog-

ized the lack of independence across years within a pasture, and

hus used pasture as a random effect in our model. 

To evaluate the ability of the best model to predict daily ripar-

an use within a particular year, we used k-fold cross-validation 

 Fielding and Bell 1997 ), defining the individual yr 2017−2020 for

 . We dropped one year and refit the final model using the re-

aining 3 yr, and calculated Pearson’s correlation coefficients be- 

ween the predicted values of riparian use and the new estimates

f observed use. We then repeated this process, using individual 

astures (1–5) for k , dropping one pasture and refitting the model

ith the remaining four pastures. Last, we created marginal plots 

or each covariate in the best model to reveal the change in pre-

icted use as each single covariate changes, holding all others con-

tant at their median values. 

esults 

After censoring the dataset to meet our criteria for appropri- 

te dates, we had 338 days available for modeling across the 4

r. Start-of-season grazing for data used in modeling ranged from 

 June (2018) to 24 June (2020), with end dates from 14 August

2018) to 2 October (2019; Table S1). Telemetry data, filtered for

umber of locations and fix success, yielded annual cattle locations 

rom 14 to 20 GPS collars (18% to 33% of cows) ranging from > 63

 0 0 (2020) to ∼ 40 0 0 0 (2018), with mean fix success rate exceed-

ng 90% in all years ( Table 1 ). A collar programming error mid-

eason in 2018 accounted for the compressed season and lower 
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Table 3 

Mean proportion of daily cattle locations in the riparian area, Meadow Creek Study 

Area, eastern Oregon, USA, by pasture and year. 

Pasture Year Mean 

2017 2018 2019 2020 

1 0.040 0.041 0.041 0.062 0.046 

2 0.185 0.181 0.178 0.159 0.175 

3 0.645 0.423 0.431 0.670 0.542 

4 0.327 0.216 0.169 0.282 0.248 

5 0.202 –1 0.099 0.106 0.136 

Mean 0.280 0.215 0.183 0.256 0.167 

1 Telemetry collar programming error in 2018 resulted in no locations in Pasture 

5 that year. 
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ocation count in that year, with no locations recorded within Pas-

ure 5. 

attle use of riparian area 

Use of the riparian zone by cattle varied by season, year, and

asture ( Table 3 ). Cattle frequented the riparian area often, with

iparian use recorded on 88% ( n = 300) of sampling dates and

ean daily proportional use of 0.167 (SD = 0.180) across years

nd pastures. Of the 39 days with no riparian use, 85% were

n Pasture 5, and 74% occurred before 1 August (i.e., early sea-

on). Cattle spent ∼40% more time in the riparian corridor in late

ummer ( ̄x = 0.199, SD = 0.186) versus early ( ̄x = 0.142, SD = 0.172).

ean proportions were highest in the initial year of grazing (2017;

¯ = 0.228, SD = 0.209) and in Pasture 3 ( ̄x = 0.530, SD = 0.203)

 Table 3 ). 

odel covariates 

We brought 10 covariates forward for modeling, including all

rom the “other” category and the best from each of the five re-

aining groups, based on their WAIC values: Days since herding

herding), Precip1 (precipitation), Mean RH (relative humidity), Max

olar (solar radiation), and Max temp (temperature; see Table 2 for

escriptions). Cattle were herded frequently, with range riding oc-

urring on 50% of days modeled ( n = 169; Fig. 3 ) and Days since

erding rarely exceeding four ( n = 10). Mean RH was consistent

cross years, with average values ranging from 0.58 to 0.70 (Ap-

endix C) and lowest in late July. Weekly precipitation ( Precip1 )

as more variable, with 62% of modeled dates having no rainfall

he preceding week. The maximum weekly sum recorded (45.72

m) occurred in 2018, the wettest grazing season, and was 9-fold

reater than the maximum in 2020 (Appendix C). Number of days

attle had grazed in a pasture averaged 18.5 across all years and

astures but was ≤10 for nearly half ( n = 158) of our sampling

ates. Among daily THI values, 146 (43%) indicated a mild heat

oad, but only 11 (3%) were ≥79 (severe heat load; Sprinkle et al.

