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Abstract

The conifer Juniperus seravschanica is a keystone speci@gthin Oman, yet & decline is
typical of otherarid-adaptedmontandree species. This research aimetlemtify causes of
decline and subsequent viable conservaiioategies; strategies that may hawder
application for tree conservatioDecline inJ. seravschanica is typified by foliar dieback and
little regenerationia seed;raits matapparent at lower altitudeshe research evaluated the
viability of seeds collectedt three different altitude2100-2220nm(Low), 2300-2400m

(Mid) and 2500-2570rabove sea levéHigh). In addition,seedsand young tres were
planted at thesaltitudes andnaintained undedifferentialirrigation. Results showethat
treesgrown at Low altitude producddwer,lessviable seedTransplanting young trees
proved more successfiilan seedowingin re-establishing plants in the wildge of
transplant had aeffect howeverwith 5-yearold stock showingyreatersurvival(> 97%)

than 2yearold treesThe youngetrees only established welhen planted atigh altitude,
or provided with irrigation at Mid/Low altitude$Vater availabilitydid not entirelyexplain
survival, and in some locatiod#&rectheat stressoo may bdimiting viability. Practical
conservation measures includentifying genotypes with greater droudigat toleranceand
planting onlymore mature nursettyees

Highlights

e Climate changeisthought responsiblefor the decline of the conifer Juniperus
seravschanica

e Treesfrom lower altitude have greatest decline, and reduced reproductive
potential

e Conservation strategies are promoted by the planting of nursery-raised trees

e Older specimenshad greater establishment success than younger trees

e Water stressand possibly heat stress are limiting the viability of J. seravschanica

Key Words: Climate change, seed, young trees, drought, heat stress, plant
establishment.
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1. I ntroduction

The coniferous tregluniperus seravschanica (Zeravschan junipeiy a keystone species
within the montane habitat of Oman. This juniper was formally classifiddeaselsa subsp.
polycarpos, but recent DNA analysis (Adams et al., 20td$ identified it as.

seravschanica, allying it to other populations of this species found further north in
mountainous regions of Iran, Afghanistan, Pakistan, India, Turkmenistan, Taijikista
Kyrgyzstan, Uzbekistan and Kazakhstan (Gardner and Fisher 1996; Breckle andeNucher
2006; Adams, 20D41t is not yet clear if the Oman population is a relic fribraPleistocene
epochwhen the species may have bearenwidespread in the region orasnore recent
population, established by long distance dispdreai Iran.The extent to which it is
genetically distinct from other populations further north stitjuires clarification (Adams et
al., 2014). As with otheluniperus species it is relatively slow growing and individual
specimens od. seravschanica are thought to be able to reach 1,500 years ofSass

Klaasen et al., 2006In Oman it is found atldtudes >2100m above sea level (asipd is

the only native coniferisher andsardner, 1995), being restricted to the highest areas of the
central massif of Al JaballAkhdar and the outlying mountains of Jabal Qubal and Jabal
Kawr. In such locationduniperus trees not only plag vital ecological roleproviding habitat
and food for bird speciebut also shade for endemic mammals and reptiles, including the
nationaly endemic geckasAsaccus montanus, A. platyrhynchus andPristurus gallagheri
(Gardner, 1999)The treeslso largely define the landscape character, and provide important
ecosystem services ranging from land stabilizatieood fuel, shade for livestock, through to
aspects of cultural symbolism wigtant components being used in traditional ethnobotany
(MacLaren, 2016).

Juniperus seravschanica populations (Fisher and Gardner, 198bHaddabi and Victor,
2016; MacLaren, 2016), along with numerous othuarperus species globally, are under
pressure and often represent fragile ecosyst&asduelin et. al., 1999; Ciesla, 2002; Long
and Williams, 2007). Degradation of othlemiperus species in arid / serarid environmergt
has been cited fal procera (Ethiopia — Aynekulu et al., 2009; Saudi Arabia (El-Juhany,
2009),J. thurifera (Morocco and Spain - Gauquelin et al., 1999¢ommunis (Spain -

Garcia et al., 1999) ant excelsa (Greece- Milios et al., 2007). Throughout history,
Juniperus forests have been exploited for human use, especially for wood collection and
animal grazing, but with rising human populations such activities are becoming
unsustainable, correspondiwith rapid forest degradation. Problear® exacerbated by the
fact that naturaluniperus regeneration rates avery low, and more consideration needs to
begivento the management and conservation of these forests.

In Omana number of studies have examined the statdsnpperus seravschanica woodland,
(Fisher and Gardner 1996ardner and Fishdr996 Matwani 2011 Al Haddabi and Victor,
2016; MacLaren, 20)6Degradation of woodlands within Oman have been associated with
an increase in accesthe mountains by tourists and other visitors, who use the wood for
campfiresand through oveexploitation by locapeople, who may also use branches for fuel
or medicinal purposes, as well as letting their goats and donkeysehitoevioliageln

addition, woodlandoilsaresometimesnechanicallystripped offfor agricdtural use or road
construction, with negative consequences for tree stability, root viabititynamsture
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retention in the remaining soRRemoval of the top layelsodenudes the existing seed bank
held within the soilAl Haddabi and Victor, 2016; MacLaren, 2016). Although significant,
the extent to which these pressures are impactinly ssnavschanica depends on local
conditions and the degree to which the forests are protected, and this protection being
enforced asdestructioris often greater outside nature reserves (Matwani 2011; Al Haddabi
and Victor, 2016). Nevertheless, even tree populatiotisn protected areas are declining
and a number of researchers have suggested that climate change is a primary factor
undermining the viability of. seravschanica in Oman(Al Haddabi and Victor, 2016;
MacLaren, 2016).

In recent surveys it was found that trees growing in xeric habitats showed ptbn¥ieh

low reproductive ability and fewer seedlings compared to junipers growingsit tabitats.
These mesic habitats includddy river valleys or ravinesMedian— plural or wadi single
(Fisher and Gardner, 1995) or lower lying depressions, with deeper, and perhaps repre moi
soils (MacLaren, 2016Maclaren (B16) found that trees witle$sfoliar dieback were
associated with higher altitusleor with locations towards the east of the mountain ranges
(whereprecipitationis thought to beyreater) and sites experiencing less direct solar
irradiance Surve indicated that there was a measurable increase ihergbt with
increasing altituder whentrees were foundrowing ina wadj compared to thodecatedon
open hillsides, where water is less likely to accumulate (Al Haddabi and \2&8). Such
data implies that soil moisture availability is a key factor affedtaeglistribution, growth
potential and health stato$J. seravschanica, but reports otlirect correlations between
growth and actual soil moisture availabiligmainrare.

Reductions in tree healthithin J. seravschanica and the loss of population viabilities

lower altitudeds now a major concern (Gardner and Fisher 1996; Al Haddabi and Victor,
2016,MacLaren, 2016). In 1996, Gardner and Fisher noted that trees found above 2400m
were generally in bettdrealth angpossessed markedly better reproductive status thaostn
living below this altitudeA similartrendwasnoted in the dsely related. procera in the
Rayadh Reserve in Saudi Arabia, where unhealthy trees, relatively poortpodicones,
and widespread tree death below 2400-2500m were reported (Fisher,M8&¥jecent
surveys confirm these trends fbrseravschanica (Matwani 2011; Al Haddabi and Victor,
2016 with MacLaren 2016)concluding that the optimal habitat férseravschanica has

shifted upwards by 250 m in the last 20 ye8tgch shifts are being notedarwide range of
othertree speciewhere ranges are being restricted to higher altitudes as temperatures rise
and the incidence of drought in montane locations increases (Allen et al., 2010).

