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Western juniper Juniperus occidentaliggncroachment has been associated with negative
ecological and hydrological consequences includmegluctions in herbaceous production and
diversity, deterioration for wildlife habitat, and higher erosion and runoff potentials. As a result,
western juniperremovalis a common and accepted rangeland management prakclicé. h o u g h
s t u cevakiating the ecological repercussions aethoval benefits of western juniper are
increasingguantitative evidence regarding rtmbeal mpl i
on ecosystem car bon a nidaddtiontitriscugkeown ifghe dydrslogiar e | a
system (transpiration in relation to soil moisture content) is altered by with or without jufiipsr.
dissertation, as an addition to a central Orepamed watershed study that began in 1993,
addresses the effects of western juniper encroachment and removal on ecosystem processes:
carbon, nitrogen, transpiration, and soil moistuer study site was a paired watershed in central

Oregon where westerarjiper trees were eliminated in one watershed (treated, 116 ha) and were



left intact in an adjacent watershed (untreated, 96Thi).researchwas unique because it involved
a paired study approach to monitoring changes in these variables post wegermgumoval

The overarching goals of the study presented here were to: 1) determine ecosystem carbon
stocks in an encroached juniper watershed and an adjacent watershed whererggmpe|
occurred 13 years prior to determinatior® quantify and compare major pools of nitrogen in an
encroached juniper watershed and an adjacent watershed where juniper removal took place 13
years prior to quantification; 3jetermine seasonal transpiration for western juniper in relation to
soil moistue in onguniperdominated watershed and in another watershedwhere juniper has been
removed, with a major goal of improving scientific understanding of the effects of juniper
encroachment and removal on hydrology.

Thirteen years after western juniper @liation, we quantified aboveground carbon stocks
for western juniper trees, shrubs, grasses, and litter in both the treated and untreated watersheds.
We also quantified belowground carbon stocks (roots and soil) in both watersheds at two soil
depths (€25am and 2550cm). Aboveground carbon stocks were 5.8 times greater in the untreated
than in the treated watershed. On the other hand, root carbon stocks were 2.6 times greater in the
treated than in the untreated watershed. Soil carbon stocks at-Bbtltrfand 2550 cm depth
were not affected by juniperutting Overall, total ecosystem carbon stocks (average 137.6 Mg C
hal) were not different between watersheds. Most carbon resided belowground-5@ah®and
roots); 84% and 97% of the total ecosystearbon, respectively, was found in the untreated and
treated watershed.

Nitrogen stocksfollowed a similar patterto that observed fararbonstocks.As a result
of greater aboveground biomass, aboveground nitrogen storage in the untreated wd@sghed (

kg N hal) was substantially greatdéran that in the treated watershed (64g9ON hatl). On the



other hand, root nitrogen storage was 3.1 times greater in the treated than in the untreated
watershed due to the gain of understory root bionass®ciated with western junipelimination
Soil nitrogen stores at bothh 2 cm and 250 cm depth were not affected by junipermoval
Overall, total ecosystem nitrogen storage (aved@$3.2 kg N h&) was not different between
watersheds. Most nitgen resided belowground (so#50 cm and roots); 69% and 95% of the
total ecosystem nitrogen, respectively, was found in the untreated and treated watershed.

We measured juniper transpiration using sap flow sensors for mature and juvenile growth
stagesn the untreated watershed and for saplings stage in the treated watengiheduniper
treeswere removedh 2005 but regrowth has occurrdeaf water potentials were monitored for
juniper treesto support the data of transpiratidfe examined how seasonal transpiration is related
tosol moistureResults indicate that transpiration was¢
then sspppogsing our expectation that water wu
stage ofdevelopment. The significant differences between predamdmidday leaf water
potentials for all juniper stages indicate that some degree of water was lost over the course of the
day. The maximum range between these values in July months correspondgnifidantly
higher transpiration for all juniper stages. Our findings also indicate that aandadeasonal
precipitation was highly variable over the course of the study {2019), which was reflected in
the mean soil water content @ cm). This resulted in considerable intraand interannual
variation in transpiration. Intrannually there were two distinct seasonal pulses of transpiration
by juniper: spring and summer. In years with heavy winter precipitation (2017 and 2019), juniper
exhibited hidper transpiration during summer seasons followed by springfandh a |l | vy t he
mont hs. I n the year with a | ower summer prec

transpiration during the moist period (spring,



This research serves adasisto indicate the benefits of junipeemovalcan be attained
without substantially affecting the potential for ecosystem carbon and nitrqupeis.

Hydrologically, our dates ugg e st t hat consi der ab lineareas mithu n t

juniper eliminaton after regrowth with respectto areas with intact mature juniper encroachment.

In addition, our study highlights the sensitivity of western juniper woodlands to variations in

seasonal precipitation and soil moisture availability.
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1. Introduction

Woody plant encroachment, referred to as the establishment, development and spread of
tree or shrub species (Hughes et al., 2006), is one chandeathatcurred in many ecosystems
over the last centur{Stevens et al., 2017; Wangadt 2019. In the US, examples of encroaching
species aréProsopis glandulosgpin Texas (Liao et al., 2006)P(osopis velutin@in Arizona
(Wheeler et al., 2007Throop and Archer, 2008), anduhiperus virginianain Kansas (McKinley
and Blair, 2008).Creosote bushLérrea tridentatg/tar bush Flourensia cernugencroachment
was observed isemidesert grasslands within the Sonoran and Chihuahuan déegdsi(et al.,

2011). Thecaldén treeRrosopis caldenig a woody encroaching plant, was obserire@&outh

Africa (Coetsee et al.,, 2013), and central Argenti@ngalezRoglich et al., 2014) Callitris
glaucophyllais observed encroaching species in Austrdliiddridge and Soliveres, 2015%0,

woody plant encroachment is a widespread and worldwigengmenon.The factors of woody

plant encroachment are complex and variable by ecoregion, reflecting interactions among climate
(e.g., changes in amount and seasonality of precipitation), land use (e.g., grazing by domestic
ivestock, reductions in fire éguency/intensity), and atmospheric chemistry (e.g., increased
carbon dioxideCO, concettrations) (Archer et al., 1995).

Juniper Juniperusspp) encroachment is one of thesindargescale changes that are
occurring in North American rangelands (Baker and Shinner®@®y; Sankey et al., 2010). The
spatial distribution of juniper has increased between 30% and 625% since th@thmidentoy
throughout the Great Basin (Romme et al., 2009; Sankey, 2040)and encroachment rateave
varied between 1.5% and 2% per year (Sankey and Germino, 2008; Sankey et al., 2010).

Western juniper Juniperus occidentalispp.occidentalidHook) is an encroaching species

into the semiarid shrubteppes of the western United States that occupies 3.6 milion hectares in



central and eastern Oregon, northeast

California, southwestern  Idaho a
northwestern Nevada (Azuma et al.,, 200
(Fig. 1.1).Over the last 130 yearsjestemn
juniper woodlands have extended into hugg
regions of sagebrush sge habitat across
western north America (Miller et al., 2005
Davies etal., 2011) (Fid..2). The expansion
of western juniper has followed tw
complementary paths since 1870s: filliraj
juniper trees in areas whereanias previously
dominated by sagebrush

(Artemisia tridentatand similar species) an
spp. ocvidentalis

increases in the density of juniper in

»

spp. austrati

areaswhere it was previously
Figure 1.1. Distribution of western juniper
relatively space(Caracciolo et al., 2017) (Miller et al., 2005).

The historic distributionand abundance of western juniper woodlands have been dramatically

alteredby land managerant practices as well as recetitnatic changes (Gedney et al., 1999,
Miller and Tausch 2001). The most ommon methods forremoving invasive juniper are
prescribedfire and cuttingwith chainsaws (Miller et §l2005), with the cuttingréatment often
followed-up by aslash removalredistribution treatment to decrewuiliéire risks and allow large

animalsto move across the site.



14 i

10

Percent

Y D — rrnwrr“rﬂﬁﬂ”ﬂﬂ ﬂ

1600 1650 1700 1750 1800 1850 1900 1950 2000
Decade

Figure 1.2. Encroachmewf western juniper in the last centuiiiller et al., 2005)

Western juniper grows on a great diversity of parent materials and soils (Driscol, 1964).
Rainfall fluctuates between 25 and 38 cm across most of the regions eventually occupied by
western juniper (Gedney et al., 1999) and most of that precipitatiorrsadanng the winter and
spring (October through June) (Miller etal., 2005). Nevertheless, Western juniper is able to grow
in areas receiving as littlt as 18 cm or exceeding 50 cm of rainfall annualy (Miler et al., 2005).
In most soils,western juniperexhibits a large extension of its laaéiroot system (Molinau et al.,
2014). The main lateral roots grow to radi that are at least equivalent to the height of a tree and
extend beyond the dripline determined by the extension of the canopy (Yoahgl684) but
with large restriction of roots to surface soils (Miller etal., 2008¢stern juniper roots are capable
of infitrating fractured basalt bedrock that allows it to occupy rock outcrops and soils less than 30

cm deep (Miller et al., 2005).



2. Causes of Western Juniper Encroachment
Factors such as fire suppressilivestock grazing, climate change, and increases in
atmosphericCO, have caused the large encroachment of western juriiddler and Tausch,

2001).

2.1Climate

During the early comparetb last haff of the 20th century, climatic conditions were
relatively milder and wetter (Miller etal., 2008). This shift in climate beginning in the 1960s was
noticeable in many ggons of the world (Kerr2007). Mid wet climatic conditions enhanced
juniper seedling establishment (Fritts and Wu, 1986). In Idaho for example, the early expansion of
western junipermay be caused by a shift to milder temperatures and wetter conditions following
the end of the litle Ice age (Graumiich, 1987). That is in ister® with (Wigand, 1987) who
reported that prior to the current encroachmevestern juniperencioached only during wet
periods. Western junipergrowth exhibits great sensitivity to precipitation variabilty, but
significantly less sensitivity to tempure variabilty (Grissindvlayer, 1993; GrissineMayer et

al.,, 1997).

