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Abstract

1. Forest-grassland mosaics, with abrupt boundaries between the two vegetation types,
occur across the globe. Fire and herbivory are widely considered primary drivers that main-
tain these mosaidsy limiting tree establishmem grasslands, while edaphic factors and

frosts are generally considererbe secondary factors that reinforce these effects. However,
the relative importancef these drivers likely varies across systeimgarticular, although

frostis knownto occurin many montane tropical mosaics, experimental evidendtsfaie

asa driving factoiis limited.

2.  Weused replicateth-situ transplant and warming experimetatgxamine the role of
microclimate (frost and freezing temperatures) andisaifluencing germination and seed-
ling survival of both native forest trees and alien invasive Acacia itreggasslands of a tpe

ical montane forest-grassland mosgaithe Western Ghats of southern India.

3.  Seed germinatiaf both native and alien tree species was highgrasslands regard-
less of soil type, indicating that germination was notitinging stageo tree establishment.
However, irrespective of soil type, native seedlimggrasslands incurred high mortalft/-

lowing winter frosts and freezing temperatures relatveative seedlings adjoiningfor-
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ests where freezing temperaturés mbt occur. Seedling survival through the tropical winter
was thus a primary limitatioto native tree establishmeintgrasslanddn contrast, alien

Acacia seedlings grasslands incurred much lower levels of winter mortality. Experimental
nighttime warmingin grasslands significantly enhanced over-winter survival of all tree seed-

lings, but increases were much greater for alien Acacia than for native tree seedlings.

4. Synthesis: Our results provide evidence for a primary role for frost and freezingaemper
turesin limiting tree establishmein grasslandsf this tropical montane forest-grassland
mosaic. Future increasastemperature are likelty release trees from this limitation arad f
vour tree expansion into grasslands, with rafesxpansion of non-native Acacia likelybe
much greater than that of native tréé& suggest that studies of frost limitatit;mplant es-
tablishment are needed across a range of tropical ecosystesyes/aluate the generaht

portanceof frostasa driver of vegetation transitiomsthe tropics.

Keywords: Acacia, abrupt transition, climate change, determinants of vegetation structure,

shola-grasslands, Nilgiris, Western Ghats

I ntroduction

Mosaics of forest and grassland patches, with abrupt transitions between the two, are a recu
rent feature of vegetation across the globe (Bond & Parr, 2010; Parr, Lehmann, Bdnd, Hof
mann, & Anderson, 2014). Such mosaics are fanmdgions characterizegy contrasting

climatic and edaphic conditions ranging from the Afromontane forest-grassland mosaics of
Malawi and Madagascar, the Shola-grassland mosaics of the WestermGidits, the

Patanasn Sri Lanka and the South Brazilian Campoghe grassy baldsf Australia and
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South Appalachian North America ( Bond, Silander, Ranaivonasy, & Ratsirarson, 2008;
Delcourt & Delcourt, 1997; Meadows & Linder, 1993; Moravek, Luly, Grindrod, & Fairfax,
2013; Overbecletal., 2007; Pemadasa, 1990; Pemadasa & Amarsinghe, 1982; Thomas &
Palmer, 2007; Webb, 1964). The existence of these forest-grassland mosaics has been long
debated (Bonetal., 2008; Meadows & Linder, 1993; Moravekal., 2013; Overbecktal.,

2007; Thomas & Palmer, 2007; Weigl & Knowles, 20ad)heir occurrence contradicts the
conventionafone climate-onebiome’ view of a single climax vegetation community for a
given climate (Bond, 2005; Clements, 1936; Moncrieff, Bond, & Higgins, 2016; Staver,
Archibald & Levin, 2011a). Interestingly, most of these mosaics occur under climates where
global biome distribution modiepredict the existence of forests and not grasslands (Bond,
2008; Bond, Woodward, & Midgley, 2005; Olsetal., 2001; Whittaker, 1975Why, then,

are trees unabl®e establishin these grasslands?