An active conservation plan is now in place Joseravschanica in the mountains of Oman,
but more information is required on precisely what is causing the decline of thefaedste
stands. Oveexploitation is one aspect and those areas that are protecteluinaem use and
livestock grazing show signs of improvement, but other areas witheat dinthropogenic
impactarealsodeclining. This raises the questias towhat other biotic and abiotic factors
may be inducing decline of native standgl.aderavschanica. Trees under stress from climate
change influences may be more susceptible to pest and disease pressures,,ng as yet
pathogens or pesktgve been correlated with trdecline. The trend for trees locatatthe
lower altitudes to show greater decline than those higher up indicates thatliinatic
factors may be to blanfer some of the forest degradati®dhich climatic factors are
primarily responsible, howevdsg not clear with 1. drought stress due to a leickater and
increasing evaptranspirational demand, and 2. heat stress due to spfiraal
temperaturesboth being likely candidate€hanges in temperature or water availability may



137  be affecting reproduction potentidly reducing the chances of any viable sdeziag

138  produced, and preventing thdbat are viablérom germinaing and establishg. In her

139  study, MacLaren (2016) only found four seedlings across 86 survey sites. Such

140  environmental changes also seem tanbleicing highemortality rates in mature treeBhe
141 aim of this research therefois to investigate how temperature and water availglaffects
142  development id. seravschanica, and to test therimaryhypothesis that altitudinal

143  differences in plant viability relate #olack of soil water availability and high evapo

144  transpirational demand inducing drought stré&é® research presentkdre focusses on seed
145  viability and the early development / establishment success of young plamisdi$ethe

146  research aims to identify practical wapfgeviving the populations af. seravschanicain the
147  wild, andspecificopportunitiedor enhanog the number of young progeny through nursery
148  cultivation and subsequent transplantatiors anticipated that information generated from
149 this research will have application to the conservation of other tree spbowesg similar
150 trends in populationigbility across climatic and altitudinal ranges.

151

152 2. Materialsand Methods

153

154  2.1. Plant Material

155  Three natural populations adini perus seravschanica were identified based on their

156  altitudinal range within the Jabal Shanpart of theAl JabalAl Akhdar mountain range in
157  Oman. These populations were used to mompitant viability at different altitudes within a
158  wider project remit and as a source of seed (and derived seedling plartig)ifatividual

159  experiments described here. The populations weeetsel were:

160  Population 1 (Low altitude) at 2100-2280a$ (N 23°17°07.76 and E 57°09'07.76).

161  Population 2id altitude) at 2302400m asl (N 23°18'06.22 and E 57°06’15.55) and
162  Population 3 (High altitude) at 2500-25if0ad (N 23°19'13.26 and E 57°06’16.02).

163

164  Cones were collected by hafidm each location and transferred to the seed battiein

165 Oman Botanic Gardef©BG). Cones were ground by hand in 2.24 mm steel sjaiedried
166  and avacuum separator (KaiseedWangara, Perth, Australia) uskxseparate seeds from
167 the debrisSeeds were soaked in warm watrd thosehat floatedwvere retainedScianna,
168  2001). Seed was dried in the shade outdoors, counted and stored in paper eavElbpes
169  4°Cin the OBG seed bank.

170

171  For trees propagated in the nursery (i.e. used in Experiments 4)asge8swvere collected
172 from theone locational source, i.Al Jabal Al Akhdar region (at 2300-2350 m ‘&sid

173  altitude’) both in 2007 and 2013. These were soaked in warm water for 24 h to help
174  overcome dormancy and then sown in propagation trays (380 x 240 x 50 mm) using fine peat
175  (Kekkila propagation peat, 0-6 mm)alys were placed in agonditioned glasshouses at 18
176 25°C and irrigated from the base using shallow water baths every two idéeks.

177  germination, seedlings were potted in dit. pots witha 1:1 peat goil mix for approximately
178  oneyear.Subsequently they were potted on into 10 L fies with 3:1 soil / peatmix. In
179  October 2011 the older batchsaplingy(‘'5-yearold stock’) were potted in 45 pots, using
180 the same growing medium. Plants were maintained in controlled environmestoglsssit
181  25-28°C throughouthe growingon period.

182
183  2.2. Experiment 1. The effect of population location (altitude) on seed production and
184  viability.

185  For each altitude range, cones were collected from a populationddfdri@nt trees and
186  grouped as a replicate for a givaltitude. This was donetignes for each locatioduring



187  spring 2015. A population of 9000 cones was selected in total (3 altitudes x 10 trees x 100
188  cones x 3 reps).€kds were extracted and cleaned &mwe). Seeds with signs of insect

189 damage were separatadd counted. The total number of undamaged ‘healthy’ seeds per 100
190 coneswas counted and their viability determined by plhesence of the white fleshy intact

191  embryo (i.e. ‘filled’ seeds). Fresh weight was also measured by seleatoigeb 060 seeds

192  from each rep and weighing these.

193

194  2.3. Experiment 2. The effect of seed source (altitude), stratification and temperature
195  during germination, on ger mination percentage and rate under controlled conditions.

196  Additional seed collecteddm Experiment 1 wereised to determine germination percentage
197 and rateThree hundred seeds frandividual trees agachaltitudinal location wereised and

198  divided into two sulbatches: these weedther placed in a refrigeratat 4°C for three

199 months (Stratified) or stored in paper bags at an ambient room temperature ofrapfaigxi

200 20°C (Control). After three months, seeds were removed from their storage conditions and
201  soaked in warm water for 24 h to help remove any inhibitors to germin8&bches of seed

202  from each tratmentcombination were then planted i® ®hmdia. plastic pots filled with fine

203  peat; 25 seeds being sown in each pot. Pots were placed in incubators at either 15°C or 25°C
204  to determine how temperature interacted with the other factors to influemoimageon.

205 These temperatures weselectedo cover the spectrum of potentially optimum temperatures
206 for the3 altitudinal populations (Al Farsi, unpublished). Photoperiod was set at 12:12 h light /
207 dark and chambers illuminated with white fluorescent la(@ssam L20W 640sa)Each

208 treatment comibation was represented byp8ts (3 altitudes x 2 stratification x 2 growing

209 temperature x 10 trees3xreplications) giving a total population of 360 pots or 988€ds

210 mean values per 3 replications were usednalysis Pots weresubirrigated once every two
211 weeks with germination ratesnonitoredweely over12 weeks. Germination date, number
212 of days to germination and numberseledgierminating per week were recorded. At the end,
213 germination percentageacdmean germination time were calculafEde mean germination

214  time was calculated using the following equation:

215 MGT=Z(n*t)/Zn

216  Where n is the number of germinated seed at each recording time. t is the retboeling

217  days. X n is the sum of total germinated seed$igabu et al. 2007).

218

219  2.4. Experiment 3. Establishment of Juniperus seravschanica plantsthrough seed sowing

220 insitu.