2.2 Livestock Grazing

Domestic livestock likely stimulatesvestern juniperby two ways (Soule” et al., 2004).
First, grazing leads to a considerable decline in the amount ofuile (herbaceous biomass)
needed to carry and sustain wildfires (Burkhardt and TisdQig6; Miller and Rose, 1995, 1999).
Fire-frequency intervals of 380 years would be adequate to keegstern juniperfrom invading

a sagebrusfgrasslandcommunity (Burkhardt and Tisdalel976). Fire is believed to be the most



6
important factor limiting juniper expansion into shwmgiassland communities (West, 1999).
large decline in fire occurrence in Southeastern Oregon after large introduction of ivestock in the
late 18606S (Miller and Rose, té&s@@jnipar(Mdiliemci ded
et al., 2005)(Fig. 1.3) These findings are in agreement with those reported fiamerosa pine
forests in the Pacific Northwest (Heyerdahl et al. 2@01J Southwest (Swetnam and Betancourt,

1998), where the occurrence of fire substantially declined between 1874 and 1900.

Fire event

A .1\

T T I T T T
1800 135? I?UK 1950

Introduction Livestock Fire Suppression

T T T T T
1650 1700

T 1
1750 2000

Figure 1.3. Encroachmewf western juniper in response to fire suppression (Miler etal., 2005).

Second, grazing usually resuih an increase in the woody species that serve as host or
nurseplant sites for seedlings (Evans, 1988). The increase in big sagebrush cover and density
attributed to the lack of fire and decreased competition from grasses (Miller and Rose, 1995) may
be related to juniper establishment (Knapp and Soule”, 1999). Increases in the big sagebrush
created more favorable sites for juniper germination and establishment (Knapp and Soule”, 1999).

Western juniperestablished fyically beneath the canopy ofgbsagehush plants (Burkhardt and
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Tisdale, 1976; Eddleman, 1987; Knapp and Soule”, 1999). Also, it was indicated that big sagebrush
acted as a nurse plant for junipseedligs where the seedlings benefited from the microclimatic

conditions (reduced temperature variabilty, reduced transpiration rates) and elevated nutrient

status near the shrub base (Knapp and Soule”, 1999).

2.3 Rising Atmospheric C®

Greatermtmosphac CO;levels benefited the seediings of arid and semiarid woody species
significantly (Polley et al.1999; Hamerlynck et al., 2000/aherali and Delucia, 2000) due to
increases in photosynthetic rates and/or greater drought tolerance. Also, highgrthatimdsQ
may prompt juvenile trees to grow more quickl
zoneo where they are more vulnerable to peri
Increasing levels of COwas the main cause of radial growth (given climateyve$tern juniper
during the latter half of the 20th century because of the ameliorative impacts of increased water
use efficiency (Knapp et al.,, 2001a, b). With more atmospherig &v@ilable, radial gwth of
adult juniper may happen longer into the growing season and be less effected during drought
conditions (Soule” et al, 2004). As a resufltesternjuniper growth postl950 increased
significantly (mean increase of 23%) compared to thelp&® peiod, and the relative growth
increases were especially pronounced during drought years (63% increases) (Knapp etal., 2001a).
Elevated atmospheric G@id not coincide with the initial peak periodsveéstern juniper Thus,
elevated atmospheric G@uring the last half of the 20th century is a significant contributing factor
in accelerating the tree canopy expansion and establishment (Soule” et al., 2004).

To summarize the factors contributing to its encroachment in North America, western

juniper establisment during the past @3yearsoccurredunder two different scenarios (Soule” et
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al., 2004). The inttial tree establishment phase was attributed to the combined impacts of favorable
climatic conditions that coincided with decreased fire frequencies céysertensive livestock
grazing (Soule” et al., 2004). The second establishment phase, especial§50sstseems to be
caused by mechanisms including atmospheric, @@reasing annual temperature, and increasing
summer precipitation (Soule” et al., 2004). Therefore, climate change and increases in atmospheric
CO, have been suggested as contributing to juniper spread.

Climate change is projected to influence the futerpansion ofwestern juniper Under
three scenarios of climate change, extended shifts were projected in vegetation types over the 21st
century, with declining sagebrush steppe and expanding salt desert shrub probably by the end of
the century in centrdDregon (Creutzburg et al., 2015a). This rapid shift in vegetation types was
caused by many extreme fire years theturred undeclimate change scenarios (Creutzburg et
al,, 2015a, b). Increasing wildfire under climate change projections led to expahsmotic
grasses and reduced juniper encroachment relative to projections without climate change
(Creutzburg et al., 2015a). That is consistent with (Gibson et al., 2011) who identified central and
eastern Oregon as areas with great potential for jungguction under projected climate change.
As a result, a combination of increasing climatic stress combined with increasing wildfire

frequency may slow juniper expansion rates in the comingdasc@Creutzburg et al., 2015a).

3.Ecological RepercussionsfWestern Juniper Encroachment

Western juniper encroachment has become problematic. In central Oregon an increase in
bare ground and smaller, more widely spaced grass clumps on comparatively shallow depths
(Roberts and Jones, 2000) and a great reductiground cover (Knapp and Soule”, 1998) were

observed due to western juniper encroachment. Similar results were observed in southwestern
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Idaho where herbaceous cover decreased in the mountain big sagebrush as western juniper

encroached (Bunting et al., )9

Il n many junipers dominated area, the | evel
interspace zones causing greater potentnal SOi
(Miller e tswestern junipeR0On0c5r) o, a cghoei erosion increases
potential of fsite | oss of nutrients via sedi

productivity ( Mi |westarn jusper eactoachmei@sD 0 & » n c elrthruisng be

tree cover sagebeashsis | ost, forage productio
erosion potential increase (Miller et al ., 20 (
2014) .

Precipitation interception by western juniper encroachment thrdegf interception
minimizes the effective precipitation over areas encroached by these woodlands (Miler et al.,
2005). The chance of rain to be intercepted is higher in a western juniper community than in a
shrubsteppe community (Eddleman et al., 1998)r instance, when measured directly under the
tree canopy, up to 74% of rainfall was intercepted in central Oregon (Eddleman, 1986; Larsen,
1993). According to Ochoa et al. (2018), juniper woodlands intercepted up to 46% of total
precipitation, alteringsoil moisture distribution under the canopy and in the interspgédse, with
9.25 inches of precipitation 42% of that amount was intercepted by the juniper canopy (Young et
al.,, 1984). Therefore, the amount of rain reaching the soil surface can bedrdgusestern
juniper canopy. In additionwestern junipercan influence infitration rates, sediment loss, and soil
water storage and depletion rates (Miller et al.,, 2005). Higher runoff, sediment yields, and rill
formation in uncontrolled compared to cafied treatments of juniper were reported (Pierson et

al., 2003).
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Western juniper encroachment into the sagebrush steppe can potentially alter composition,
structure, and productivityof understory vegetation (Miler et al., 2005). The understory plants
decline atthe timevestern juniperstarts to control the plant community (Bates et al., 2000; Miller
et al.,, 2000). Also, soil resources become less availableestern juniperencroaches (Bates et
al., 2002). Moreover, due to the reduction in forageebasd the change in natural habitat,
rangelands being encroached might be less capable of supporting livestock and native wildlife
(Miller et al., 2005).
Wildife abundance, diversity, and species richness decreasenasquence of western
juniper encoachment (Miller et al., 2005). For example, Baridbrdo et al. (2013jand Dittel et
al. (2018)reported that the reduction in sagebrush in resptmseestern juniper encroachment
was harmful to sagebrustssociated widife, especially sagebradligate wildlife species. In
central Oregon, sage grougéentrocercus urophasianjavoidedwestern junipercommunitie s
for nestiig and winter use (BLM, 1994). Agestern juniperdensities increase, sage grouse habitat
declines particularly in mountain big sagebrush habitat below 7000 feet (Miller et al., 2005).
Western juniperdominance leads to the decline of mule deer populations (Miler et al.,
2005). The digestibility and levels of available proteins are lowvastern juniper(Miler et al.,
2005). Increasedestern juniper- dominated areas across the landscape causedressurces
to decline (Miller et al., 2000; Schaefer et al., 2003). So, in northeastern California the reduction
of mule deer populations in the late 1960s may be partially related to the concurrent expansion of
western juniperand the decline in shrubSc¢haefer et al., 2003). Additionally, the great reduction
in mule deer populations in southwestern ldaho in late 1950s and 1960s coincided with juniper
transition from phase Il to Ill, leading to the rapid reduction in shrub cover (Miller et al., 2005).

In brief, western juniperhas significantly increased in density and distribution in North America
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since the late 1800s and if lafhremovedcan have considerable effect on soil resources, plant
community structure and composition, water and nutrient cycémd wildlife habitat (Miller et
al, 2005). Consequently, the elimination wéstern juniperhas been a main concern of land

management since the early 196006s (Miller et

4.RemovalBenefits of We stern Juniper Woodlands

Western juniperremovalwas reported tancrease grass and shrub prese(fdlleman,
2002 Coultrap et al., 2008ates et al., 2017; Dittel et al., 2018; Ray et al., P0tfh immediate
favorable results for livestock (Miller et al.,, 2005; Bates et al., 2085)n afte western juniper
waseliminated, productivity of forage plants and forage quality increased in some areas (Young
etal., 1985; Vaitkus and Eddleman, 1987; Bates et al., 2000). For example, crude protein levels of
forage plants used by livestock and widliiwere 50% larger irtutting compared tauncutting
treatments ofivestern juniperwoodlands (Bates et al., 2000). Segstern juniperremoval does
improve forage productivity.In addition, western juniper elimination improved wildlifieabitat
(Miller et al., 2005 BaruchMordo et al, 2013. Greater capture rates of small mammalsre
reported incutting compared tauncutting treatments ofvestern juniper woodlandg§Wilis and
Miller, 1999).