Ecologists have invoked a rangkdifferent explanations for the abserddreesin the
grasslands of these mosaics. A historical view has been that these grasslands ame anthrop
genicin origin, having ariseasa result of human clearing of forests, resultmghe mosaics
observed today (Bond & Parr, 2010; Joshi, Sankaran & Ratnam, 2018; Thomas & Palmer,
2007). However, paleo-ecological evidence and the levels of endémilkase grasslands
indicate that many of these mosaicsiariact ancient ecosystems that pre-date humas: pre
ence andgoare unlikelyto be anthropogenim origin (Bondetal., 2008; Dumig, Schad,
Rumpel, Dignac, & Kogel-Knabner, 2008; Karunakaran, Uniyal, & Rawat, 1998; Meadows
& Linder, 1993; Overbecktal., 2007; Paretal., 2014; Pemadasa & Amarasinghe, 1982;
Premathilake, 201ZWkumar, Ramesh, Pant, & Rajagopalan, 1988 alternate mechanism
frequently invokedo explain the maintenana# mosaics of closed forests and open grassy

vegetations fire (Bondetal., 2005; Bond & Parr, 2016tirota, Holmgren, Van Nes, &
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Scheffer, 2011; Stavextal. 2011a; Staver, Archibald & Levin, 2011b). Fires are a common
occurrencen grasslands, but rarely spread into foreg&g.killing tree seedlings and promo

ing grasses, firesangenerate a feedback loop thatits tree seedling establishment otdy

forest patches and not grasslands, thereby reinforcing boundaries between these vegetation
types (Blanceetal., 2014; Bond, 2008 ; Bond & Parr, 2010; Bor, 1938; Delcourt & Delcourt,
1997;Farfax etal, 2009; Fensham & Fairfax, 1996; Meadows & Linder, 1993; Oventeck

al., 2007; Paretal., 2014; Phipps & Goodier, 1962; Weigl & Knowles, 2014). However, the
notion thatnatural’ self-sustaining fire regimes of sufficient magnitude and frequincy
maintain open grasslandanemergen the absence of any human intervention remagas d

bated (Veenendaatal., 2018).

Besides humans and fires, frost has also been previously inaskegabtential factor main-
taining forest-grassland mosaics (Meher-Homji, 1965, 1967; Ranganathajh, Té3&cal
woody species do not tolerate freezing, and are often katleanperatures below -1°Ga-

kai & Larcher, 1987). Because the occurrence and impacts of frost are typieatiysgn

open grassy areas compatealosed-canopy forest patches, frost aatto reinforce exis

ing spatial patterns of tree cover and contriltothe maintenancef forest-grassland dor-
est-savanna mosain landscapes (Devaney, Lehmann, Feller, & Parker, 2017; Hoffetann
al., 2018). Although recent evidence suggests that occasional frosts can reinforce demo-
graphic bottleneck® tree seedling establishment imposgdther drivers suchsfire and
herbivory (Hoffmanretal. 2018; Holdo, 2006; Wakeling, Cramer, & Bond, 20%hether

and when frosts by themselvemnmaintain forest-grassland mosaics remains unclear. Frost
was first suggestealsa potential mechanism maintaining forest-grassland mosaics nearly 80
years ago (Ranganathan, 1938),toutate, there have been no experimental tests of the same

thatwe are aware of.
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In additionto frost, it has also been argued that edaphic factors may be important drivers
maintaining forest-grassland mosaics, with grasslands expeatedur on shallow soils

with low nutrient levels and low water hotdy capacity (Fensham & Fairfax, 1996; Jose,
Sreepathy, Kumar, & Venugopal, 1994; Meadows & Linder, 1993; Overiedtk 2007).