021 ). The maximum value recorded was 81. 

est models of cattle riparian use 

We evaluated 241 models to predict cattle use of the ripar-

an area. The best model contained four covariates: Mean RH, Days

ince herding, Pasture days , and JDate ( Tables 4 , 5 ; Fig. 4 ). Predicted

se was greater with increasing Days since herding , number of days

attle had grazed in a pasture ( Pasture days ), and JDate , but lower

s Mean RH increased ( Fig. 4 ). Bayesian CIs did not span 0 for these

our parameters in any of the best 10 models, and signs of coeffi-

ients remained consistent across this model subset ( Table 4 ). No-

ably, the 60 best models all contained the covariate pair Days since

erding and Pasture days . Other covariates represented in the top

0 models included Max solar (5 models), Precip1 (4), and THI (2;
able 4 ). Predicted riparian use was greater with increasing precip-

tation the preceding week and as THI increased; coefficients were

ignificant THI but not Precip1 ( Table 4 ). By contrast, signs for the

ax solar parameter flipped among models and this covariate was

ot significant in any of the top 10 models ( Table 4 ). 

odel evaluation and performance 

The best model converged, based on the suite of MCMC diag-

ostics we explored. Gelman-Rubin (Rhat) values were 1 for all pa-

ameters in the model, and trace plots and marginal posterior dis-

ributions revealed good mixing and consistent results among the

hree chains (Fig. S4). The Bayesian p -value for the posterior pre-

ictive check for the Freeman-Tukey discrepancy was 0.55. Mean

imulated use was 0.1730 (90% CI from 0.1565 to 0.1907), similar

o the average observed use of 0.1673. Based on the final model,

he mean 10th quantile of the simulated data was 0.0931 (90% CI

rom 0.0 0 06 to 0.3290), with an observed value of 0.0017, whereas

he mean 90th quantile was 0.2790 (90% CI from 0.0467 to 0.60 0 0),

ith an observed value of 0.4241. These posterior predictive checks

id not indicate significant lack of fit, but the discrepancy mea-

ures based on lower tail (10th quantile) of the simulated data sug-

est that the final model may slightly over-predict when riparian

se is low. 

Predicted versus observed values of riparian use were positively

orrelated, based on k-fold validation, with Pearson’s correlations

f predicted values of riparian use and estimates of observed use

cross years ranging from 0.69 (2020) to 0.74 (2017). Using pas-

ures as folds, the lowest correlation was in Pasture 3 (0.56) but

as similar across the remaining pastures (0.69–0.79). The overall

orrelation of predicted versus observed values was 0.72 (90% CI

rom 0.67 to 0.78; Fig. 5 ). Again, evidence suggested that the model

ended to over-predict somewhat when riparian use was low. The

argest temporal correlation among residuals 1 d apart was 0.38

90% CI from 0.03 to 0.74) in Pasture 5 in 2019, but correlation be-

ond one day was < 0.2 and all CIs covered 0.0. Ninety-percent CIs

or Moran’s I in all other years in Pasture 5 (2017 and 2020) and

ther Pastures (1–4) included 0.0. 

iscussion 

Our experimental study at Meadow Creek helped illustrate the

ole of management-based and selected weather-related abiotic co-

ariates in predicting riparian use by cattle. The top-performing

odel included two key herd management strategies, revealing a

ositive relationship between Days since herding and Pasture days

ith predicted use. The co-occurrence of these covariates in the 60

op models corroborated their strong contribution in our model set

nd is consistent with other studies (e.g., Butler 20 0 0 ; Walburger

t al. 2009 ; Derose et al. 2020 ). We focused our model on the ri-

arian zone, rather than the pasture scale, to direct attention to

he specific sites monitored for compliance in most riparian graz-

ng allotments. 