Western juniperremovalled to an increasie soil water contentlue to an increase in soil
water recharge aneductionin transpiration and interception rates (Bates et al., 2000; Deboodt,
2008; Molinau et al., 2014)Thereforewesternjuniperc ut t hn@ncr oached systen
a rapid increase in herbaceous production an
increasing available forage for grazing plant:

hydrologic caylc.l,i n00(2Bat es et
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5. Research Justification

This research, in fulfliment of a Doctor of Philosophy Degree extémelsCamp Creek
Paired Watershed Study (CCPWS) in central Oregon, which was inttiated in 1993 ateariong
collaborative research project aimad quantifying the effects of largecale western juniper
elimination on biological and physical characteristics of semiarid watersheds. Phase | of the project
(199371 2004) completed preatment data collection. During this time, monitoring parameters
such as the vegetation composition, soils and soil erosion, channel morphology, terrain indices,
geology, streamflow, and climate were described (Fisher, 2BG@se 11 (2004 Present) was the
juniper treatment phase involving measurements of hydrologicacesses suchs streamflow,
spring flow, groundwater, and soil water content; physical featuresasuhlislope and channel
morphology, and; biological components such as changelaint community and species
composttion. This dissertation details additional research contribution which was aimed at
investigating and elaborating on several of the key findings resulting from Phase e#odsl

Considerable work has been done evaluating the ecological repercussioremaned |
benefits of wester juniper as well as a clear perception by ranchers that juniper encroachment
represents a serious threat (Johnson et al., 2011). As aresult, westermgmipedilis a common
and accepted rangeland management practice (Campbell et al., 2012). Hdithe visr known
about the implications of juniper encroachment eerdovalon ecosystem carbon and nitrogen
storage. In additionit is unknown if the hydrologic system (transpiration in relation to soll
moisture content) is altered by with or without per. Understanding the influence of western
juniper removalon these measured variables; carbon, nitrogen, transpiration and soil moisture may
prove valuable for planning and maintaining junigaitting programs. This research was unique

because it invoh@ a paired study approach to monitoring changes in these variables post western
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juniper cutting The merit of a paired watershed study is that the impacts of the treatment can be

compared to the untreated watershed (Deboodt, 2008).

6. Research Objectives

The overreaching goal of this researchis to provide a documented analysis using paired
watersheds to determirthe effects of western juniper encroachment @mdoval on ecosystem
processesWithin this goal are the following objectives:
(1) Determine eosystem carbon stocks in an encroached juniper watershed and an adjacent
watershed where junipeemovaloccurred 13 years prior to determinations.
(2) Quantify and compare major pools of nitrogen in an encroached juniper watershed and an
adjacent watersldewhere juniper removal took place 13 years prior to quantification.
(3) Determine seasonal transpiration for western juniper in relation to soil moisture jimippe-
dominated watershed and in another watershed where juniper has been revtioweahajor goal
of improving scientific understanding of the effects of juniper encroachment and removal on

hydrology
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Abstract

The encroachment of western junipduiiiperus occidental)grees represents a substantial
problem in Oregon rangelands because of the displacement of understory vegetation of importance
to wildlife and livestock. Therefore, ttentrol of this species is a common ecological restoration
practice. However, western juniper control may also affect the carbon sequestration capacity for
an area, although this effectis not well understood. Our study site was a paired watersheal in centr
Oregon where westernjuniper treeswere cut in one watershed (treated, 116 ha) and were left intact
in another (untreated, 96 ha). Thirteen years after control, we quantified aboveground carbon
stocks for western juniper trees, shrubs, grasses, amd it both the treated and untreated
watersheds. We also quantified belowground carbon stocks (roots and soil) in both watersheds at
two soil depths (25cm and 25%0cm). Aboveground carbon stocks were 5.8 times greater in the
untreated than in the treatedhtershed. On the other hand, root carbon stocks were 2.6 times
greater in the treated than in the untreated watershed. Soil carbon stocks a2%atm @nd 25
50 cm depth were not affected by juniper control. Overall, total ecosystem carbon stockggave
137.6 Mg C h&) were not different between watersheds. Most carbon resided belowground (soil
0-50 cm and roots); 84% and 97% of the total ecosystem carbon, respectively, was found in the
untreated and treated watershed. Juniper control represeefitsbench as habitat restoration for
native wildlife, increased forage for livestock, and restoration of hydrological functions. Our study
provides basis to suggest that the benefits of juniper control can be attained without substantially

affecting the ptential for ecosystem carbon sequestration.

Keywords: Aboveground carbon stock, belowground carbon stdekyiperus occidentals,

watershed managememtoody plant encroachment.
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1. I ntroduction

Woody plant encroachment has been documented worldwide over the past 150 years in
many ecosystems (Archer et al.,, 2017). The expansion of woody plants into grasslands and
shrublands has important implications for wildlife habitat, fire regimes, foragelivastbck
production, hydrology and soil erosion, and biodiversity (Archer, 2010; Bdviatto et al.,
2013; Eldridge et al., 2011; Ochoa et al., 2018). Woody plant encroachment may also have an
impact on carbon pools worldwide by modifying aboveground lagldwground net primary
productivity and modifying rooting depth, biomass and distribution (Hughes et al., 2006; Boutton
et al., 2009). Woodland encroachment commonly results in aboveground carbon stock increases
(Barger et al., 2011; Shackleton and Sebpl2011; Fernandez etal., 2013), but increases in total
ecosystem carbon stocks have also been reported (Daryanto et al., 2013; Goglidéz et al.,
2014; Pelegrini etal., 2014). GonzaRpglich etal. (2014) found that an ecosystem encroached
by the woody plantProsopis caldeni@groduced three times greater total ecosystem carbon than
an herbaceoudominated ecosystem. However, thicket encroachment into South African
grasslands did not represent significant gains in total ecosystem carbon pools (Coetsee et al., 2013).

Juniper Juniperusspp) encroachment is one of the most lesgale changes that are
occurring in North American rangelands (Baker and Shinneman, 2004; Sankey et al., 2010). The
spatial distribution of juniper has increased between 30% and 625% since th&"nadntury
throughout the Great Basin (Romme et al., 2009; Sankey et al., 2010) and encroachment rates have
varied between 1.5% and 2% per year (Sankey and Germino, 2008; Sankey et al., 2010). Western
juniper Juniperus occidentalispp. occidentalisHook) is an encroaching species into the
semiarid shrutsteppes of the western United Statesthatc upi es 3. 6 mill i on h

and eastern Oregon, northeastern California,
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( Azuma et Thask wopdadfiayesexpanded significantly over the last 130 years due to
a combination of factors including changes in climate, increases in the atmospheric carbon dioxide,
introduction of livestock, and reduction of fire occurrences (Soulé et al., 2004; Miller 260&)),
Documented implications of western juniper encroachment into shrublands and grasslands include
a reduced forage base for livestock and habitat deterioration for wildlfe species of concern such
as the greater sage groy§&ntrocercus urophasianpyaruchMordo et al., 2013; Dittel et al.,
2018). Elmination of juniper has resulted in anincrease of soil moisture and streamflow compared
to encroached areas (Ochoa et al., 2018; Ray et al., 2018).

There is a relative abundance of studies evaludltiagecological repercussions and control
benefits of western juniper as well as a clear perception by ranchers that juniper encroachment
represents a serious threat (Johnson et al., 2011). As a result, juniper control is a common rangeland
management préice (Campbell et al., 2012). However, little is known about the implications of
juniper encroachment and control on ecosystem carbon pools. Existing work indicates that western
juniper encroachment increases aboveground carbon stocks with respeobéacroached
conditions (Campbell et al., 2012; Throop and Lajtha, 2018). Western juniper encroachment into
a sagebrush community increased carbon stocks (aboveground, roots, litter and soil carbon at O
10 cm soil depth) from 13.5 to 30.2 Mg &,hbut winderstory vegetation, such as grasses and
shrubs, were not included in total carbon stocks calculation (Throop and Lajtha, 2018). Several
studies indicate an increase in surface soil carbon (up to 10 cm depth) associated with western
juniper encroachmentBates et al., 2002; Miwa and Reuter, 2010; Throop and Lajtha, 2018).
However, Rau et al. (2011) reported no gains in soil carbon resulting from woody plant (including
western juniper) encroachment in the Great Basin of North America. Except for Throbpjtaad

(2018), information on carbon stocks as affected by western juniper control does not exist.
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Our study site involved paired watersheds in central Oregon. In one of the watersheds (the
treated watershed) western juniper trees were eliminated iSpyda to sampling whereas in the
other watershedthe westernjuniper trees have been left intact (the untreated watershed). Following
western juniper control on the treated watershed, changes in vegetation composition have been
reported, including wesite juniper regrowth and greater presence of shrubs and grasses (Ray et
al., 2019). Because of the vegetation changes following western juniper control, the potential
impact of this management practice on carbon accumulation is difficult to forecasttibnalei
ecosystem carbon stocks require an understanding of how both aboveground stocks (including
understory vegetation) and belowground stocks respond to the presence and control of western
juniper trees Carbon stock evaluations as affected by rangelammnagement practices are
essential in ecological studies, given the significance of promoting carbon sequestration and the
extent of rangelands worldwide (Barger et al., 2011; Bikia et al., 2016; Archer et al. 2017). The
objective of this study was toetermine ecosystem carbon stocks in an encroached juniper
watershed and an adjacent watershed where juniper control occurred 13 years prior to
determinations. We hypothesized that the treated watershed, after 13 years of mature western
juniper control, wold store less aboveground and belowground carbon than the untreated

watershed, implying lower capacity for soil carbon sequestration resulting from juniper control.