Thereis evidenceo suggest that soil nutrients (orgafictotal N and P), soil moistuien-

tent and soil pH tentb be higterin forest patches comparemladjacent grasslands savan-

nas (Dantas, Batalha, & Pausas, 2013; dbak, 1994; Jose, Gillespie, George, & Kuma,

1996; Raghurama, 2013), but such differences are likddgpth result from, and drive,fdli
ferencesn forest and grassland vegetation stafégresent, the extetd which edaphidac-
torsactasdrivers of the occurrence and maintenance of forest-grassland mosaics remains un-

clear.

Here,we experimentally examined the role of micro-climate and soitegulating the eska
lishment of native treas grasslands of a tropical montane forest-grassland miosiie

Western Ghats biodiversity hotspotindia. Locally knowrasshola-grasslands, multiple-e
planations have historically been invoked for the absence of native trees from the grasslands
of these mosaics. Early observers suggested limitation ofttydessts which were observed

to occurin the grasslands (Meher-Homji, 1965, 1967; Ranganathan).19B88wise, fire

(Bor, 1938; Chandrasekharan, 1962; Gupta, 1960 a,b; Noble, 1967) and mammalian
herbivory (Bor, 1938), both of which were associated with the grassland state, weretimplica
edin the maintenance of the mosaic. Potential differemcssil properties were also in-

voked (Ranganathan, 1938), with more recent work documenting greater soil & gamad

C, total N, available P and soil moisturesholas relativéo grasslands (Jostal., 1994,
Raghurama, 20)3At the current time, these mosaics are severely threalgrtad invasion

of alien plant species (Arasumaatial., 2019; Thomas and Palmer, 2007; Srinivasan, 2012),
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particularly a non-native plantation tree, Acacia mearnsii, into the grasslands. Plafbed for
estry purposes since the early nineteenth cemutys landscape (Josetal., 2018), these
trees are abl® establish and survivie grasslandsn contrasto native shola tree species.
Specifically,we asked the question: What factors maintain this landscape mosaic \@here n
tive tree species are unalbdeestablishin adjoining grasslands banhalien invasive trespe-

ciesis ableto do so?

Study site

The study was carried oint the upper plateau (11.2 - 11.4° N and 76.4 - 76.6°E) of the
Nilgiri Biosphere Reserve, Tamil Nadu, whigha part of the Western Ghats biodiversity
hot-spotin southern India (Fig. 1; Myers, Mittermeier, Mittermeieg Fonseca, & Kent,
2000). Elevatioratthe site ranges from 2000 2500 m a.s.l. Annual rainfah the area
ranges from 2500-5600m (Caner, Seen, Gunnell, Ramesh, & Bourgeon, 2007; Zarri,
Rahmani, Singh, & Kushwaha, 2008), the bulk of which falls during the Asian southwest
monsoon, between April and September. Mean annual tempesadmoeind 15°C (Range: -
2.1to 29C; IMD:1969-2005), and frosts are common occurremtéise tropical winter (~15
frost nights with nightime temperatures droppiraslow as-4°Cin January were observed

during the wintein our study).

Soils of the study area are derived from parent rocks which are gneiss, charnockites and
schists (Sukumaat al., 1993). Top soils of both shola forests and grasslandsnveojour
from pale browrto black. Shola soils have higher total carbon and nitrogen content than

grasslands (Raghurama, 2013). Grassland aeiless moist, more compact (Mean bulk
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density: Grassland = 0.71g/cm3, Shola forest = 0.54g/cm3) and slightly lower in their clay
content than shola soils (Mean clay content: Grassland = 10.76%, Shola forests = 13.53%;

see Tabl&1for detailed description of soil properties).

The natural vegetation of the alisa two-phase mosaic comprising patches of stunted trop
cal evergreen forests, locally referras ‘sholas’, embeddedh a grassland mosaic. Large-
scale planting of alietrees including A. mearnsii, Eucalyptus spp. and Pinusisgpas-
lands during the last century has, however, resiuitéatge sections of grassland beoayp-
vertedto exotic tree plantations (Josttial., 2018). Importantly, of these planted species, A

mearnsii has since invaded large tracts of native unplanted grassland.