221  Secure Bessuitable for seed and tree plantingre selected within each of the altitudinal

222 ranges under study and used to assess seed performaitgeThese were defined as Low

223 altitude at 2220n asl(N 23°17°'33.4 and E 57°09’07.7a)id altitudeat 2300m ag (N

224 23°18'08.19 and E 57°06’'14.25) ahligh altitudelocated at 257én asl(N 23°19'13.26 and

225 E 57°06’16.02) Sowing plots at each altitude were replicated 3 titmesach of the 9

226  selected fielglots an area of 12 Twas cleard of grasses and rocks and used to evaluate

227  tree regeneration from fielsbown seed. The cleared areas were divided into sub-plots (45 in
228 total each 0.3 x 0.681and watered prior to sowing). The same source of seeds used for stock
229 germination was used foiefd seed germinatign.e. from trees growing naturally at the Mid

230 altitude (2300 m ay. A piece of flat wood was used to ensure seeds were sown at consistent
231 spacing (50 mm apart) and depth (10 mm). Twéintyseeds were sowed in each gt at

232 3 differenttimesof year to increase the chances of successful germination and establishment
233 namely April(just after cone rip@ng on site and before onset of warmer, drier conditions of



234  summer) June Warmest perioc&nd before onset of JuBtigustrain) andSeptembe014

235  (end of summer andfter July-Augustrain). Plots were irrigated once evemgek for one

236  month and then Brigation reatments were applied withr&plicates perrrigation treatment
237  The 3irrigation treatmentappliedwere ‘Irrig.15d’ (2 L applied every 15 days), Irrig.30d (2
238 L irrigation every 30 days) dControl with no artificial irrigation and wheseedavere

239 reliant on natural precipitation. Plots were irrigatgwatering can witha ‘fine spray’ rose,
240 ensuring good distributioof water over each plot

241 In addition to seed being placed in the soil, seed were also sown in pots (130 mm dia.) using
242  either the parent soil from each locatmma 1:1 peat:soil mixEach growing media was

243  represented by 5 pots per location and hosseske2d per pot. The base of each pats

244  inserted into the grounddf stability and to encourage drainage / capillary maardrof

245  water between the pot asdrrounding soil)Pots were watered at the same frequency as the
246  highest rate of irrigation on the plots, i.e. every 15 days.

247
248  2.5. Experiment 4. Establishment of 5-year-old treesin thefield.

249  Five-yearold treespreviously growron at theOBG, seed wereollected in April 2007 from
250 Jabal Shamat 2,300-2,400n asl,were transplanted to experimenfiald plots in each of 3
251  altitudinal locationgsee Exp. 3 above for locations and site preparation) in March 2014
252  (Figure 1A), with 45 specimens being planted at each location. To haiggpWith their

253 initial establishment, planting holes dug out from the soil were 4h#ied’ with a medium

254  comprising a 1:1 ratio of peat and parent soil; this helping roots to proliferate ouhfgom
255  established root ball they had previously been restricted to. After planting, theptyees

256  were uniformly irrigated irrespective of altitude or designated treatmentattempt to aid
257  root establishment in the parent soil. The volume applied, however, was reduced

258  progressively over time to encourage deeper rooting into the soil profile. Once plents we
259 deemed to have become established with new root development into thespii@tants

260 were gently pulledo ensure they were ‘secured’ to the ground) differential irrigation was
261 imposed (November 2014)reatments imposed were @lher irrigation regime(10 L

262 applied every 15 daysl#ig.15d), or lower regimél0 L irrigation every 30 days — Irrig.30d
263  or a Control with no artificial irrigation and where plants were reliant on nattgaiptation
264  post establishment. At each of the three altituttegswere planted ir8 blocks with 5

265 replications per water treatment. Plants were monitored for survival awthgrotil July

266 2016 Physiological stress was determined by sampling foliage for chlordploykscence
267  parameters at monthly intervals (data for Fv/Fm being presented). Chitbridypdrescence
268 wasmeasured on days with low cloud cowvath a‘pocket plant efficiency analysePEA

269  (Hansatech Instrument, King's Lynn, UK); leaves were @a&pted for 20 minutes with leaf
270  clips before measament. Soil moisture levels in plots were nmtoned throughout via

271  capacitance soil moisture probes (Waterscout SM100, Spectrum Technology ot W
272 Texas, USA) and moisture conditions related to nretegical dah from aweather station at
273 each altitudinal site (WatchDog 2900ET, Spectrum Technologies, Fort Wortls, TEXA).
274  Moisture probes were installed vertically, 20 mm deep, arawaglings root ball.Data

275  from the research sites were alsoretated with longeterm climatic data from th8aiq

276  Meteorological Station at 1993 m abl 23°04°26.58 and E 57°39'59.56); approximately 40
277  km from the planting locations.

278

279  2.6. Experiment 5. Establishment of 2-year-old treesin thefield.
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Seed used in this experiment were collected in May 2013 from Jabal Shams at 2,300-2,400
asl. Procedures were similarthose of Experiment 4, with the exception that planting of 2-
yearold stock took place one year later (March 2015), with differential irrigateatrtrents
commencing ilNovember2015 (ending July 2016llanting was delayed by a year
compared to %earold specimens to allow the young trees to acquire sufficient biomass
(Figure 1B) before transplanting; i.e. lagearold stock in March 2014 plantgere variable

in size and some specimens weeey small (< 100 mm highYhese 2yearold stock (2 L
pots)weregiven a reduced volume of waterl(n each occasiorgompared to their older
counterparts, due to their much reduced canopy(Bigere 1) the volume being applied
being proportional to the water use ratios observed for the potted plants on the sitesery
As before, treatments imposed were a higher irrigation regime (2 L appligdlévdays —
Irrig.15d), or lower regime (2 L irrigation every 30 days — Irrig.30d) or a @bwith no
artificial irrigation and where plants were reliant on natural precipitationgstablishment.

At each altitudetrees were planted in 3 blockadjacent to the-yearold blocks) with 5
replications per wat treatment.

2.7. Data handing and statistics.

Analysis of variancéANOVA) was used to determine the significance of different
experimental factorg-isher’s protected least significant difference PLSD (Genstat)sed

to denote significance between two means within multiple comparison post-hotf tests
variance within data sets were ARlesomogenous, then data was transformed by square root,
before commencingn ANOVA. Where data sets wen@nparametriand ANOVAwas not
valid, thena Kruskal Walllis test was employgedith pairwise comparisons used to test
significance between two meamdean data are depicted with associated standard errors
(S.E.) and letters denoting significant differences between means where agieropri

3. Results

3.1. Experiment 1 Theeffect of population location (altitude) on seed production and
viability.
There was a significant difference in seed number per 100 cones between dRtUAEH).
Trees athe Highaltitude produced significantly more seeds per 100 cones (approx. 462) than
trees growing atow (368) or Mid(358) altitudegTable 1) The proportion of seeds
damaged by insects was relatively snialbughout(< 5%, Table 1) and aom-parametric,
Kruskal-Wallis test, indicated no significant influence of altitude in the ptimpoof
damaged seedP€ 0.83. There were no overall significant effects of altitude on percentage
of viable seeds or seed weigRt=(0.1 and® = 0.06)(Table 1).

3.2. Experiment 2. The effect of seed source (altitude), stratification and temperature
during germination, on ger mination per centage and rate.

Multi-factorial ANOVA indicated that germination was strongly influenced by a#i{Bd

0.01) andgermination temperatur® < 0.01)but notstratification treatmentRs 0.20)

(Figure 2) there were no significant interactions between facgdt$ > 0.05. Seeds

sourced from &igh altitude had significantly higher germination percentaigeSC than

those sourceddm Low andMid altitudes(P< 0.01).With stratified seedlerived from the
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High dtitude, 25C suppressegdermination significantlgompared tahe lower temperature
of 15°C (Figure 2).