2. Materials and methods

2.1. Study area

This study was conducted at the Camp Creek Paired Watershed Study site (lat 43.96 N,
long 120.34 W) in Crook County, central Oregon, USA (Rid). The study site comprises an

area of approximately 212 ha and includes two adjacent watersheds, one treated (116 ha) and the
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other untreated (96 ha) with elevations ranging from 1370 m to 1524 m (Ochoa et al. 2018). In the
treated watershed, approximgited0% of the western juniper trees were cut in 2005 using chain
saws, leaving only oldgrowth trees intact (Ray et al.,, 2019). The felled trees and debris that
resulted from juniper cutting were scattered and left on the groundaviérage slope for each
watershed is around 25% with similar distribution of aspects (Fisher, 2B@iy). to juniper
elimination from the treated watershed, juniper occupied 27% cover in the whole area (Ray et al.,
2019), which is near the 30% cover described for Phase (ipep sites (Miller et al., 2005). In
addition, prior to juniper elimination there were no statistically significant differences in vegetation
cover (including juniper, shrubs, and grasses) between the treated and untreated watersheds
(Fisher, 2004). Afteelimination, juniper cover in the treated watershed was 1% (Ray et al., 2019).

The average annual precipitation of the study site is 358 mm. The study area comprises
mostly three major soil serie¥yestbutte, Madeline, and Simas; Westbutte very stony imaain
Madeline loam, the two major soil types, were found to comprise approximately 70% to 74% of
the study area (Fisher, 2004). Simasavelly sitt loam accounts for the final portion with
additional soil series occupying <1%he Westbutte series is ciafed as loamyskeletal, mixed,
superactive, frigid Pachic Haploxerolls. The Madeline series is classified as clayey, smectitic,
frigid Aridic Lithic Argixerolls. The Simas series is classified as fine, smectitic, mesic Vertic
Palexerolls. The untreatedatershed is primarily composed of 48% Madeline, 26% Westbutte,
and 21% Simas series while the treated watershed is composed of 50% Westbutte, 20% Madeline,
and 3% Simas series (Fisher, 2004).

The most common tree in the area is western junidaniperusoccidentali3. The most
common shrub species are mountain big sagebArsgn{isia tridentata, spp vaseyagnantelope

bitterbrush Purshia tridentatd, rubber rabbitbrushEricameria nauseoSaand green rabbitbrush
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(Chrysothamnus viscidiflorysFor thepurposes of this study, western juniper is considered a tree,
not to be confused with shrubs in any context or determination. The most common perennial
grasses of the area are ldaho fesEasiuca idahoensjsluebunch wheatgrasBgeudoroegneria
spicatg, Sandberg bluegrassPda secundp prairie junegrass Kpeleria macranthy and
Thur ber 6 s Achmahddum thurbersarsymHorbs are not common, representing <3% of

plant cover in the area (Ray et al., 2019).

2.2. Field sampling layout

The treatments of study were: 1) untreated = no manipulation of vegetation, i.e., western
juniper trees, shrubs, and grasses were left intact in the untreated watershed and 2) treated =
western juniper trees were cut in 2005 (shrubs and grasses werddef). iThe trees were
manually cut with chainsaws to ground level and the resulting debris was scattered and left on the
ground. Cattle grazing has occurred in both watersheds before and after juniper elimination in the
treated watershed. In each watersfieeated and untreated), 20 plots (replications) of 20 m X 20
m were established (Fi@.2). The 20 plots were systematically randomized in a4 X 5 grid (sensu
Keith, 2017) trying to represent most of the terrain within each watershe@ (EigThe saiples
were first located on a digital map and then the plots were found on the terrain with the help of a
GPS unit. The sampling was random because we did not control the specific areas where the plots
were located. The distance between plots within thdgdined grid was 130 m among columns
and 180 m among rows. The 20 m X 20 m plots were used to sample western juniper trees. Then,
a 10 m X 10 m plot within each 20 m X 20 m plot was established for estimating shrub biomass
(Fig. 2). In addition, four pts of 2 m X 2 m within each 20 m X 20 m plot were established for

grassand litter biomass evaluations.
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Untreated watershed

Treated watershed

Figure 2.1. Map of the study area showing untreated and treated watersheds, indicating locations
of systematically randomized plots used in this stiRlyotograph A shows intact western juniper
(Juniperus occidental)drees in the untreated watershed, while photograph B shows cut western
juniper trees in the treated watershed.
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10m

10m

20m

Figure 2.2. Plots used in the study for biomass evaluations. The 20 m X 20 m plots were used for
western juniper Juniperus occidentaljssampling, the 10 m X 10 m plots were used for shrub
sampling, and the 2 m X 2 m plots were used for grass and litter sampling.
2.3.Datacollection

We followed the Intergovernmental Panel on Climate Change (IPCC) guidelines for
developing greenhouse gas (GHG) emission inventories for forestlands. We estimated carbon
content in western junipeand understory biomass usiagcomponent of the tiered approach to

develop carbon inventories suggested by the IPCC: Tier 3 estimates carbon biomass taking into

consideration management practices andeng effects (Eggleston et al., 2006).

2.4. Aboveground biomass and litter samgli

Aboveground biomass for western juniper trees was estimated in each 20 m X 20 m plot
of the untreated watershed using allometric equations developed by Sabin (2008) for western
juniper trees of comparable dimensions in eastern Oregon. Based on tmepbestd fitting

equation, canopy diameter was recorded in two opposite directions for all trees within each plot
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(Sabin, 2008). Then, canopy area was calculated using the average diameter for each tree.
Subsequently, aboveground biomass (kg) was estimesiag the equation y = 9.7164x + 37.506,
where x is the tree canopy are&)nThe allometric equation that we used has been previously
used by Campbell et al. (2012) to estimate aboveground biomass in other areas of Oregon.

Aboveground biomass for regréiwwestern juniper trees in the treated watershed was
obtained by counting the number of individuals within a given plot, cutting and collecting a
representative individual from within a given plot, obtaining its dry weight at the lab, and
extrapolating lmass weight by area. When mature trees were found inside the treated watershed
plots (since 10% of the mature juniper trees were left intact), they were also included in the carbon
guantification. The biomass of those trees was calculated as in theteohtats. The shrub
biomass (in both watersheds) was obtained in a similar manner as regrowth juniper trees, except
that for shrubs one representative individual was collected for each shrub species found within the
sampling plot. For grasses, eighty 22 m plots were established in each watershed. Grass
aboveground biomass was estimated in both watersheds by harvesting all ive standing tissue for
dry matter analysisNon-grass herbs were not common, but when they were present, we sampled
them as we digrasses and their biomass was lumped into that of gragteswas sampled from
the same plots that were used for grass sampling. All dead lying tree, shrub, and grass materials
were considered litter. Because all the litter was dry and detachedhiesoil, we picked it all to

obtain its weight it and returned it to its original place.

2.5.Belowground biomass sampling

Root biomass was estimated by the trench method, as in Komiyama et al. (A9Bé)

untreated watershed, root biomass was estimated for random stands of mature western juniper
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trees, shrubs, and grasses, while in the treated watershed, it was estimated for random stands of
regrowth juniper, remaining tree stumps, shrubs, and gakser ee tr enches for e

i n each watershedOamasenduant exaadaptolm ¢MBobcat

Dakot a, USA) . The trench width was 61 c¢cm whil
l ength for e a awhr etdr eanncdh rweacsonredeet@ly e ncThmeesnt ¢ 9 i n
watershed and 12 in the treated waterstieed) we

top 25 cm and then for the subsequent 25 cm, maintaining the soil from each depth separated.
Aft eobtaining the substrate from each trench

from the soil using a sieve prior to subseque

2. 6. Pl ant dry matter and carbon concentratic
Dry matter of aboveground and belowgrdubiomass was obtained by placing biomass
samples in an oven at 60°C until constant weight. The carbon concentrations for aboveground
biomass were determined in five samples for western juniper and the main shrub species found in
the area. Five samples weiconsidered enough because carbon concentration variation is
considered low in relation to that of other nutrients (Martin et al., 2015). Evidence that carbon
concentration variation is low and that our sampling protocol was adequate was the low variation
obtained in all the plant carbon measurements (Tabje Carbon concentrations for root samples
were determined for western juniper and the shrub species without distinguishing shrubs species
(it was difficult to separate shrub roots by species). L&ewrcarbon concentrations were also
determined for samples of grasses and litter without distinguishing species. These determinations

were conducted at the Central Analytical Laboratory of the Crop and Soil Science Department at
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Oregon State University (@elis, OR) using a CNSautomatic analyzer (Elementar Vario

MMARCO CNS, ElementaAnalysenSysteme GmbH, Hanau, Germany).