Methods

Between June 2013 and February 20i®&conducted a series of experimetatsvestigate
how soil, habitat type and micro-climatic differences, specifically temperature, influenced the
germination success and seedling survival of native shola tree spaselsasthe invasive

A mearnsiin both grassland and forest patchéesur study site.

GERMINATION EXPERIMENT

Between June and August 209&: carried out a 2x2 factorial experiment involving two hab-

itat treatments (forest patches vs. grassland) and two soil treatments (forest soil vs. grassland
soil) to investigate the effects of soil properties and differencesicro-climate between

grassland and forest patches on the germination success of a native tree species Syzygium

grandeaswell asthe alien invasive A mearnsiWe timed our experimertb coincide with
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the typical germination period of tremsthis system (i.e. during the southwest monsoon from
Juneto Augustin 2013). Seeds of native S.graradavell asthe invasive A mearnsii were
collected from adjoining sites during the first week of June 2013. Althaegiould have
ideally likedto include more native tree speciaghis experiment, shola trees display high
inter-annual variabilityn seed productionAA Joshi, personal observation; D Mudappa,
personal communication), ame were unableéo get sufficient seeds from other species du

ing 2013to includein our experiment.

We selected 14 replicate forest patches and paired adjacent grassland sites for bur exper
ment. Forest patches were matched for size (~0.4ha) and a&peetch siteye placed two
trays— one filled with soils collected from the grassland and the other with soils collected
from within shola forest patchesboth inside the forest patch aimcthe adjacent open gas
land. Each tray contained 25 mature seddsach of the two focal plant species. Seed-oc
tions were marked with labels on germination trays for ease of identification during monito
ing and all trays covered with a wire mestprevent seed predation. Seed germination was

monitored weekly for a total of 90 days.

Theroles of microclimate and soil on seed germination were analyzed using a mixed effect
model with binomial errors and a logit link functionthe Ime4 package R (Bates,

Maechler, Bolker, & Walker, 2014; R Core Team, 201Mdicroclimate and soil were trea
edasfixed effects and site was includada random effect. P-values were obtaibgdikeli-

hood ratio tests of the model with the effectjuestion against the model without the effect

in question.
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SEEDLING SURVIVAL EXPERIMENT

In the next experimentye evaluated how soil and micro-climatic differences between shola
forest and grassland patches influenced subsequent seedling sufrbivtl native and alien

tree speciesWe transplanted seedling$ both native S.grande and A. mearnsii that had
germinatedn the previous experiment into six litre black polythene nursery bags containing
the same soil mediumsstheir germination trays i.e. either forest or grassland ¥dé.chose

two replicate shola-forest and paired adjacent grassland sites for this expekineachsite,

ten seedlingsf each species were transplanted into nursery bags containing either forest or

grassland soil media, and pladedyrasslandaswell asin the adjoining forest patches.

Seedlings of both focal speciasoneof the sitesn grassland were destroyby elephants

(Elephus maximus) during the first weekthe monitoring period. After reallocation of gee

lings, this site had only five seedlings per soil type per microclimate for the rest of the mon
toring period.There were no fireat the sites, nor were any sigpSmammalian herbivory
recorded on seedlings during the monitoring period. Our final sample sizes included 30 seed-
lings per species per treatment. Seedling survival was monitored every 15 days for eight
months, from October 201® June 2014, of which Octobgr January were the coldest

months.