Results indicated that there was no significant effect of altitude in mean geomirzde(P=
0.39), although the temperature seeds were exposed to during germination taealprent
weresignificant @ < 0.01 Figure 3. Seeds germinated under the lower temperature of 15°C,
taking longer to germinate than those under 2&3@in both casesadd stratificationdelayed
germination

3.3. Experiment 3. Establishment of Juniperus seravschanica plants through seed

sowing in situ.
No seeds germinated after either direct sowing in the ground or into pots. Thisevakah
3 altitudinal locationsSome, but not all field plots showed evidence of soil erosion (after
periods of heavy precipitation) resulting in some seed being buried deeper thzallprig
envisaged. There was no evidence of damage to the seeds from rodents or invertebrates.

3.4. Experiment 4. Establishment of 5-year-old treesin thefield.

Tree survivabf 5-yearold stock was high throughowtth no significant differences
observed between treatments (> 97% survival in all treatments and field sites, over the 21
months of the study, data not shgwilant heigh{Table 2), as assessed on transformed data
was significantly affected by altitud< 0.01) andrrigation treatment P< 0.05) but also by
interactiors (P< 0.05)between these two factgiSigure 4) These factors also influenced
side branch growthP< 0.01 for both), but in this case withaignificant interactionR=
0.27) (Table 2). Growth (height abdanchincrements) tended to be less atlthgh altitude
(above 2500n asl) than the Low altitudéTable 2, Figurel). Irrigation at the Low altitude
however, furtheenhanced plant height (Figure 4) and branch growth (Talsigrjicantly
(P< 0.05).There was @ositiveeffect of supplementary irrigation onaach growth at the
Mid andHigh altitudestoo (P< 0.05, Table 2) but tme was no clear advantadee. non-
significan), in terms of plant heighger se at these altitudes (Figure.4

Values for chlorophyll fluorescenéas/Fmshowed strong seasonal pattemish most

notable reductions associated with some treatments wsunmer $¢elected data sets for
2016 are depicted iRigure 9. For example,here were significant reductions in Fv/Fm
during July 2016 based on altitud®<(Q.01), with plants grown at the Mid and Low altitudes
showing suppressed photosynthetic capacity (Figure 5). Irrigation had no offecilba

plant stress levels at each of the altitudes.

Soil moisturdevels throughout the experimental period were strongly assoeatie rainfall
events (Figure 6 with greatest moisture retention being associatedMiihaltitudinal

location. Applying supplementary irrigation generally enhanced the moisturakahilto

plants, especially undémig.15dtreatment (Figure)7 although actual recorded values could

be low on occasions (e.g. December 2015). Irrigatias particularly important in

maintaining higher moisture levels during the summer periods, e.g. July 2015 and July 2016
(Figure 7).For example in July 2016, recorded moisture levels at the Low altitude plots were
13.8 (Irrig.15d), 7.8 (Irrig.30d) and 4.2°mn® (Control).

Meteowological data also tended to suggest thatHigh altitudeplotsexperienced the lowest
annual temperatures (data for maximum recorded temperatures f@ttéadb is depicted in

8



369  Figure 8 and comparisomade to both the mean and actual maximunpeegtures

370 experience over the last twiecades at theearbySaigMeteorologicalStation). This data
371 indicates that the aximum monthly recorded tempeuets tended to be lower at theghl
372  altitude than either the Midr Low altitudes

373
374  3.5. Experiment 5. Establishment of 2-year-old treesin thefield.

375  Data for plant survival was ngmarametric so &ruskal\Wallis testwas employed to

376  determine significance levelsltitude affected plansurvivalof 2-year old stocKP=0.02,

377  with meanvalues for 87% High, 63% Mid and 76% Low altitudes; the pairwise comparison
378  showing a significant difference between High and Mid vallibere was no overall

379  significant effect P= 0.52) associated wiflrigation fromKruskal\Wallis, but restriction of

380 the data to the Low altitude alone, showed that irrigation level here wascsigh{= 0.05,

381  with more frequent irrigation improving survival i.e. 60% for control, 73% for Irrig. 30d and
382 93% for Irrig.15d (Figure 9). Overall survival during the 16 months post-plaaippgared

383 to be favoured at High altitugdenore variable at Mid altitude (note the relatively large S.E.
384 values indicating plot differences) and strongly dependent on irrigation abthallitude.

385  Branch extension was not measured ore@rold stock, due to the limited number of

386 branches available per plafithere was no overall effect of altitude=(0.61) or irrigation

387 (P=0.32) on plant height extension (interacti®n0.06)(Figure D).

388  Chlorophyll fluorescence values were generally lothesughout with 2yearold plants

389  (Figure 1) than 5yearold plants (kgure 5. Values were significantly affected by altitude,
390 but varied depending on season. Low altitude had higher values during winter andPpring
391  0.01); whereas there were sharp reducti®’sQ.01) in values associated with the July
392 readings for plants in the Low altitude (all values < @8bhis point, additional irrigation
393  had no effect on relieving the stress being experienced by these plants. Vakigseatar
394 for trees grown at High altitudes, although still below 0.7, which is often considhered t
395 threshold for when plants start exjencing stress (Fangian and Guy, 2004). Of note was
396 the fact that plants under the Irrig.15d regime at the High altitude hadelldbw values
397 compared tequivalent plants at other altitudésoughout the winter and spring periods,
398  suggesting thiahese plants may have been experiencing other forms of abiotic(setgess
399  chilling), rather than just high temperature or water shortage.

400
401 4. Discussion

402  This researclkdemonstrates that factors associated with altitude are influencing the yiabilit
403  of Juniperus seravschanica populations in the mountains of Oman. This confirms and re-
404  enforcegrevious observations on foliar die-back noted on mature trees and a lack of natural
405 regeneration due to an absence of young trees and seedlings within the taatls€isher
406  and Gardner, 1993 Haddabi and Victor, 2016; MacLaren, 201B)e data presented here
407 illustratesthattreesgrown at lower altitudes agroducing less seeslith reduced

408 germination ratethan seed derived from trees growin@digheraltitude. This has

409 implications for the natural regeneration of tree stahésager altitudes, but also is

410 symptomatic of the health status of existing trees growitigegelower elevations in Oman.
411  Such results are consistent with recent repartstber arid and semarid tree species. Here
412  too,abiotic stres$ias been linked withegative effec ontree abundance and seed

413  production, thus limitinghew seedlings recruitment, eRjnus ediuls in southwestern USA
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(Redmondet al, 2015, Moringa peregrine in the mountains around the Red Sdadazy et
al. 2008) and. procera andOlea europaea subspcuspidata in northern Ethiopia (Aynekulu,
et al, 2011).

The systematic approach taken here to observe plant development underosected
conditionsconfirmsthat loss of viability in some populationsbferavschanica is climate
related.Seed and tree material planted in the field was protected from human and livestock
interference in these studies, thereby eliminating browsing pressurecamasbiloss

(collection of branches for fuel) as factors reducing the viability of theseg treeswWe
therefore conclude that abiotic factors related to climatiditions and perhaps regional
climatic shifts are adding to the pressure on native populatichsafivschanica.