2.7. Soil sampling

Soll samples were colected from all systematically randomized plots (20 plots in each
watershed) (Fig2.1) using a cylindrical soil step probe of 1.6 cm inner diameter (AMS, Inc;
American Falls, Idaho, USA). Soil samples were colected from under the canopy of mature
western junipettrees in the untreated watershed and near stumps of cut westerntiedgsefireas
that would have been under canopy prior to tree cutting) in the treated watershed. Our sampling
was done from areas 50 cm to the trunk or stump but we did not follow any specific direction
within the canopy because a previous study found no diffeseincsoil organic matter in relation
to soil sample orientation under tree canopies (Rossi and Villagra, 2003). Soil samples were also
obtained from interspaces of both watersheds. Thus, there were two sampling contexts in each
plot, undercanopy/near stups and interspace. Two soil samples were collected from each
sampling context of eachplot attwo soil depth§@m and 250 cm). In total, eight soil samples
were collected for each plot (2 samples x 2 conditions x 2 depths). For the whole study, we
analyzed 320 soil samples for cartanthe Central Analytical Laboratory in the Crop and Soill
Science Department at Oregon Stateversity, Corvallis, OR, USA. The soil samples were sieved
(2 mm mesh) to avoid gravel or rocks, owdried at40 °C for 48h, weighed, and analyzed using
a CNSautomatic analyzer (Elementar Vario MMARCO CNS, Elementar Analysen Systeme
GmbH, Hanau, Germany). Although we analyzed total soil carbon, the soils of the study area
contain very little to no inorganic carbon, espegial the upper layers (Soil Survey Staff, 2019),

therefore, our analysis reflect soil organic carbon.
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2.8. Solil bulk density and carbon calculation

Soll cores for determining bulk density were obtained from four plots selected from the
middle of the 2(plots in each watershed. A soil core sampler was used to collect core samples (5
cm diameter x 7.5 cm length) in unesanopy zones of mature western junigieees in the
untreated watershed, nestump zones of cut western junipgees in the treated wexrshed, and
in interspace zones of both watersheds. We tried to avoid rocky areas for the bulk density sampling
because those were not representative of the whole area. Because of this, the samples that were
obtained did not contain large pebbles and samples were not sieved. One core sample was
obtained in each zone of each plot at two soil dept25 (@m and 250 cm). Soil core samples
were overdried at105°C for 48 h and weighed. Bulk density was calculated as the ratio of the
mass of overdried il sample to core volume (g cih The soil carbon mass per area (Mg € ha
1) was computed by the following formula: Soil C (Mgiha BD (g crm?) x C % x d (cm). Where:

d = soil depth (cm), BD = buk density in g émand C % = percentage carbon contefnthe
sample.

In determining soil carbon stocks per plot, we adjusted for the areas under canopy cover
(or near tree stumps) and interspace because the soil carbon concentrations were demonstrably
different between those areas. The coveunafercanopy and interspace zones were determined
for each 20 m X 20 m plot of the untreated watershed. Canopy cover was calculated based on
individual tree canopy area estimates in each plot using the canopy diameter measurements. The
sum of all tree camy areas was divided by the total plot area to determinesqideé canopy
cover. The interspace cover at plot scale was estimated by subtracting tree canopy area from the
total plot areaWe considered that the unedeanopy cover in the treated watersipeidr to tree

elimination was similar to that of the untreated watershed because this was previously evaluated
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for our study area (Fisher, 200#lean soil carbon concentration (Mg Cidor each plot zone
cover (undercanopy/neastump and interspace res for both watersheds) was multiplied by the
total areas of the relevant plot zeoever in order to estimate zowever specific soil carbon
stocks Edmondson et al., 2014). Finally, the values for both zones were summed for each plot to

represent soitarbon stocks per plot.

2.9. Data analysis

Single factor analysis of variance with tsample ttests (treated vs. untreated) were
applied to test for differences in each analyzed variahieg ke R Statistical Software (R Core
Team 2019). The numberf eample replications by treatment varied by analyzed variable; for
aboveground biomass of juniper and shrubs n=20, for grasses and litter n=80, for root biomass by
plant type n=3, for soil carbon n=20. Because of the {aogde (around 100 ha watersheusiure
of our study, we only had one treated and one untreated area. Our comparisons are valid, however,
because we properly randomized our sampling, have a high number of replications, and-have pre

treatment information (Wester, 1992).

3. Reslts
3.1. Carbon concentration of biomass samples

The carbon concentrations that we obtained were used to calculate carbon pools and they
were not intended to test for carbon content differences among species or plant parts. Yet, it was

evident that grasses had less carbon than woody plants @ #&ble
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Table 2.1.Mean(£SE) of carbon concentration (%) obtained by laboratory analysis of western
juniper Juniperus occidental)smain shrub species, grasses, and litter of the study area, central
Oregon, USARoot carbon analysis by species wasp®tformed on shrubs.

Biomass samples Aboveground carbon % Root carbon %
Mature western juniper 51.2(0.50) 44.4(1.10)
Regrowth western juniper 51.1(0.44) 45.2(0.87)
Shrubs (average) 46.2(0.97) 38.8(1.92)

Artemisia tridentata 47.7(0.35)

Purshia tridentata 46.7(0.10)

Eriogonum fasciculatum 43.3(0.71)

Ericameria nauseosa 47.0(0.43)
Grasses 39.7(0.58) 37.6(1.61)
Western juniper stumps - 45.0(1.26)
Litter (mainly western juniper 46.4(0.50) -
debris)

*For all live species (juniper, shrubs, and grasses), the aboveground carbon analysis was made in
leaves and stems or twigs.

3.2. Tree density and cover
Tree density was evaluated for the determination of tree carbon stocks. Tree density was
greater(P < 0.05) in the untreated (327 individuals -Bahan in the treated (210 individuals -Ha

watershed (Fig2.3). The density values on the treated watershed mainly reflect small regrowth
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trees that resulted after juniper control. In the calculation ofcsobon stocks at the watershed
scale, juniper cover and interspace cover in the untreated watershed were evaluated. Interspace

cover was 68.5% while western juniper canopy cover was 31.5%, similar to that reported by Ray

et al. (2019).
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Figure 2.3.Tree density (tree Ha across management practices (UW= untreated watershed,
mature trees; TW= treated watershed, regrowth trees after 13 years of control). The data are means
(x standard error) by management practice based on 20 sampling plots.
3.3.Aboveground carbon stocks

Aboveground treearbon stocks were grea{é< 0.05)in the untreated watershed than in
the treated watershed (Tal#2). Mature western juniper trees contained 21 times more carbon
than regrowth trees. Similarly, grass carbon stocks were 50% g(Bated.05)in the untreated
watershed than in the treated watershed. In conthesshrub and litter carbon stocks wenmreeder
(P < 0.05)in the treated watershed than in the untreated watershed. Shrubs and litter had 8.1 and
6.2 times more carbon in the treated than the untreated watershed, respectively. Sagebrush was the

main shrub species in both watersheds.
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Table 2.2Mean (xSE) aboveground carbon stocks (Mg €)tiar plant groups (western juniper
[Juniperus occidentallstrees, shrubs, grasses) and litter by management practice in central
Oregon, USA. The management practices are 1) Untreated (western junipgrainth2) Treated
(western juniper cut). The trees in the Treated management watershed are regrowth western juniper
after 13 years of juniper removal.

Management Trees Shrubs Grasses Litter
Practice

Untreated 21.98(2.77 0.10(0.02) 0.06(0.006) 0.32(0.05)
Treated 1.05(0.71) 0.81(0.123 0.04(0.004) 1.98(0.24)
P value <0.05 <0.05 <0.05 <0.05

Different lowercase letters (a, b) along columns indicate significant differences between
management practices for a given plant group or lifeex Q.05).

3.4. Belowground carbon stocks

Root carbon stocks {B0 cm soil depth) for mature trees (intact vs. stumps) and shrubs
were not significantly differentR >0.05) between treated and untreated watersheds (Za8ple
It was noticeable that root carbon stock for regrojutiiper on the treated watershed was only

slightly lower (14%) than in mature intact treB®ot carbon for grasses was eight times greater

(P < 0.05)in the treated than the untreated watershed.
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Table 23. Mean (£SE) root carbon stocks a5® cm soil depth (Mg C Ha for plant groups
(mature juniper Juniperus occidentalldrees, regrowth juniper trees, shrubs, and grasses) by
management practice in central Oregon, USAe managemenpractices are 1) Untreated
(western juniper intact) and 2) Treated (western juniper cut). The comparison of mature trees
included root determination near existing juniper trees (untreated watershed) and near juniper tree
stumps (treated watershed).

Managerent Mature trees  Regrowth trees Shrubs Grasses
Practice

Untreated 1.50(0.09 - 1.49(0.10% 0.58(0.10)
Treated 1.92(0.24) 1.29(0.20) 1.26(0.09) 4.76(0.84)
P value 0.70 ns 0.47 ns <0.05

Different lowercase letters (a, b) along columimdicate significant differences between
management practices for a given plant grdg: 0.05). ns = not significant.

More soil carbon P < 0.05) was stored under matwvestern junipertree canopies of the untreated
watershed and nearestern junipertree stumpsof the treated watershed than the corresponding
interspaces in each watershed (Eig). Undercanopy zones of matusrgestern juniperand near
stump zones of cut western junipead about twice the soil carbon stocks of the interspaaals. S
carbon stocks were similar under the canopies of mateistern juniperand neasstump zones of
cut western junipers. Likewise, soil carbon stocks were sinmlamtreated and treated watershed

interspaces.
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Figure 2.4. Soil carbon stocks ab0 cmsoil depth (Mg C hd) by watershed and treatments
(UWuc = untreated watershed and under tree canopies; UWint = untreated watershed and
interspaces beyond tree canopies; TWuc (nt) = treated watershed and under tree canopies (near

the tree stumps); TWint treated watershed and interspaces beyond the tree stumps. Data are
means + standard error.

3.5. Total carbon stocks by management practice

Total aboveground carbon stocks differed by watersked (0.05) (Table2.4). The
untreated watershed had BiBes more total aboveground carbon than the treated watershed. Root
carbon stocks were also significantly differe® €0.05) by watershed. Yet, contrary to
aboveground biomassoats in the treated watershed stored 2.6 times more carbon than those in

the untreated watershed.
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Table 2.4.Mean (xSE) total aboveground, total belowground carbon stoe&® (n soil depth)

and total carbon stocks (Mg C -Haby management practices in central Oregon, USA. The
management practices are 1) Untreated (wegtaiper [Juniperus occidentallsntact) and 2)

Treated (western juniper cut). Root carbon stocks in the untreated watershed represent the sum of
root carbon in mature western juniper, shrubs, and grasses, while root carbon stocks in the treated
watershed represents the sum of regrowtlstera juniper, western juniper stumps, shrubs and
grasses.