Range riding clearly affected riparian use—daily proportions in

he riparian area nearly doubled by the 5th day since herding

 Fig. 4 ). Not all cattle responded similarly, however, as seen by the

apid return of some collared cows to the riparian zone soon af-

er herding while others remained in the uplands for days ( Fig. 3 ).

utler (20 0 0) reported that with daily herding < 4% of the herd

eturned to the riparian area the following day, but that percent-

ge increased to 16%–24% with one day’s riding missed. Benefits of

ange riding include greater residual riparian forage ( Bailey 2004 ),

ncreased stubble heights and lower cattle fecal abundance ( Bailey

t al. 2008 ), less bank trampling ( Butler 2000 ), and greater biodi-

ersity ( Derose et al. 2020 ). Although published data are unavail-

ble, several permittees grazing cattle allotments on the national
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Figure 3. Example depiction of cattle locations in relation to the riparian zone in the Meadow Creek Study Area, northeastern Oregon, USA. The graph displays distances of 

telemetered cattle from the riparian zone used in our analyses (0 horizontal line) in Pasture 1 during June 2017. Colors represent individual collared cows, and gray vertical 

lines depict dates of range rider “pushes” to move cattle to the uplands. Locations above the horizontal line are on the north side of the creek, and below this line the south 

side. 

Table 4 

Model ranks based on the Watanabe-Akaike information criterion (WAIC) for the top 10 models predicting riparian use by cattle. Delta ( �)WAIC is the difference in WAIC 

compared to the top model. A positive coefficient is represented by a ‘ + ’ before the covariate name, and a negative coefficient by ‘–’. Covariates with significant coefficients 

( α = 0.10) based on 90% Bayesian credible intervals excluding 0 are denoted by ‘∗ ’. 

Model rank Probability of riparian use model 1 �WAIC 

1 Intercept – Mean RH∗2 + Days since herding∗ + Pasture days∗ + JDate∗ 0.0 0 0 0 

2 Intercept + Precip1 – Mean RH ∗ + Days since herding∗ + Pasture days∗ + JDate∗ 0.1311 

3 Intercept + Max solar – Mean RH ∗ + Days since herding∗ + Pasture days∗ + JDate∗ 1.1900 

4 Intercept + Precip1 + Max solar – Mean RH ∗ + Days since herding∗ + Pasture days∗ + JDate∗ 1.4964 

5 Intercept – Mean RH∗ + Days since herding∗ + Pasture days∗ 1.6401 

6 Intercept + Days since herding∗ + THI∗ + Pasture days∗ + JDate∗ 1.9224 

7 Intercept + Precip1 – Mean RH∗ + Days since herding∗ + Pasture days∗ 2.3162 

8 Intercept – Max solar – Mean RH∗ + Days since herding∗ + Pasture days∗ 2.4947 

9 Intercept + Precip1 – Max solar – Mean RH∗ + Days since herding∗ + Pasture days∗ 2.6824 

10 Intercept + Max solar + Days since herding∗ + THI∗ + Pasture days∗ + JDate∗ 2.8944 

1 See Table 2 for complete descriptions of covariates. 
2 All covariates in the 10 models except Days since herding were standardized prior to modeling; see text for details. 

Table 5 

Estimates of parameters in the best model predicting riparian use by cattle in the 

Meadow Creek Study Area, eastern Oregon, USA. The mean (estimate), standard de- 

viation (SD), and 90% Bayesian credible intervals (CI) were obtained from their pos- 

terior distributions. 