4.1. Environmental stress on young trees

The ability to cope with these abiotic stress factors was influenced malkedlsint age,

with older (5yearold) potgrown treedeing more resilient and establishingtter than
younger, 2yearold stock when planted out in the natural environment (‘fielchese
plantings were carried out in different years (2014 fge&rold and 2015 for 3«arold

treeg and plants given different volumes of water (in proportion to their canopy sizes) so
experience of stress factors may have varied sligiatiyween the two age groypgncesome
caution may be required in making direct comparisons. Nevertheless, the periodchattegpl
of the 5yearold trees (Jan 2015-Jul 2015) was generally drier than the equivalent period
after planting of the 3earold material (Jan 2016-Jul 2016; Figure 6), yet it was the older 5
year old plants that established more successfully. Indeed,ya&-6ld plants had relatively
high survival rates irrespective of altitudinal location or the irrigation regihesswere
exposed to. Even plants that weo# given any irrigation after initial establishment retained
greater than % survival rates. In contrast, significant plergses were experienced in 2
yearold stock, especially when planted in &l altitude, or planted in the Low altitude and
not provided with supplementary irrigatiorhe fact thasurvival improved for those young
specimens grown at the Low altitude when supplementary irrigation was prougipess
strongly that moisture availability is a criticalctorin improving treeviability, atleast for

the warmer, lower altitudes where evapanspirational demand may be great€hisis re
enforced by evidence from previous studles least injury in théower altitudenatural
populations corresponagth more mesic soils, where drought may be less common
(MacLaren, 201p

Growth was also enhancedsome casewhen artificial irrigation was supplied to treés
theLow altitude supplementary irrigation ineased tre@eight and sidé&ranchextension of
the 5yearold stock. This is likely to result in a greater foliar canopy area, and gesaier
capacity to generate photosynthates. This in turn will promote subsequent roibt gnolw
can encourage root proliferation deeper down thepsoille (Grossnickle, 2006 Thus the
development of roots growing vertically downwards can capitalise on naturalireois
reserves found deeper in the solil profile, and is a common survival strategy adoplaatdy
in arid environments (Jackson et al., 1996; Canadell et al., 1996; Peek et al., 2006). The risk
of artificial irrigation, however, is that if only the upper profildgtee soil are wetted, then
root proliferation mayonly occur at the surface (Fernandez et al., 1991; Sokalska et al.,
2009),renderingthe treemore susceptible to drought stress should the artificial supply of
irrigation ever ceasgsilman et al., 2003; Cameron and Hitchmough, 20R&pular
irrigation also limits the capacity of the tree to condition itself agaimgsubsequent severe
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460  droughtit might experience after irrigation is withdrawn. This is because acclimation to

461  severe droughs itselfelicited by exposure to drying soil, or short periods of moderate, sub-
462 lethal, water stresgCameron et al., 2008l irri gation is sufficient and regular, then plants
463  may never experience t@derate levelsf stresghat naturally induce the acclimation

464  response.

465  Access to water, however, may mattirely explainviability of Juniperus seravschanica

466  populations. TieMid altitude wasassociated with greater rainfall and highell moisture
467  content than other locations, ksiill experienced significant loss ofy2arold trees At this
468  altitude, howeveriatemperatures tended to mirror those of the Low altitudesr@es t

469  experienced greater maximum temperatures than thétiglaaltitude). Thigaises the

470  hypothesis thateat stress iacting as anndependenlimiting factor at thesdlid and Low
471  altitudes,and future research should aim to verify thisw Fv/Fmvaluesduring summer (<
472 0.7)despite supplementary irrigatioprovides some support for this argument.

473  If excessive heat is inducing a secondary stress on plant material, then tbatiompfor the
474  long term viability of thel. seravschanica populations is not positive, at least for those
475 located at thé/lid and Low altitudes. Our data collected over the last tyeaes, suggests
476  that the high temperatures experienced during this paretypicallyless than tbse

477  documented fonearby locabns over the last twdecades (Figur8). It is unclear how the
478  treesplanted here would respond to the higher temperatiaésan occur in the region, and
479  which may become more frequent as climate change impacts are realisgite Der finding
480 thattreeviability is improved considerably if older stock is figithnted and given

481  supplementary irrigation during establishment, this does not take account ot tinvatfac
482  temperatures higher than those experienced over theytmesf the study periodhay still
483 limit their potential in futuregspecially agn increase in a meamaximum temperaturef
484  2°C between 2011 to 2049projected for tts area(Al-Charaabi and A¥ahyai, 2013).

485 Indeed, the dieback observed in natural populatiodsroperus atlower elevationscould be
486  caused by high temperature stress. Current research is underway to ekasgne t

487  populations more closely tteterminegf treesgrowing in coolershadier locations are

488  proving more resilient than those in open areas exposgeater solar radiatipand that
489 thisis not due solely to moisture availability (MacLaren, 2018)e reality is that although
490 the 5yearold trees have established well, they have noeyperienced the very high

491 thermal pressures that couldtigpical of the region in future.

492  Although the key stresses identified by the research were due to watds defithigh

493  temperatures in summer, there was also some evidence that lower growthd s@nan

494  relatively low Fv/Fm values (see Figuté- Feb2016 High and Mid altitudes) could relate to

495 lower winter temperatures in these locations (data not shown). The Mid locatierafople

496  was surrounded by montane ridges and could trap cold air as it flowed down the slopes of the
497  mountain. There was noieence of long term or significant damageweverassociated

498  with colder winter temperatures.

499  Previous researctuggest that greatemoisture availability and cooler temperatures (and

500 hence, in practicdpnger growing periods in summer) favour the development of taller trees
501 further up the mountain profileal Haddabi and Victor, 2016). The highest study plots

502  (2350m asl) in theAl Haddabi and Victor (2016) survey, however, are equivalent to our Mid
503 altitude treatmentand these authors did not determine tree growth at altitudes represented by
504 our High treatment (i.e. at 2570 m asl). In thiesenstudy, however, we generally found the

505  opposite trendn thatextensiorgrowthwas less in those treptantedat higher altitudes. It

506 should be noted of course that our timeframe wesg shortrelative to thespecies entire
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lifespanand caution is required in interpreting such skemta growth trendsNevertheless,
our growthdatacombined with the winter chlorophyll fluorescemesultssuggest that
growth potentiaht the top of the mountaimsay be impairedy cold as well as by drought
and heat at the lower altitudes during summer. Other factors, however, cannotifeted
from explaining the variations in growth between the plot sites in this study, imgltaditors
due to soil nutrient levels or the rapidity by which the young plants becameastsdlil.e.
the degree to which they experienced a transplant shock affererdi sites).

4.2. Environmental stresson seeds

Abiotic stress may have affected the ability of seeds to germinate@ndrgthe natura
environment. This could be througtedirect influence of climatic factors mreducing seed
number and viability, e.g. drought decreased the proportion of §dledn J. thurifera

(Mezquida et al., 2016) and hightemperaturedecrease seed production by 40% Hinus

edulis (Redmond et al., 2012 here may also be indirect effects, such as stress reducing the
canopy density of adjacent mature trees, thereby altering the-aliimiatic conditions that
normally favour seedling development. (Redmendl, 2019. An attempt to regenerate

tree populations via direct sowing of seed into the ground (gira altitudes) was
unsuccessful. This may have been due to a variety of reasons: poor viability (although
batches of the same seeds had up to 22% germination under controlled conditions), abiotic
stress in the field, including periodic water stress (despite regulatioriga some
treatmentsput also paradoxicallygverwetting during heavy precipitaticand theallied

difficulty for the hymcotyls to break through soils that had become cagpftedrain(i.e.

where acrust forms on the soil surface and this impedes the movement of moisture and air to
the seed, but also induces a physical barrier to the developing shoot and leaves). Sowing
sedls in peat / soil media in pgtéacedin the natural environment proved no more

successful, however, although again this could relate to oscillations in moistlabifiiai

within the pots. In contrasp the failure to germinate seeds in the figdd se, germinating

seeds and growing-on seedlings in a nursery before transplantimgloeifieldwasmore
successfulln controlled conditions within the nursery, germination percentage of seed was
promoted by lower temperatures {C5compared to 2&) for seed collected at Higtititude

This trend was less evident, however, for seed from the Low altitude, perhapstisggipat
seed derived from this warmer zone has some adaptation to higher temperatages duri
germination.