Management Root carbon Soil carbon Total Total Total carbon
practices belowground aboveground stocks
carbon carbon

Untreated  3.57(0.30) 117.08(9.60) 120.65(9.60) 22.46(2.770 143.11(11.53)
Treated 9.23(0.83% 119.06(11.85) 128.29(11.85) 3.88(0.66) 132.17(12.12)

P value <0.05 0.90 ns 0.62 ns <0.05 0.52 ns

Different lowercase letters (a, b) along columns indicate significant differences between
management practices for a given varialple<(0.05). ns = not significant.

*Soil carbon stocks were calculated by adjusting the amount of surface under canopy cover (or
near tree stumps) and interspace because the soil carbon concentrations were demonstrably
different between those areas.

In contrast to the total aboveground carbon stocks, total belowground carbon stocks (root and soil)
did not differ @ >0.05) by watershed. Moreover, total belowground carbon stocks were 5.4 and
33.1 times greater than their corresponding total abovegroumdrcatocks in the untreated and
treated watersheds, respectively. Total carbon stocks, including both total belowground and

aboveground carbon, were not significantly >0.05) different between the untreated and treated

watersheds.

3.6. Belowground caxn stocks by sodepth

Root carbon stocks for western juniper mature trees, stumps, and regrowth trees did not
vary significantly P >0.05) by depth(Table2.5). In contrast, root carbon stocks for shrubs in both

watersheds were 3.5 .5 times greate(P <0.05) in the top soil layer (@5 cm depth) than in
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the bottom soil layer (250 cm depth). In a similar fashion, root carbon stocks for grasses in the
treated watershed were 19 times grea®ex(.05) in the top than in the bottom soil layer. In the

untreated watershed, grass root carbon did not vary significaBt0.05) by depth.

Soil carbon stocks in undeanopy zones were about 70% and 60% gre&te(05) in
the top than in the bottom soil layer for untreated and treated watershed agaively (Table

5). Soil depth did not produce significant differen&>0.05) in interspace soil carbon stocks in

both watersheds.
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Table 2.5Mean (£SE) belowground carbon stocks (Mg €)Haom roots of different plant types

and fromsoil from different areas by soil layer depth and management practices in central Oregon,
USA. The management practices are 1) Untreated (western judipeipgrus occidentaljantact)

and 2) Treated (western juniper cut). Regrowth trees wereswalpated in the treated watershed.

Compartment Soil layer Untreated Treated

depth (cm) Watershed Watershed

Root Mature Juniper Tree* 0-25 0.680.11)a 1.360.17ya
2550 0.820.02)a 0.560.16)a

RegrowthJuniperTree 0-25 - 0.970.070

2550 - 0.320.140

Shrub 0-25 1.36(007)Aa 0.98(006)Aa

2550 0.13(0.@1)Ba 0.28(0.@)Ba

Grass 0-25 0.57(0.D)Ab 4.520.84Aa

2550 0.02(0.@4)A0 0.24(0.®)Ba
Soif** Under canopy** 0-25 106.8(0.44Aa 111.4(5.19A2
2550 63.8(6.9382 70.30.988a

Interspace 0-25 47.43.66)a 48.(0(4.13)a

2550 39.74.47ya 40.52.83pa

Different capital letters (A, B) along columns indicate significant differences between soil depths

for a given management practice and plant type or soil &&a0(05).

Different lowercase letters (a, b) along rows indicate significant differences between management
practices for a given soil depth and plant type or soil @Pead.05).

*Roots from mature trees in the treated watershed were extracted from the basgsef @teut

juniper.

**Soil carbon under tree canopies in the treated watershed was determined from areas near the
base of stumps of cut juniper.

**Soil carbon was not adjusted by the amount of surface under canopy cover (or near tree stumps)
and interspace because the purpose of this table is to show the absolute differences between these

two areas.



4. Discussion

This study reports quantitativestimates of ecosystem carbon stocks in encroached juniper
systems following juniper control. Given the importance and extent of juniper control asa common
rangeland management practice in western USA, it is essential to shed light on the environmental
implications of such practice. The vegetation differences between treated and untreated watersheds
that we report are attributed to juniper control because prior to it there were no statistically
significant differences in vegetation cover (including junipshrubs, and grasses) between the

same treated and untreated watersheds (Fisher, 2004)

4.1. Effects of management practices on aboveground carbon stocks

As hypothesized, the treated watershed had less aboveground carbon after 13 years of
juniper controlthan the untreated watershed. This was attributed to the elimination of mature
western junipertrees, which represented the bulk of the aboveground carbon. Thirteen years after
mature juniper control, the regrowth juniper trees were abundant on thel tnedérshed, as seen
by their high density, but their aboveground biomass accumulation was only about 5% of that of
mature trees. Therefore, the contribution of regrowth treesto the carbon accrualwas small. Juniper
control caused a clear increase in bBhpuesence, as it has been previously reported in different
areas of Oregon (Bates et al., 2017; Dittel et al. 2018; Ray et al., 2019), but similar to regrowth
juniper trees, the contribution of shrub aboveground biomass was small because of the dwarfing
effect of mature juniper trees. As expected, litter carbon stocks were much higher in the treated
than in the untreated watershed due to the junipetamdieave operationL i t t er car bon
treated watershed was thethar g@estal p@adlovegrcoon

An unexpected result was that grass carbon stocks were lower in the treated watershed than in the
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untreated watershed; previous reports have found higher grass presence after juniper cutting (Bates
et al, 2017; Dittel eal. 2018; Ray et al., 2019). It is possible that the lower grass stocks at the
treated watershed resulted from uneven cattle grazing, heavier on the treated watershed, during the
year of evaluations.

Aboveground carbon stocks usualy increase dusdody species encroachment through
time while elimination of woody vegetation would decrease those stocks (Barger et al. 2011;
Eldridge et al., 2011). Such a response was observed in our juniper study site, despite the positive
response of shrubs and thiiter accumulation resulting from juniper control. Throop and Lajtha
(2018) also reported a decrease in aboveground carbon stocks following western juniper control.
The greater total aboveground carbon stocks observed in the untreated watershed were
within the ranges of aboveground biomass carbon stock651dg C hat) reported for southern
Great Plains encroached by mesquiogopisspp) (Hibbard et al.,, 2001; Knapp et al., 2008);
Great Basin encroached by western juniggredemann, and Klemmedsord995); and Great
Plains encroached byuniperus virginiangKnapp et al., 2008; McKinley and Blair, 2008).
Compared to mature western junipgees the contribution of shrubs, grasses and litter to total
aboveground carbon stocks in the untreated wagersvas minimal. Combined, the total
aboveground carbon stocks of those three pools was 0.48 Mg @peesenting 2.2% of the tree

contribution in the untreated watershed.

4.2. Effects of management practices on belowground carbon pools
Regardless of soil depth, this study showed a clear increasmI(D.@ root carbon stocks
13 years post juniper control in the treated watershed. The change was mainly due to the large

increase in grass roots following juniper control, despite therebdeslight decrease in grass
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aboveground biomass. Other studies have found grass biomass production surges post juniper
control (Bates et al., 2017; Dittel et al. 2018; Ray et al., 2019) but grass root responses have not
been previously documented. Becaws their typically large root:shoot ratio, perennial grasses
can store large amounts of carbon belowground (Evans et al., 2013). In our study, grass roots
contributed slighty more than the other plants types (juniper and shrubs) combined to the total
root carbon stocks in the treated watershed. The important contribution of grass roots to carbon

stocks was previously reported by Sharrow and Ismail (2004) who found that soil organic carbon

in pastures was greater than in tree plantations and agroforests.

Soils undefcanopy and neastump zones of cut western juniper had soil carbon stocks
twice as great as those of interspace zones across the watersheds, which is consistent with previous
studies on woody plant canopies (Throop and Archer, 2008; Nelff 2089; Miwa and Reuter,
2010; DeMarco et al., 2016; Zhou et al.,, 200@Qur results also i1indicate
st ump z o weser joniperremaibede | evated even 13 years fol
and did not dif feerafapym zonwestecoqfmpbroehthewmedated
areaAnother study has found that soil carbon remains elevated medauite Prosopisveluting
canopies 8 years after cuttinpgMarco et al., 2016). Howevel) years after mesquite cutting,
loss of soil carbon was observidcClaran et al., 2008) indicating the recalcitrant nature of woody

biomass in arid soilg§Zhang and Wang, 2015)

Total soil carbon stocks at 50 cm depth, including both uodaopy and interspace areas,
remained unchanged 13 years after juniper elimination with an average MiglT8hal. This is
similar to results by Throop and Lajtha (2018) who suggested thdadkeof degradation of
organic material in western juniper settings might reflect stabilized carbon pools. Our results did

not support our hypothesis of lower soil carbon following juniper control. Itis possible that after
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a longer time (40 more yeard)woody plant control a decrease in soil carbon may occur, as has
been reported in other systems (McClaran et al., 2008; Neff et al., 2009; DeMarco et al. 2016).
Yet, that decrease would be reflected mainly on the areas under the juniper canopy, whith amou
to about 30% of the whole area. The other 70% of the area, the juniper interspaces, would be much
less affected by the juniper control. In fact, an increase in soil carbon is more likely in these areas
because of the increase in grass and shrub rdotwifg juniper control. Thus, the replacement
of mature juniper roots by those of understory vegetation might compensate potential losses of soil
carbon in the long term. As stated by Barger el al. (2011), the control of woody vegetation might
shift the \egetation growth to more dynamic, younger, and more productive plant populations

(grasses and shrubs in our case).