Parameter Mean SD Lower CI Upper CI 

Intercept -1.2477 0.1427 – –

Mean RH 

1 , 2 -0.2007 0.0524 -0.2870 -0.1152 

Days since herding 0.1576 0.0356 0.0985 0.2157 

Pasture days 2 0.2901 0.0591 0.1923 0.3869 

JDate 2 0.1206 0.0496 0.0388 0.2019 

Phi 3 6.0334 0.5143 5.2096 6.8985 

1 See Table 2 for complete descriptions of covariates. 
2 These parameters were standardized prior to modeling; see text for details. 
3 Scalar used in beta regression. See Appendix B and S2 for more information. 
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orest adjacent to Starkey employ range riders daily or every few

ays, especially in pastures with ESA-listed fish (A. Johnson, USFS, 

ersonal communication). The Meadow Creek study intentionally 

mplemented an intensive grazing system ( Society for Range Man- 

gement, 1998 ) in which relative increases in labor and capital, i.e.,

erding, were employed to test the efficacy of this system in a ri-
arian area with fisheries concerns. Follow-on analyses will further 

lucidate the effectiveness of range riding to meet ecological and 

conomic objectives for riparian management. 

We concur with Bailey (2004) and Swanson et al. (2015) that

erding, integrated with complementary strategies such as upland 

upplements and water, is fundamental for riparian recovery and 

ustainable grazing and is likely most effective when pasture sizes 

re relatively small ( National Resource Council 2002 ). Past stud-

es also documented the influence of grazing experience on cat- 

le distributions ( Bryant 1982 ; Bailey 2005 ; Walburger et al. 2009 );

resumably cattle use uplands less as they gain spatial knowledge 

f the comparatively superior riparian forage and water resources 

s the grazing season progresses ( National Resource Council 2002 ;

arsons et al. 2003 ). 

The remaining covariates in our top model, JDate and Mean RH ,

re also supported in published literature. Parsons et al. (2003) re-

orted that cattle use of riparian areas was significantly greater in

ate summer pastures versus early; similarly, Marlow and Pogac- 

ik (1986) found that cattle spent more time feeding in the ripar-

an zone late August–September compared to June–July. The inclu- 

ion of JDate rather than Season in our best models ( Table 4 ) likely
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Figure 4. Marginal plots of predicted riparian use by cattle (i.e., daily proportion of cattle locations in the riparian area) in relation to covariates in the best model predicting 

daily riparian use, Meadow Creek Study Area, northeastern Oregon, USA. Each plot demonstrates the change in predicted use as the single covariate changes, holding all 

others constant at their median values. Shaded areas represent 90% credible intervals. 

Figure 5. Observed versus modeled predictions of proportions of daily riparian use 

by cattle in the Meadow Creek Study Area, northeastern Oregon, USA. The red 

dashed line represents a correlation of 1 (i.e., y = x); the black line represents the 

linear regression of observed vs predicted values for illustration purposes only. 
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eflected the more precise measure offered by a continuous versus

ategorical covariate. 

Our finding of a negative relationship between predicted ripar-

an use and relative humidity mirrors results of a previous study
long Meadow Creek in which both yearling and adult cows moved

pslope as relative humidity increased ( Fig. 4 ; Bryant 1982 ). Al-

hough not in the best model, THI occurred in 2 of the top 10 mod-

ls, with a positive, significant coefficient in both ( Table 4 ), consis-

ent with other studies evaluating this index in relation to riparian

se by cattle ( Franklin et al. 2009 ; Malan et al. 2018 ). Daily THI

alues indicative of mild or severe heat load occurred on 46% of

ur sampling dates. 

ariability in cattle use 

Cattle use of the riparian area of Meadow Creek differed among

ears and pastures ( Table 3 ) but differed little between daytime

ersus nighttime (Fig. S5). Moreover, mean proportional riparian

se (0.167, or 16.7%) was markedly higher than many values re-

orted in the literature, despite intensive range riding. In a study

omparable to ours in terms of quantifying telemetry locations in

he riparian zone, Johnson et al. (2016) used GPS data from a 5-

r study on USFS grazing allotments in eastern Oregon to evaluate

attle presence in two buffer zones (30, 60 m) around perennial

treams, areas comparable to our riparian zone. The highest per-

entage of cattle locations in the 60-m buffer for any site/month

ombination was 17.2%, but average use across sites and years was

nly 2.5% — more than five-fold smaller than the Meadow Creek

verage. 