Kaplan-Meier survival functions were computedanalyze seedling survival ovéame using
the survival package R. The survival distributions of two focal groups were compased u
ing non-parametric logrank testa method usetb compare survival distributions when data

are right skewed and censored (Therneau, 2015
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FREEZING TEMPERATURE- SEEDLING SURVIVAL EXPERIMENT

During 2014-15we also carried outin additional manipulative experimetatinvestigataf
freezing temperatures limit the establishment of tree specibsese grasslands. Seedlings of
five common native tree specie€innamomum wightii, Glochidion neilgherrense, Syzygium
calophyllifolium, Syzygium densiflorum and S. grande - and the alien invasive A. mearnsii
were used for the study. These five speciesdb&¥ native shola tree species) account for
~20% of tree abundan@e sholas across the study area (Mohandass & Davidar, 2009).
Seeds of all species were collected from the field poithe experiment between (15 May
and 30 June), germinat@da greenhouse, and transportedne of the protected shdiar-
estsin the field when thre# four months old. Transportation was done overniglatsemi-
closed vehicléo avoid seedlings becoming heat stressed. Seven days after transptartation
the field, seedlings were transplanted into six litre nursery &tetge same site and allowed

to acclimatizeo the field environment for a month.

We usedin-situ experimental nightime warming treatment® examine the role of lowem-
peraturesn limiting the establishment of tree seedlimgygrasslands. Three replicate gras
land blocksgachl10 m x 20 min size, and separated from one ottweat least 100n, were
identified and fenced off. One block was locaatthe valley bottom, the secoatimid-

slope, and the third on the hill crest. Witlkiachfenced blockye demarcated eight replicate
plots (1.5 mx3 m), fouof which were randomly assigned the experimental warming trea
ment and four of which servedcontrol plotsin eachplot, nursery bags containing gee

lings of both native tree species and A Mearnsii were plisac8dcm deep pitto ensure that
the soil surfacén seedling bags matched the ground level. Because of diffenangesn-
nation success, our final sample sizes differed between species. Each replicate plot, both

warmed and control, contained seven C. wightii, six S. calophyllifolium, four S. densiflorum
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and seven A mearnsii seedlings. Because of low seedling numbers for S. grande and G.
neilgherrensewe were only abléo have four seedlings of each spedresvo and sevenep-

licate plots of both control and experimental warming treatments, respectively. Experimental
nighttime warming was achieved through the use of thermal blankets (Coleman Emergency
Blanket, 53x32 inch) that were pasted on plastic sheets and placed on staffolds &-
periment plots between 5 pmthe evening and 8mthe next morning. However, the seed-
lings were not coveredn two nights during the course of the study: once beaaiusgist-
calreasons and the secamae dueto high winds that blew away the blankets. Seediurg

vival and soil moisturén seedling bagm control and experimentally warmed plots were
monitored every alternate day and weekly respectively, during the peak of winter, frem 3 D

cember 20140 2 February 2015.

Temperature data loggeidS 1921GF5 thermochrons, Homechip Ltd.) were deployed
record temperature every 30 minuie$€oth control and experimental warming plobs.ad-
dition, we also measured temperatuneshe interior of forest patcheat the forest-grassland
edges, and in the open grasslardguantify natural variatiom temperatures across the mo-

saic.

Kaplan-Meier survival analysis and log rank tests were used for statistical arzelgises
scribedin the previous section. All statistical analyses were performed using R statistical

computing softwaréR Core Team, 2016).
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Results

ROLE OF MICROCLIMATE AND SOIL IN SEED GERMINATION

Contraryto our expectations, germination success of both native S. grande and the alien A
mearnsii was highen grasslands when compartedadjoining forest patches (Fig 2a; S.
grande:y?> =44.642, df = 1, P <0.001; A mearngti= 45.611, df = 1, P<0.001 Soil type

had no effect on germination success of either spaclasth grassland and fahabitats

(Fig 2b, S. grande? =0.32,df =1, P = 0.57; A mearngi:=0.13,df =1, P =0.72). Oxe

all, germination success of A mearnsii was almost three times higher than the native S.
grande, irrespective of microclimate and soil type (Mgamination: A mearnsii = 13.8%

(SE =1.3), S. grande = 4.8% (SE = 0.6)).