Germinating seed on a nursery and raising seedlings under cultiappeared to be a more
effective approacko ensuring good numbers of young trees are made available to support
existing populations. The procedusessociated witlprotected cultivatiophowever, are

likely to be more resource intensive in practice, especially in terms of |akatar, growing
media and transport costs, but baseth@research at leasheyare a more viable way to
re-establish tree populations in the wild.

4.3. Procedures and recommendations to conserve J. seravschanica within Oman

Collectively, our results support the hypothesis that the populatiahsasfivschanica

growing at thedwer altitudinal ranges within the mountains of Oman are under stress, and
that this stress is at least partially explained by climatic factors driving diigiasd higher
temperatures. This is augmented by further pressure on tree populational{sétiddls, but

12
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again worst at theler elevations) due to over-browsingllwestock and physical damage
to trees through human activities. There was no evidence from this and allied &tuldits
that tree stocks are being impacted by plant pathqugerse, or regeneration limited by
rodent activity or other pest species. Research-goamg with respect to the lortgrm
viability of J. seravschanica andits associated ecosystem. Nevertheless, based on the
research presented here and from recent literatteanmary recommendatiorie conserve
J. seravschanica in the mountains of Omanclude:

e Continue to minimise human and livestock activity in the remaining starlds of
seravschanica through effective fencing and sigrosting; priority being given to
those trees currently growing in dampegsiczones (such as wadi or depression
sites) or shaded areas.

e |dentify ‘superior’ trees growing in the wild which are demonstrating soegeee of
tolerance to water and heat stress, and harvest seeds from these on the bassethat t
may inherit some of tlse tolerance traits.

e Reintroduce young trees through a cultivation programme based on nursery
production, with groportion of the trees being derived from paremeiets designated
as having superiatress tolerancélant older, larger trees (e.gy&arold material)
as these appeto establish better than younger stock.

e Plant the young trees in a variety of sites and locations, but ensuring good numbers
are planted in wadis, shaded north facing slopes, and wilsting stands of mature
trees(so called refugia sites, MacLaren, 2016).

e Provide irrigation until young trees become established. A practical consequence of
this is that irrigation needs to be managed to ensure trees are ‘wdfinied
artificial supplies of water. For example, progressively reducing the volppiea
on eab occasion, or increasing the periods between subsequent watering events.

e Monitor the development of young trees across a range of contrasting sites and
altitudes to help further identify potential problems or verify procedures that ar
aiding the recovery of the species.

e Continue controlled studies to investigate miiés heat stress and tolerance to it
within J. seravschanica. Investigatehe extent to whicheat andvater stress interact
to affect the viability of young trees.

e Establish additional protected sites for Juniper, particularly at highdatit

e Provide studieso assess thgenetic statuand variabilityof Juniperus treesto
consideilits viability in this geographicallysolated locationand to avoid localiseid-
breeding.

4.4. Implicationsfor the conservation and management of montane tree species within
the context of a changing climate

It is anticipated that information from this research will aid the practical conserad J.
seravschanica, but also highlights the influence of climate change on other montane plant
species, and what practical measures should be considered in aiding thevatmmsérhe
research raises the controversial dilemma facing conservationists, iartfeahative plant
populations may in the future only survive through active management (in this ¢tastnge
stressadapted superior progeny, growing trees in nurseries and irrigatingaftesm
planting). As well as the financial implications, this raises a range of ethigakiast least in
that attempting to deal with anthropogenic climate change; humans will interfere with
‘ecological processes’ such as natural vegetation succession through tineitodesnserve

13
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notable, iconic species. In the case of the Ojaaiper, on the assumption itssifficiently
genetically distinct fronother populations af. seravschanica, then perhaps even more
controversially the concept of assisted migration to other mountain rangegtfoiis

natural distributione.g. western parts of the Zagros mountain range i Wwhere
temperature and rainfall patterns are more conducive for survival should be cahJitere
speciess unlikely to reach these areas through natural means, so an introductorynpmegra
would be required. The pros and cons of assisted migration are well documentetqRicci
and Simberloff, 2009; Vitt et al., 2010; Williams and Dumroese, 2013; Koraletski,
2015;Sansilvestri et al., 2015 ) and include ; the ability to conserve a plant species (and
potentially a component of its linked ecosystem, as is the case with a keystoas speki
asJ. seravschanica) balanced against the potential to introd invasive alien plants to a new
site, or damaging fauna or mieooganisms associated with the translocated species. Such
factors can radically disrupt the ecosystem composition, development and functiothiaeg of
‘host’ site. So the potential impacts the ecosystem processes and services of any host site,
e.g. primary and secondary production, hydrology, nutageles and existing foodrebs

need to be carefully considered before an assisted migration is undertakght. dhthis,we
concludethatevery attempt should be made to assist the retention of viable populalion of
seravschanica in the mountains of Oman through the active management processes outlined
here, whilst in the longer term evaluating whether assisted migration is apfgdfeasible

for this species. Moreover, such active management processes are likehheo aid t
conservation of other montane tree species too, similarly under threat freasingly arid
soils and raised aerial temperatures.

4.5. Conclusions

This research demonstrates thaib#c stress, particularly drought stress and potentially heat
stress affect the viability, growth potential and photochemical efficiengguigJ.
seravschanica trees in the fieldincreases in thes#ress factors are compatible with the
impacts of climate change in the region, with trends recorded here being detednst

other montane tree specigdlen et al., 2010)Thisis typified by a reduction in tree viability

at lower altitudes andverdl loss of habitat as tree populations shrink due to a lankwf

land to coloniseData here indicated that trees located at.the altitudes experienced

higher temperatures and presumalpigater evaptranspirational demand than those placed
attheHigh altitude Older pot-grown stock showed more resilience than younger trees, post
transplanting. Within the current study, supplementary irrigation was reciitbelLow
altitudeto ensure the youngest y2arold) trees survived, although older specimens could
survive without irrigation after the initial establishment phase. It is undiesvever, how

such plants will tolerate more extreme moisture deficits and higher tempethtaitresuld be
experiened in future. It is prudent that current conservation efforts concentrate on reducing
the anthropological impact on wild populationslo$eravschanica and that the wild
populations are supplemented with young trees derived from nursery grown stock. The
planting of these should be concentratethecooler and damper locations throughtie
mountain landscapas well as asuitable habitat at higher altitudeghere natural

colonisation is slow or inhibited by other factors (for example soil cappingsioer

restricting the establishment of seedlinds)nger term strategies for this, and indeed other
montane specigssub-populationsvithin the context of a changing climate, is to consider
assisted migration to more conducive environments, despite the risks this brings.

References

14



646
647

648
649
650

651
652

653
654
655

656
657
658
659
660

661
662
663

664
665
666

667
668

669
670
671

672
673

674
675

676
677

678
679
680

681
682
683

684
685
686

Adams, R. P., 2014. The junipers of the world: The gdoniperus. 3rd ed. Trafford Publ.,
Victoria, BC.