Other studies also reported relatively low riparian occupancy;

owever, disparities between our findings and theirs may be at-

ributed in part to differences in methodologies, including our use
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f 24-h telemetry versus daytime-only data. For example, Roper 

nd Saunders (2021) used cameras to document daytime cattle 

resence on 39 stream reaches in the Pacific Northwest, finding

hat even in reaches with the greatest livestock presence ( n = 17),

o cattle were documented in the riparian area on 28–89% of sam-

led days and riparian occurrence averaged 1.7%. However, cameras 

n this study were focused on short ( ∼110-m) reaches along the

reenline, where monitoring data were collected. Rates of ripar- 

an occupancy similar to ours, however, were reported in a graz-

ng experiment in Montana. There, Bailey et al. (2008) found that

elemetered cattle in the control group (no herding) spent 33 ± 2%

f their time within 100 m of a perennial stream, in contrast to

erded cattle (22 ± 2%). 

Differences in riparian use across pastures in Meadow Creek 

ikely reflect a combination of diverse environmental conditions 

nd our deferred rotation system. For example, Pastures 3 and 

 had the greatest riparian use ( ̄x = 0.54 and 0.25, respectively;

able 3 ), despite Pasture 4 having the lowest stocking rate (Ap-

endix A). These pastures are characterized by higher percentages 

f steep terrain (Appendix A), a well-documented influence on cat- 

le distribution ( Cook 1966 ; Ganskopp and Vavra 1987 ; Ganskopp

nd Bohnert 2009 ) that can impede the efficacy of range riding.

owever, Pasture 5 also had relatively low riparian use (less than

asture 2; Table 3 ), despite having a relatively large percentage of

he pasture in steep slopes, comparable to that in Pastures 3 and 4

Appendix A). This finding indicates that pasture-level slope condi- 

ions are not the sole landscape characteristic driving riparian use. 

Importantly, given the deferred rotation grazing system in 

eadow Creek, Pastures 3 and 4 were never grazed early in the

ear (Table S1) when forage quality and quantity were greatest. 

ast, Pastures 3 and 4 also had the largest percentage area in the

iparian zone, though this percentage was small ( < 5.0%) for all

astures (Appendix A). 

Contrasts in use across years may be explained in part by

eather patterns and herder experience. Riparian use was lowest 

n 2019, the study year of the most favorable weather (e.g., lowest

alues of Max solar, Max temp, THI, and Proportion Heat ; Appendix

), and the highest (1.22) August self-calibrating Palmer Drought 

everity Index (scPDSI; Wells et al. 2004 ), indicating slightly wet

onditions. By contrast, the first year of our experiment (2017) had

he highest riparian use, likely a cumulative effect of range riders

acking experience in the study system and relatively warm, dry 

onditions (e.g., highest Max temp and Proportion Heat values; Ap- 

endix C). Herding occurred on only 34 (44%) sampling days in

017. Despite cattle being herded almost daily in Pasture 3 that

ear, mean riparian use was 0.645 and the grazing season in that

asture was the most restricted of all years (Table S1), reflecting

he inability of range riders to maintain cattle in the uplands. 

odel performance and utility 

Our model relied on a robust data set ( > 20 0,0 0 0 GPS locations

ver 4 yr) to meet our objective to quantify the influence of a

uite of covariates in predicting riparian use by cattle. Prior model

tting on the location data using logistic regression with a ran-

om effect for pasture failed to converge, likely due to overdisper-

ion in the data in combination with the small sample sizes at the

asture level (3–4 yr). Failing to account for overdispersion in the

ata can result in CIs that are too narrow and incorrect inference.

he model performed reasonably well, given the challenges inher- 

nt in developing accurate predictive models of cattle distributions 

 Anthony and Germino 2022 ; Senft et al. 1987 ). Using a longer data

tream under a wider range of environmental conditions and ap- 

lying the model in traditional federal grazing allotments could 

trengthen model relevance. Continued use of GPS-collared cattle 

n research will help refine knowledge of cattle behavior and distri-
ution in riparian and other rangeland systems ( Cheleuitte-Nieves 

t al. 2020 ). 