ROLE OF MICROCLIMATE AND SOIL IN SEEDLING SURVIVAL

Over-winter survival of native S. grande seedlimggrasslands was extremely low, and
nearly all seedlings (89%) were ddadthe end of the winter (Fig. 3a). Survival of S. grande
seedlings within forest patches, on the other hand, was much higher, with nearly 77% of
seedlings surviving the winter (Fig. 3a; logrank test: P < 0.001). Soil type did not have any
effect on survival of S. grande either grasslands or forest patcfes 0.93). In contrast,

A mearnsii seedling survival did not differ appreciably between the micro-climsies| as

between the soil types (Fig. 3b; microclimate: P = 0.236, soil: P = 0.766).

Overall, A. mearnsii seedling survival (50%) was much higher than that of native S. grande
seedlingsn grassland$P < 0.001)aswell asin both soil types (grassland soil: P = 0.027;
shola soil: P = 0.039). However, survival within forest patches did not differ between species

(P=0.25).
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ROLE OF FREEZING TEMPERATURESN TREE SEEDLING SURVIVALIN GRASS-

LANDS

Night-time temperatures the experimental warming treatments were approximately 3

4°C higher than that of adjacent control plots during the experimern(Mghttime tem-

perature: Control: 8.1°C, Warming: 11.7°C; Range: Control:te!Z.5°C, Warming: -2.5

to 24.5°C).In control plotswe noted the occurrence of frost on 15 mornings when teanper
tures during the previous night had dropped below 0°C (Fig.4a), wheeadsserved frost

in experimental warming plots only on the two nights when the thermal blankets ware not
place (see Methods)n contrast, winter temperatures within forest patches did not fall below
freezing, with mean nighime temperatures averaging 9.8°C (range:t6.64.1°C) across

the duration of the experiment. Over the course of the study, temperatures within forests and
at forest edges never dropped beloW Qvhereas temperatures below zero were recorded on

six nightsin adjacent grasslands (Fig. 4b).

Seedling survivain control and experimental warming treatments

Survival of both native species and Acacia was significantly highexperimentally

warmed plots thaim control plots (Fig. 5a & b, P<0.001; see supplementary3Hidpr re-
sponses of each native species individuallg)both warmed and control plots, the alien in-
vasive A. mearnsii had significantly higher survival rates than native species (Fig. 5a & b;

both control & experimental warming: P < 0.001).
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Althoughseadling survival of both native species and A mearnsii was highearmed red-
tive to control plots across all site locations, seedling surivebntrol plots was higheat
hill-top comparedo mid-slope and foot-slope locatio(B < 0.001; supplementaFig. S2),
consistent with lower frequencies of frost nights and higher minimum temperatures exper

encedat hill-top sites (supplementary Table S1).

Discussion

Our results demonstrate that frosts and freezing nigii@temperatures that occur duririget
winter kill native tree seedlings grasslands, and thereby maintain this tropical morftane
est-grassland mosaic system. Further, our results suggest that seedling establishment rather
than seed germinatias likely the primary demographic bottlenetcknative tree establish-
mentin these grasslands. Although earlier studies have suggested a role for edaphic diffe
encedn maintaining these forest-grassland mosaics (@oale 1994)we found no evidence
for this, with germination and seedling survival of native species being comparable across
grassland and forest soils witteachmicro-climate. Althoughve do not have comprehen-
sive data on soil properties, whilimits our inferenceghese results suggest that differences
in soil texture, bulk density, organic matter content and nutrient availability between forest
and grassland patches (TaBl& Joseetal., 1994; Raghurama, 2013) are more likelpe a
consequence of differencesaboveground vegetation characteristics between these bwo ha
itat types, rather than the underlying driver maintaining forest-grassland moghissys-

tem.
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In contrasto native seedlings, the higher germination rates and greater tolefammwe-

native A mearnsii seedlings frosts and freezing temperatures underlie the ongoing-wid
spread invasioby this species into the grasslands. Experimentally elevatedtmgitem-
peratures enhanced seedling swualof both native tree and alien A mearnsii seedlings;
gesting that climate warming will promote both shola expansion and increased exatic inv
sion into the grasslands. However, the increasarvival with warmings much greater for

A mearnsii relativeo native seedlings, and combined with the greater fecundity otiis
cies, suggests that climate warming will disproportionately accelerate grassland itwyasion

A mearnsii.