Adams, R.P., Al-Farsi, A. and Schwarzbach, A.E. 2014. Confirmation of the soutbstn-
population ofJuniperus seravschanica in Oman by DNA sequencing of nrDNA and four
cpDNA regionsPhytologia, 96: 218-224.

Al-Charaabi, Y. and A¥ahyai S. 2013. Projection of future changes in rainfall and
temperature patterns in Omalournal of Earth Science and Climate Change, 4:154-161.

Al Haddabi, L. and Victor, R. 2016. The ecological status of juniper woodlands in Al Jabal
Al Akhdar, northern mountains of Omadnternational Journal of Environmental Sudies, 73
746-759.

Allen, C.D., Macalady, A.K., Chenchouni, H., Bachelet, D., McDowell, N., Vennetier, M.,
Kitzberger, T., Rigling A., Breshears D.D., Hogg E., Gonzalez P., Fensham RgnZ@an
Castro J., Demidova N., Lim J-H., Allard G., Running S.W., Semerci A. and Cobb N. 2010.
A global overview of drought and heiaduced tree mortality reveals emerging climate
change risks for forestsorest Ecology and Management, 259 660-684.

Aynekulu, E., Denich, M. and Tsegaye, D. 20B8generationasponse ofuniperus procera
andOlea europaea subspcuspidata to exclosure in arg Afromontane forest in Northern
Ethiopia.Mountain Research and Development, 29 143-152.

Aynekulu, E., DenichiM., TsegayeD., Aerts,R., Neuwirth,B. and BoehmerH. 2011.
Dieback affects forest structure in a dry Afromontane forest in northeropiahiournal of
Arid Environments 75:499-503.

Breckle, S.W. and Wucherer, W., 2006. 16 Vegetation of the Pamir (Tajikistan): Land Use
and Desertification Problemsiland Use Change and Mountain Biodiversity, p.225.

Cameron, R., HarriseNlurray, R., Fordham, M., Wilkinson, S., Davies, W., Atkinson, C.
and Else, M. 2008. Regulated irrigation of woody ornamentals to improve plant quality and
precondition against drought stredsnals of Applied Biology, 153 49-61.

Cameron, R. and Hitchmough, J. 2016. Environmental Horticulture: Science and
Management of Green Laraigpes. CABI313pp.

Canadell, J., Jackson, R., Ehleringer, J., Mooney, H., Sala, O. and Schulze, E.D. 1996.
Maximum rooting depth of vegetation types at the global sCmmlogia, 108 583-595.

Ciesla, W.M. 2002. Juniper foresasspecial challenge faustainable forestryorests, Trees
and Livelihoods, 12 195-207.

El-Juhany, L.1., Aref, .M. and Al-Ghamdi, M.A. 2009. Effects of different fpe&tments on
seed germination and early establishment of the seedliRlysipérus procera trees.World
Application Science Journal, 7: 616-624.

Fangyuan, Y.U. and Guy, R.D. 2004. Variable chlorophyll fluorescence in response to water
plus heat stress treatments in three coniferous tree seedbugsl of Forestry Research,
15: 24-28.

Fernandez, J.E., Moreno, F., Cabrera, F., Arrue, J.L. and Martin-Aranda, J. 1991. Drip
irrigation, soil characteristics and the root distribution and root activity of tries Plant
and Soil, 133 239-251.

15



687
688
689

690
691

692
693
694

695
696
697
698

699
700

701
702
703

704
705
706

707
708

709
710
711

712
713

714
715
716

717
718
719

720
721

722
723

724
725
726

727
728

Fisher, M. 1997. Decline in the juniper woodlands of Raydah Reserve in southwestern Saudi
Arabia: a response to climate changésdbal Ecology and Biogeography Letters 1997: 379-
386.

Fisher, M. and Gardner, A.S. 199%he status and ecology oflaniperus excelsa subsp.
polycarpos woodland in the northern mountains of Omdegetatio, 119 33-51.

Garcia, D., Zamord&., Hodar, J.A. and Gomez, J.M. 1999. Age structudeimperus
communis L. in the Iberian peninsula: Conservation of remnant populations in Mediterranean
mountainsBiological Conservation, 87: 215-220.

Gardner, A.S. 1999. The reptiles and amphibians of Oman: Herpetological history and
current status. Pages 65-88 in M. Fisher, S.A. Ghazanfar, and J.A. Spalton, Eaktors.
Natural History Of Oman: A Festschrift For Michael Gallagher. Backhuys Publishers,
Leiden.

Gardner, A.S. and Fisher, M. 1996. The distribution and status of the montane juniper
woodlands in Omarldournal of Biogeography, 23 791-803.

Gauquelin, T., Bertaudiere, V., Monté, Badri W. and Asmode, J.F. 1999. Endangered
stands of thuriferous juniper indlwestern Mediterranean basirtdiogical status,
conservation and managemeBiodiversity and Conservation, 8: 1479-1498.

Gilman, E.F., Grabosky, J., Stodola, A. and Marshall, M.D. 2003. Irrigation and container
type impact red mapléd¢er rubrumL.) 5 years after landscape plantidgurnal of
Arboriculture, 29 231-236.

Grossnickle, S.C. 2005. Importance of root growth in overcoming planting $iesss.
Forests, 30 273-294.

Hegazy, A., Hammoud®&)., LovettDoust, J. and Gomahl, 2008. Population dynamics of
Moringa peregrina along altitudinal gradient in the northwestern sector of the Red Sea.
Journal of Arid Environments 72:1537-1551.

Jackson, R., Canadell, J., Ehleringer, J.R., Mooney, H., Sala, O. and Schulze, E. 1996. A
global analysis of root distributions for terrestrial bion@=cologia ,108 389-411.

Koralewski, T.E., Wang, H.H., Grant, W.E. and Byram, T.D. 2015. Plants on the move:
assisted migration of forest tem the face of climate chandeorest Ecology and
Management, 344 30-37.

Long, D. and Williams, J. 2007. Juniper in the British Uplands: the Plantlife juniperysurve
results. pp. 33. available at http://www.plantlife.org.uk/uploads/documents/Juejquet-
2007.pdf (Last access 27 January 2017).

MacLaren, C.A2016. Climate change drives declineJoriperus seravschanica in Oman.
Journal of Arid Environments, 128 91-100.

Matwani D. 2011. People and plants: the storyuwfiperus woodland in Hayl Al Juwari.
Master Thesies, Imperial College, London, pp.70

Mezquida, E., RodguezGarda, E. and Olano, J. 2016. Efficiency of pollination and
satiation of predators determine reproductive output in Ibduaiperus thurifera
woodlandsPlant Biology, 18:147-155.

Milios, E., Pipinis, E., Petrou, P., Akritidou, S., Smiris, P. and Aslanidou, M. 2007. Structure
and regeneration patterns of thumiperus excelsa Bieb. stands in the central part of the

16



729
730

731
732
733

734
735
736

737
738

739
740

741
742
743

744
745
746

747
748

749
750
751

752
753
754

755
756

757
758

759

760

761

762

763

764

Nestos valley in the northeast of Greece, in the context of anthropogenic distudrahces
nurse plant facilation.Ecological Research, 22 713-723.

Peek, M.S., Leffler, A.J., Hipp, L., Ivans, S., Ryel, R.J. and Caldwell, M.M. 2006. Root

turnover and relocation in the soil profile in response to seasonal soil wateowarniai
natural stand of Utah junipeiuniperus osteosper ma). Tree Physiology, 26. 1469-1476.