The Meadow Creek study revealed higher proportions of ripar- 

an use than commonly reported. Concomitantly, the targeted graz- 

ng season within each pasture was achieved or exceeded only 7

imes (37%) in the 4 yr of the experiment (Table S1). Pasture moves

n the study were based primarily on results of periodic “trigger

onitoring” of the greenline by range staff, an ocular assessment 

f the three riparian indicators used for grazing compliance: stub- 

le height, bank alteration, and woody browse use. Lost grazing 

ays due to one or more trigger thresholds being reached before

he planned move date translate directly into shortened grazing 

easons, with economic costs to producers. For example, Pasture 

 was grazed for the planned length (15 days) only two of 4 yr,

nd Pasture 3 never reached its full allocation of days (Table S1). 

Our model could help managers anticipate when conditions 

hat precipitate earlier-than-desired pasture moves might occur. 

or example, model predictions could be analyzed in relation to 

iparian Multiple Indicator Monitoring (MIM; Burton et al. 2011 )

etrics (e.g., stubble height, browse utilization) that have been 

idely adopted as standards for livestock grazing. MIM data have 

een collected yearly along Meadow Creek immediately after cat- 

le are moved from a pasture and at the end of the grazing season

n all pastures. In our study, streambank alteration was the most

ommon trigger leading to a pasture move (unpublished data), 

hich could be related to cumulative daily riparian occurrence by 

attle to determine what levels of use are associated with reach-

ng or exceeding monitoring thresholds. Over the duration of our 

tudy MIM indicated that grazing compliance standards, developed 

o facilitate recovery of riparian zone conditions and benefit listed 

almonid species, were met in each year ( USDA Forest Service Pa-

ific Northwest and Southwest Regions 2018 ). 

Model utility was demonstrated by the inclusion of three co- 

ariates that can be manipulated by range managers: frequency 

f range riding ( Days since herding ), number of grazing days in

 pasture ( Pasture days ), and grazing dates ( JDate ). Values of the

ourth, relative humidity, cannot be managed but can be accounted 

or when developing grazing plans by accessing readily available 

urrent and historic weather data. Our model can thus be used

o predict levels of riparian use as a function of range manage-

ent decisions under a variety of plausible scenarios (e.g., range 

iding schedules, days grazing per pasture) and potential grazing 

utcomes. Outputs from the model will also be incorporated into 

ecision support systems for range allotments with riparian pas- 

ures, linking to additional components that influence grazing sys- 

ems (e.g., wild ungulate use; Averett et al. 2017 ; Roper and Saun-

ers 2021 ) and stream conditions critical for fish and other riparian

esources ( Platts et al. 1987 ; Roper and Saunders 2021 ; Fig. 1 ). Our

odel has heuristic value in that its structure and components can

id future studies exploring riparian use by cattle or investigating 

lternative herding and grazing strategies in more depth. 

Using model predictions to inform changes in grazing strate- 

ies may be hindered by economic and regulatory constraints, es- 

ecially in public lands grazing allotments supporting ESA-listed 

sh ( Charnley et al. 2018 ). First, paying for more intensive range

iding may be infeasible for some permittees. Second, grazing sea- 

on lengths, turnout and end-of-season dates, and allotted days 

er pasture are all prescribed by federal land management agen- 

ies in allotment management plans, with sometimes little flexi- 

ility ( Charnley et al. 2018 ). For example, an earlier onset of graz-

ng would likely decrease cattle use of the riparian area, but such

hanges are challenged by the need to protect salmonid redds 

 Ballard and Krueger 2005 ) and potential soil damage ( Marlow and

ogacnik 1986 ) early in the season. 