Soil organic carbon stocks integrate ldegn contribution from roots and aboveground
plant matter; thus, it is expected that soil carlionkswould be negatively affected by elimination
of vegetation, i.e., woody plant control (Archer et al., 2017). However, changes in soil carbon are
much slower than those aboveground, which explains that soil carbon is negatively affected by
woody plant ontrol only after >40 years of the practice in the Sonoran Desert (McClaran et al.
2008). The aridity level in our study area of central Oregon is lower than in the Sonoran Desert.
Therefore, it is more likely to expect carbon sequestration following wplady control and long
term plant succession in our study area than in the Sonoran Desert (Archer et al., 2017). Although
our study is still of short duration (13 years post juniper control), our plant succession results, with
positive biomass gain in uadstory vegetation, led us to hypothesize that juniper control is not

likely to result in significant net carbon losses.
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4.3. Total carbon stocks and management practices

Total carbon stocks in both management practicesaticiffer and showed an average
carbon level of 137.6 Mg C Ha The encroachment of western juniper increased aboveground
carbon stock, but the belowground carbon stoe&Q(Gcm soil depth) was not affected by the
management practices of untreated aedted watersheds. These findings partially supported our
hypothesis, indicating that the treated watershed stored less aboveground carbon relative to the
untreated watershefiven though woody encroachment in globally extensive arid environments
usually hcreases aboveground carbon stocks, its impact on belowground carbon stock is uncertain,
varying with spatial scale, species composition, and environmental conditions (Barger etal., 2011;
Eldridge et al.,, 2011; DeGraaff et al., 2014). In our study, the gaunderstory plant roots
associated with western junipeut led to partially counteract the losses of aboveground carbon in
the treated watershed.

In both treated and untreated watersheds, the large majority of the total carbon pool was
stored belowgpund (roots and soil). According to the present study, 84% and 97% of the total
carbon stocks in the untreated and treated watershed, respectively, are allocated belowground (O
50 cm soil depth). Our results are comparable to those of Sharrow and &364) (ho reported
that 88% and over 90% of the total carbon stocks were stored in the -d6il q@ depth) for
agroforest and grasselsminated pastures, respectively. In addition, rangeland ecosystems were
reported to contain 85.8% of the total carbavcks$ in the soils (B0 cm depth) (Bikila et al.,

2016). Cold desert ecosystems such as the sagebrush steppe in North America generally have very
low ratios of aboveground to belowground biomass, and belowground herbaceous biomass tends

to substantially catribute to belowground carbon pools (Jackson et al., 2000).
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Most organic carbon in terrestrial ecosystems is contained in the soil (Schlesinger, 1997).
We found that soil carbon was the single greatest carbon pool in both watersheds, representing
81% (urnreated watershed) and 90.1% (treated watershed) of the total ecosystem carbon stocks.
Consequently, any anthropogenic activities that might have negative impacts on soils, such as
grazinginduced erosion (Carbajdoron et al., 2017) would have major imoglions in reducing
carbon stocks in these systems. Even without considering erosion, inadequate management
practices such as overgrazing may lead to carbon losses in the upper soil layers (Daryanto et al.,
2013; Bikila et al., 2016).

The aboveground bisass in arid and serarid woodlands is viewed as an unstable
organic carbon pool because of the frequency of wildfire in these syste/®8 y#ars), the threat
of exotic grass invasion, and the poor recovery of important shrubs such as sagebrushgfollowin
fres (Rau et al., 2011; Canadell and Raupach, 2008;-Resth et al., 2016; Mat&onzalez et
al.,, 2018). Therefore, it is imperative to protect the stable belowground carbon pool in-juniper
managed areas to mitigate climate change and global warBwgyadation of the belowground
carbon pool will eventually result in a reduction of total carbon stocks in the system.

Elimination of juniper encroachment has wel documented benefits such as habitat
restoration for native wildlfe, increased forage b&melivestock, increased soil moisture and
restoration of watershed hydrological functiofaruchMordo et al. 2013; Dittel et al., 2018;
Ochoa et al., 2018; Ray et al., 2019). Our study provides basis to suggest that the benefits of juniper
control can b attained without substantially affecting the potential for carbon sequestration of

these systems.
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4.4. Effects of soil depths on belowground carbon within management practices

The shrubs and grasses in our study area had generally greater rootstacks in the top
soil layer (825 cm) than in the bottom soil layer (88 cm). In fact, about 95% of grass root
carbon stocks in the treated watershed was concentrated in the top soil layer. This is in agreement
with reports for Great Basin vegetatiRau et al., 2009) and in general with estimations of global
carbon stock distribution with soil depths (Jobbagy and Jackson, 2000). Grasses have a dense,
fiborous root system of shallow depth in the top30cm of the soil profie, where water and
nutrients are at maximum concentrations (Archer et al., 2017). In contrast to shrubs and grasses,
root carbon stocks for juniper trees were more homogeneously distributed with depth down to 50
cm, coinciding with results by Young etal. (1984). Western junielops a large extension of
lateral roots (Molinau et al., 2014) with their greatest proportion found witl @mn soil depths
(Young et al., 1984). The main lateral roots grow to radi that are at least equal to the height of a
tree and extend beyontetdripline determined by the extension of the canopy (Young et al., 1984)
but with large restriction of roots to surface soils (Miler et al., 2005). Woody species roots are
typically more lignified and deeper rooted than the grasses they displace (Beutb, 1999;
Barger et al., 2011).

The top soil layer contained more soil carbon in both undeppy and neastumps zones
of western juniper. The mechanism responsible for the increase in soil carb@® an® was
likely the concentration of organicnatter inputs from litterfall and the incorporation and
redistribution of soil carbon into near surface soils (Jobbagy and Jackson, 2000; Eggleston et al.,
2006; Zhou et al., 2017). Although it decreased with depth, substantial soil carbomcamcey
ard nearstumps zones of western junipexisted below 25 cm soil depth. That was consistent

with results of soil carbon sequestration occurring deeper than 30 cm following woody
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encroachment (Chiti et al., 2017; Zhou et al., 2017). Our results showe8%aff e soil carbon
stocks in undecanopy and nesstump zones was present in theSBbcm soll layerIn contrast,
the interspace areas did not show difference in carbon stocks with soil depth, reflecting the lower
organic matter inputs that these areaceive.

Carbon stocks of surface soil layers are more prone to be affected by management or
vegetation changes than deeper layers (Bikila et al, 20h6yop and Lajtha, 2018). Our
evaluation of total carbon stocks as affected by juniper contralded! the €60 cm soil layer
because juniper roots may influence changes at that depth (Young et al., 1984). However, there
were no differences in soil carbon stocks due to juniper control (between watersheds) at either the

0-25 cm or the 250 cm solil layes.

4.5. Limitations of the Study

This study had the advantage of analyzing juniper elimination at the whole watershed
(approximately 100 ha each) scale. Yet, because of its large scale, the replication of the study is
imited to one watershed per treatment and the interpretation anpadaticn of theaesults should
be done cautiously. In addition, our vegetation and soil sampling occurred in the 20 replicated
plots scattered through the watersheds. However, root sampling was done in only three trenches
per vegetation type in each wateses because of the difficulty of moving an excavator throughout
the whole study area (more than 200 ha). Root sampling is always a difficult task and in some

cases, roots are only estimateddshen biomass modeling.
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5. Conclusions and Implicatons

Juniper encroachment is considered an important contributor to rangeland degradation in
North America and thus its control is a common restoration practice with ecological benefits to
native wildlife and livestock. Yet, the implications of junipgontrol in terms of ecosystem carbon
stocks are largely unknown. This motivated our study. We hypothesized that a treated watershed,
after 13 years of mature western juniper elimination, would store less aboveground and
belowground carbon than an untreatedtershed, implying lower capacity for soil carbon
sequestration resulting from juniper control. Although aboveground carbon stock was reduced in
the treated western juniparea, the belowground carbon stock was not, rendering no significant
effects on d¢tal carbon stocks (aboveground and belowground) caused western juniper control. A
greater root carbon accumulation in the treated area than in the untreated area partially offset the

losses in aboveground carbon due to juniper control.

The greatest ecastem carbon accumulation resides belowground (over 90%). Therefore,
changes in the 10% aboveground biomass can be of less relative significance in the short term.
However, our 13/ear post treatment study, is stil of short duration to contemplate sbibrcar
changes. It is not known if juniper control may result in lower soil carbon stock in decades to come

but our vegetation succession results do not anticipate that.