Redmond, M. D., Cobl\. S, Clifford, M. J.and BargerN. N. 2015. Woodland recovery
following droughtinduced tree mortality across an environmental stress graGiebal
Change Biology, 21:3685-3695.

Redmond, M. D., Forcella, F. and Barger, N. N. 2012. Declines in pinyon piee co
production associated with regional warmiggosphere, 3:1-14.

Ricciardi, A. and Simberloff, D. 2009. Assisted colonization is not a viable conservation
strategy-Trends in Ecology and Evolution, 24 248-253.

Sansilvestri, R., Frascarlaacoste, NandFernandeMManjarrés, J.F2015. Reconstaiing a
deconstructed conceptolty tools for implementing assisted migration for species and
ecosystem managemeBRnvironmental Science and Policy, 51: 192-201.

SassKlaassen, U., Leuschner H.H., Buerkert, A. and Helle, G. ZD@&® ring anassis of
Juniperus excelsa from the northern Oman mountains. In Proceedings of the
Dendrosymposium 2007, May 3rd-6th 2007, Riga, Latvia: 83-90.

Scianna, J.D. 2001. Rocky Mountain juniper seed collecting, processing and germinating
Native Plants Journal, 2. 73-78.

Sokalska, D.I., Haman, D.Z., SzewkzW., Sobota, J. and Deren, D. 2009. Spatial root
distribution of mature apple trees under drip irrigation sysfgrmcultural Water

Management, 96 917-924.

Tigabu, M., FjellstromJ.,, Odén, P. Cand TeketayD. 2007. Germination qfuniperus
procera seeds in response to stratification and smoke treatments, and detection of insect-
damaged seeds with VIS+ NIR spectroscdyew Forests, 33:155-169.

Vitt, P., Havens, K., Kramer, A.T., Sollenberger, D. and Yates, E. 2010. Assisted omgrati
of plants: changes in latitudes artges in attitude®iological Conservation, 143:18-27.

Williams, M.I. and Dumroese, R.K. 201Breparing for climate change: Forestry and assisted
migration.Journal of Forestry, 111 287-297.

17



765  Figure 1. Fie-yearold (A - left) compared to ¥earold (B - right) specimes of Juniperus
766  seravschanica planted in the field
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Figure2. Germination percentage of seed collected from different altit(idiggh, Mid and
Low) with two pretreatmens (Control, Stratifed and germinated under twemperature
regimes(15 and 25°C)Data are mear SE Barswith different bwercase letterindicate
significant effect ofgermination temperature a&ame altitudewhereasuppecase lettes
indicate significant effect okeed source (altitude) at same -pEatmentand growing
temperatureThe effect of prdareatment is not indicated dteanon-ssignificant effect.
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790 Figure3. Germinationrateof seed as affected liywo pretreatmend (Control, Sratified) and
791  growingtemperature (15 and 25°@atais pooled fronthree altitudesind represents means
792 = SE.Bars with differentdwercase letters indicate significant effect of-freatment at same
793 germination temperature whereas uppercase letters indicate significant oéfigrwing
794  temperature.
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Figure 4 Plant height increment (mm. data square root transformedyaea#s!d trees
planted at different altitudes (High, Mid and Low) and watered under differegation
regimes(every 15 days = Irrig.15d, every 30 days = Irrig.30d and rftcceattirrigation =
Control).Data are meath SE (n=15). Barsvith different bwercase letters indicate
significant effect of irrigation regimes at same altitude whereas uppdetts's idicate
significant effectn different altitudes at same water treatment.
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808  Figure 5. Chlorophyll fluorescence values (FvjFrh5-yearold trees during winter

809 (February 2016), spring (May 2016) and summer (July 2016) when grown at different
810  altitudes (High, Mid and Low) and under different irrigation regimes (every 15=days
811  Irrig.15d, every 30 days = Irrig.30d and no artificial irrigation = Contidfta are mean +
812  SE (n=15). Bars with differeétters indicate significant effeof altitudesat eachrrigation
813 treatment
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815  Figure6. Rainfall events over time andismoisture content (fim?) in nonirrigated plots

816  containing Syearold-trees. Plots located at Low, Mid and High altitudes.
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820  Figure 7. Soil moisture (frm™) availability over time in the plots containingy8arold trees.
821 Plots located at Low, Mid and High altitudes and irrigated at every 15 dayg.£5d, every
822 30 days= Irrig.30d or withno artificial irrigation= Control.
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832

Figure 8.Maximum monthly temperatures recorded at the three altitudes (High, Mid and

Low) and data compared to that from weather station (depicting mean maximum
temperatures and peak recorded temperature for the last two decades).
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833  Figure9. Survival rate of 2«arold trees planted at different altitudes (High, Mid and Low)
834 and watered under different irrigation regimes (every 15 days = Irrig.15d, &¥elgys =

835 1Irrig.30d and no artificial irrigation = ControlRata are mean + SE (nx3Ba's with different
836 lettersrepresensignificantpairwise differences resulted from Kruskahllis testof

837 irrigationtreatmentt Low altitude.
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840  Figure 10 Plant height increment (mm) iny2arold trees planted at different altitudes
841  (High, Mid and Low) and watered under different irrigation reginfegery 15 days =

842  1Irrig.15d, every 30 days Irrig.30d andno artificial irrigation= Control).Data are mean +
843  SE (n=14).
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849  Figure 11 Chlorophyll fluorescence values (Fv/Fof 2-yearold trees during winter

850 (February 2016), spring (May 2016) and summer (July 2016) when grown at different
851 altitudes (High, Mid and Low) and under different irrigation regimes (every 15=days

852  Irrig.15d, every 30 days = Irrig.30d and no artificial irrigation = Contiddta are mean +
853  SE (n=14)Bars with different letters indicate significant effect of altitudes at same water
854  treatment.
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Tablel. Total seed number, percentage insect damaged and filled (viable) seed per 100
cones; and fresh weight of 50 seeds frdumi perus cones collected from three different
altitudes(High, Mid and Low) Data are mean $SE (n=10). Differentetters indicate
significant effect of seed source (altitude).

Seed numbefr  Insect Filled (viable)  Fresh weight
100cores damaged seed seed%) 50 seeds (g)
(%)
High altitude  462+16.4A 4.61£2.0* 15.3+1.8* 0.70+0.07*
Mid altitude 358+23.2B 2.6+0.5* 13.3+2.1* 0.88+0.05*
Low altitude  368+16.1B 4.9+1.8* 9.5+1.7* 0.89+0.05*

* no multiple comparison was applied due to rsignificant effect.
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Table 2.Growth increments (plant height and branch extension [mm])yed&-old trees
planted at different altitudes (High, Mid and Low) and watered under differegation
regimes (every 15 days = Irrig.15d, every 30 days = Irrig.30d and no ariifigation =
Control).Data are mean = SE (n=1%pwer-case letter indicates effectiofigation
treatment within altitude and uppease letter indicates differences between altitudes.

Growth increment (mm)

Altitude Irrig.15d Irrig.30d Control
Plant height* High 24+1.7 25+2.0 24+2.6
Mid 34+3.7 45+7.5 38+4.3
Low 78+20.1 78+16.3 3716.0
Branch length High 23+2.5aA 19+1.3abA 15+1.1bA
Mid 29+2.7aB 29+2.7aB 22+1.5bB
Low 35+4.5aC 39+3.8aC 23+£3.0bB

*Significance testperformed on transformed data for plant height.
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