Whatever management strategies are adopted to promote sus- 

ainable riparian grazing, effects of a warming climate should 
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e explicitly considered and incorporated. Although cumulative 

recipitation at Starkey has not changed during the last 30 yr,

onthly average rainfall for May through August during 2015–

019 was lower than the corresponding 30-yr averages (1981–

010), ranging from 2.1 mm (May) to 11.4 mm (June) less ( Brown

t al. 2022 ). Mean summer (June-August) temperatures also have

ncreased by 2 °C ( P = 0.04) and senescence of graminoids is three

eeks longer compared to the early 1990s ( Brown et al. 2022 ), re-

ults likely applicable to much of the interior Northwest. Late sea-

on grazing is expected to become more compressed given climate

rojections across rangelands in much of North America ( Joyce

t al. 2013 ; Polley et al. 2013 ), potentially forcing ranchers to pur-

hase additional feed or graze private property longer. Thus, pre-

ictions of riparian use from our model should be made in the

ontext of shifting climate regimes, using the best available and

ite-specific climate model outputs. 

mplications 

Limits on livestock use within many allotments on western

ublic lands are determined by the effects of cattle grazing in

iparian areas, regardless of upland conditions or forage utiliza-

ion. By focusing our model on cattle use in the riparian zone

ather than the pasture scale, we targeted the specific area moni-

ored for grazing compliance in federal allotments supporting ESA-

isted fish, i.e., the greenline ( USDA Forest Service Pacific North-

est and Southwest Regions 2018 ). Thus, our model has poten-

ial to influence grazing decisions across thousands of hectares of

ederal grazing allotments where ESA-listed fish are present; for

xample, more than half of the allotments on national forests in

he Blue Mountains Ecoregion contain critical habitat for listed fish

 Charnley et al. 2018 ). Early pasture moves resulting from greenline

rigger monitoring can lead to unused forage in the uplands and

he need for producers to offset this loss ( Bailey 2004 ; Swanson

t al. 2015 ). Although many prior studies link cattle occurrence

n riparian zones to grazing compliance indicators (e.g., DelCurto

t al. 2005 ; Harris et al. 2002 ; Roper and Saunders 2021 ), our

odel provides an additional link by serving as a tool to predict

hat occurrence. As such, it can help guide management to strate-

ically minimize riparian use, promote riparian recovery, and max-

mize grazing days as part of a comprehensive decision support

ystem. 

Our findings demonstrate the importance of management

trategies (e.g., herding, grazing season) that affect riparian use

y cattle and highlight the need for their explicit consideration in

eveloping grazing plans, in tandem with weather, pasture char-

cteristics, and other factors ( Fig. 1 ). Although our study did not

ddress all factors related to riparian grazing ( Fig. 1 ), our model

omplements other readily available data on features such as pas-

ure characteristics and offsite water that collectively influence ri-

arian use by cattle. Creating pastures with specific riparian ob-

ectives, in contrast to managing riparian areas within much larger

astures, may offer a solution in some cases ( Ehrhart and Hansen

997 ; Wyman et al. 2006 ; Swanson et al. 2015 ). Other manage-

ent strategies to consider when grazing in pastures with streams

upporting endangered fish are 1) using cattle breeds with better

eed efficiency, which may use steeper terrain and distribute more

venly than other cattle ( Sprinkle et al. 2021 ); and 2) using virtual

r other fencing systems to exclude cattle ( Campbell et al. 2018 ;

oyd et al. 2022 ). Regardless, regulatory flexibility, cooperative

onitoring, and adaptive experimentation are needed to promote

sh recovery while sustaining grazing operations ( Charnley et al.

018 ). Viewing rangeland science as a complex socio-ecological

ystem that embraces adaptive management and explicitly consid-

rs animal distribution, as done in our study, will benefit future
razing management in riparian systems and beyond ( Jablonski

t al. 2023 ). 
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