Protecting the belowground carbon source is paramount. This study indicates that cutting
western juniper did not affectbelowground carbon pools, atleast after 13 years of cutting. Western
juniper elimination faciltates the recovery of shrubs and grasses and permits the restoration of
watershed hydrological functions. Therefore, evidenggp@ts that juniper control can help to
improve the habitat quality for wildlife such as sage grouse and the forage productivity for

moderate cattle grazing while maintaining the carbon sequestration potential of the system. We
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would like to emphasize, haver, that studies of longer duration and mechanistic models are
needed to forecast and better understand carbon stocks as affected by land management in these

dynamic systems.
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ECOSYSTEM NITROGEN AS A CONSEQUENCE OF JUNIPER ENCROACHMENT
AND REMOVAL IN CENTRAL OREGON, USA
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Abstract

In recent decades, substantial areas of North America grasslands have been lost because of
the establishment and encroachment of woodlands, including those dominatesteyn juniper
(Juniperus occidental)s This shift in dominant plant life form may leecompanied by changes
in standing stocks of biomass with subsequent implications on the nitpogésifor an area. Our
study site was a paired watershed in central Oregon where western juniper trees were eliminated
in one watershed (treated, 116 ha) esde left intact in an adjacent watershed (untreated, 96 ha).
Thirteen years afteelimination we quantified aboveground biomass and nitrogen stdias
western juniper trees, shrubs, grasses, and litter in both the treated and untreated watersheds. We
also quantified belowground nitrogen stores (roots and soil) in both watersheds at two soil depths
(0-25cm and 25%0cm). As a result of greater aboveground biomass, aboveground nitrogen storage
in the untreated watershed26.4 kg N hd) was substantiallygreaterthan that in the treated
watershed (61.%g N hal). On the other hand, root nitrogen storage was 3.1 times greater in the
treated than in the untreated watershed due to the gain of understory root l@igs@Eated with
western junipercutting Soil nitrogen stores at both2® cm and 250 cm depth were not affected
by juniper removal Overall, total ecosystem nitrogen storage (avei2§8.2 kg N h&) was not
different between watersheds. Most nitrogen resided belowground S@icth and ras); 69%
and 95% of the total ecosystem nitrogen, respectively, was found in the untreated and treated
watershed. Cutting juniper, a common ecological restoration practice in Oregon, is documented to
restore understory plants and improve hydrological fonstof systemsOur study indicates that

juniper removal does not affect substantially the nitrogen ecosystem pools.
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1. I ntroduction

The widespread replacement of grasses by woody plants has occurred in many ecosystems
(Barger etal., 2011; Eldridge et al., 2011, Li et al., 2@t&vens et al., 2017; Wang et al., 2019
This geographically worldwide vegetation change, woody encroachment, has been shown to
change the ecosystem structure by altering the vegetation community composition, hydrology, and
the spatial distribution and fluxes of nutrients (Boutton et al., ;2808her, 2010;Michaelides et
al., 2012; Chen et al., 2015). Folowing vegetation shift from grass to woody plant dominance, the
guantites and qualities of aboveground and belowground residue inputs as well as the soil
microbial biomass are altered @yl et al., 2008; Liao and Boutton, 2008; Godey et al., 2010;
Barger et al., 2011Li et al., 2017;Zhou et al., 2017 with subsequent implications on carbon and
nitrogen pools (Booth et al., 2005; Hughes et al., 2006; Throop and ArcherN20OR8iley and
Blair, 2009. Nitrogen is considered the growlimiting nutrient in arid and serairid regions
(Gebauer and Ehleringer, 2000) and almost in all western ecosystems (Rau et al., 2009), yet the
effects of woody plants on nitrogen accumulation require furttesearch. Woody plant
encroachment resulted in increases (Archer et al., 2004; Liao et al., 2006; Boutton and Liao 2010),
declines (Li et al., 2012; Yusuf et al., 2015), as well as no significant change (McCarron et al.,
2003) in soil nitrogen storage.dveover, the total nitrogen pool in grasslands experiencing woody
plant encroachment tended to increase (Liao et al., 2008; Boutton and Liao, 2010) and decrease

(Jackson et al., 2002).
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In the past 150 years, junipefufiperusspp.) and pifilonRinusspp.) coniferous woodlands

have increased 2 to I6ld across the Intermountain region of the western United States (Omernik,

1987; Romme et al., 2009). Nearly, 95% of the expansion has occurred in the sagetensbkié

spp.) steppe communities (Milezt al., 2011). Among the array of encroaching juniper species,

we s t er n(Jupipenus pceidentalispp. occidentalisHook) is estimated to cover about 4

milion hectares in senrarid regions of the inland northwest (Azuma et al.,, 2005he gr eat e s
concentrations of western andnortheasrCal@rniee (Bdtesu nd i
1996). Several factors are associated with juniper encroachment, including changes in climate,
increases in the atmospheric carbon dioxide, overgrazing, amceckére frequencieBlrkhardt

and Tisdale, 1976; Miler and Wigand, 1994; Soulé et al, 2004; Miler et al., 200B)e

encr oac humgen is repofted to cause major declines in understory productivity and
diversity (Miller and Wigand, 1994; Mileet al., 2000; Miler et al., 2014a, Miler et al., 2014b;

Roundy et al., 2014), changehe s pat i al d i dltter andb soits ibeneath jonfpern ut r i
canopies (Doescher et al., 198Iemmedson and Tiedemann, 200@i wa and Reut er ,
increase soil erosion (West, 1984; Miller et al., 2005), and increase interception of precipitation
(Larsen, 1993; Eddleman et al., 1994). Elimination of juniper sthadsresulted in significant
improvements compared to encroached areas (Pierson et al., 2014; Ochoa et al., 2018; Ray et al.,
2019).

Al t hough studies pertaining the western |
evidence regarding the |implriemdoviolrsosfysiaemi me
pools is lacking. St u dvestem juniper dvbdainal inerehsed nitregen s u c ¢
and other sail nutrients in juniper biomass, litter mats, and canopy influenced soils, but understory

vegetation such as grasses and shrubs, were not included in total nitrogen stocks calculation
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(Doescher et al., 1987; Tiedemanrddademmedson, 1995; Klemmedson and Tiedemann, 2000;
Bates, 1996; Bates et al.,, 2002). Elimination of western juniper (cut treatment) increased grass
nitrogen biomass to 6.19 kg N-haompared to 0.59 kg N ian woodland treatment in the second
year postutting, but neither the aboveground juniper biomass nor belowground biomass was
determined (Bates et al., 2000). Furthermore, previous studies were primarily concerned with the
impacts ofjuniper encroachment on topsoil laygrsO 2 4 ¢ m) , ack of informatione i s
about the influence of western juniper encroachment on deep soil nitrogen stocks. Understanding
the effects of transition from grassland to woodland on total nitrogen has significant implications
for global change, whole ecosystem dyr@niland resource use and ecosystem management
(McKinley et al., 2008; Wei et al., 2009; Yusuf et al., 2015). Itis also essential to understand the
effects of juniper cutting on ecological processes such as nitrogen because cutting is expected to
increasan the near future for land management purposes (Bates et al., 2002).

Our study site involved paired watersheds in central Oregon. In one of the watersheds
western juniper trees have been eliminated for 13 years (the treated watershed) whereas in the
other watershedthe westernjuniper trees have been left intact (the untreated watershed). Following
western juniper elimination on the treated watershed, changes in vegetation composition have been
reported, including western juniper regrowth and greatesgmee of shrubs and grasses (Ray et
al., 2019). Because of the vegetation changes following western jueip@val the potential
infuence of this management practice on nitrogen accumulation is difficult to forecast.
Evaluations of ecosystem nitrogerorsts require an understanding of how both aboveground stores
(including understory vegetation) and belowground stores respond to the presence and removal of
western juniper treeJhe goal of this study was to quantify and compare major pools of nitrogen

in an encroached juniper watershed and an adjacent watershed where juniper removal took place
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13 years prior to quantification. We hypothesized that 13 years after cutting mature western
juniper, aboveground and belowground nitrogen would have decreasedtreated watershed

compared to the untreated watershed, implying lower soil nitrggeis due to juniper removal.

2. Methods and materials

2.1. General site description

This study was carried out in the Camp CrPealred Watershed Study (CCPWS) site,
located 27 km northeast of Brothers, OreddB.96' L at . ; UiLdhd.0rhe3GLPWS site
comprises an area of around 212 ha and includes two adjacent watersheds, one treated (116 ha)
and the other untreated (96 ha) (Rdl) with elevations ranging from 1370 m to 1524 m. The
average slope for each watershedis approximately vé8%similar distribution of aspects (Fisher,
2004). The untreated watershed is dominated by western juniper. Juniper canopy cover averaged
31.5% and tree density averaged 327 trees/ha in the untreated watershed (Abdal202@t &,
the treated watshed,approximately 90% of the western juniper trees were cut in the fall of 2005
using chainsaws, leaving only ajlowth trees intact and a bgpgebrushArtemisiatridentata,
spp vaseyangas dominant overstory vegetatioRrior to juniper eliminationfrom the treated
watershed, tree canopy cover was estimated to cover 27% of the whole area (Ray et al., 2019) and
there were no statistically significant differences in vegetation cover (including juniper, shrubs,
and grasses) between both watershedbdFis2004). Aftercutting juniper cover was estimated
to account for 1% in the treated watershed (Ray et al., 2019).

The understory was dominated Hgaho fescue Restuca idahoensjs bluebunch
wheatgrass Rseudoroegneria spicata Sandberg bluegrasdPda secundp prairie junegrass

(Koeleriamacranthpa , and Thur b &chdatherumghairddriangminaaddison {0A.
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tridentate,more species such astelope bitterbrush Plrshia tridentatd, rubber rabbitbrush
(Ericameria nauseo9aand greenabbitbrush Chrysothamnus viscidiflorgsvere common in the
whole study site.The average annual precipttation (2@7) at the study site was 358 mm
(Ochoa et al., 2018)Soils in both watersheds are classified as Westbutte very stony loam,
Madeline Lam, and Simas gravelly sitt loam, where Westbutte and Madeline define around 70%
to 74% of the study site and Simas makes up the rest with more soil series occupying <1% (Fisher,
2004). Both Westbutte and Madeline series are formeloiium derived fron basalt, tuff and
andesite, whereas Simas is formed of loess and colluvium derived from tuffaceous sediments
(OSDs).The Westbutte series is classified as loakgletal, mixed, superactive, frigid Pachic
Haploxerolls. The Madelne series is classified @dsyey, smectitic, frigid Aridic Lithic
Argixerolls. The Simas series is classified as fine, smectitic, mesic Vertic Palexerolls. The
untreated watershed is mainly made of 48% Madeline, 26% Westbutte, and 21% Simas series,
while the treated watershed cos of 50% Westbutte, 20% Madeline, and 3% Simas series

(Fisher, 2004).
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Figure 3.1. Map of the study area showing untreated and treated watersheds, indicating locations
of systematically randomized plots used in this study. Photograph A shows inttetwjaniper
(Juniperus occidental)drees in the untreated watershed, while photograph B shows cut western
juniper trees in the treated watershed.