The high germination rate of Syzygium grande, a dominant native shola spegresslands
establishes that germination was not the limiting stage for the establishment of this native
speciesn grasslandsie were constrainetb this specieby lack of fruiting of other species

in the year the experiment was conducted. Many shola tree species fruit supra-annually such
that only a few species may produce seedsy given year (see Methods). Anecdotally,

across the period of this studye routinely observed germination and very young seedlings

of various shola tree species, typically during and post-mongothe grasslands, whereas

we rarely saw established seedlirgsaplings. These observations support the results from
our experiment with S.grande, that germinationggnay notbe a primary limiting stage

for native tree establishmeintgrasslands.

Studies across a range of tropical forest-grassland mosaics have postulated and/or demon-
strated a major role for fires and herbivarymaintaining these mosaics (Bond& Keeley

2005; Bond & Parr, 2010; Bor, 1938; Dundgal. 2008; Fairfaxetal., 2009; Fensham &
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Fairfax, 1996; Karunakaragt al., 1998; Meadows & Linder, 1993; Noble, 1967; Overlmck
al., 2007; Srinivasan, 2012). Fires and mammalian herbivory, both of which are frequent
grasslands, but rare forests, impose mortality on tree seedlinggrasslands and thereby
allow the grasslands persistin our study system however, the chronological sequence of
these disturbances poiritsfrost and freezing temperaturgsthe primary drivers of native
tree seedling mortalityn these grasslands. Germinatetrour site occurs during the south-
west monsoon (June -September) and tree seedlings die fdogt during the winter (Octo-
ber-February) that follows the monsoon. Firegny, occuin the dry season and summer
following the winter (February-May)y which time most seedlings have already perished
from winter frost and freezing. Further, while frost occurs predictably during the winter
monthsat this site, fires are both much rarer and less predictablee Weee no firesn the
grasslandat our study site for five years (2012-2016). Despite thesfound no established
native tree seedlings the grassland during this period, confirming that frost and freezing
temperature are the primary limiting facttoshative tree establishmeintthe grasslands of

these shola-grassland mosaics.

The sharp differenc@ minimum temperatures across the forest-grassland edge foonts
significant role for temperature regimesthe abrupt transitions between forests andsgras
landsin this mosaic. Closed forest patches maintain higher interior temperatures such that
frosts cannot penetrate, thereby allowing frost-sensitive seedtipgssist. The sharp drop

in temperature away from the forest edge resulfsost occurring immediately outside the

edge, preventing trees from invading the open grassland. These positive feedbacks between
closed-canopy forests and warmer temperatures and open grasslands and freeziag temper

tures potentially maintain and reinforce the abrupt edge between forest and grassland states.
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Not surprisingly, the role of frosts and low temperat@sdriversin sub-tropical andem-

perate forest-grassland transitions and treelines, djhiemselves but also concert with
grass competition, fire and herbivory has been well documented (Ball, Hodges & Laughlin
1991; Cairns & Moen, 2004; Coop & Givnish, 2007, 2008; Moore & Williams, 1976;
Wardle, 197) In these systems which experience low and freezing temperatures regularly,
trees do displagame degree of cold tolerance, but tree seedling graswtieverthelesser
tardedby low temperatures and frost damage, which then renders them susdeyslivre-
nationby grass competition, fire and herbivory (Coop & Givnish, 2008¢ontrast, although
frosts and freezing temperatures do ogesunany montane and semi-arid tropical essy
tems, they have not receivadmuch attentiorasdrivers of ecosystem boundaries. For most
tropical forest-grassland and forest-savanna mosaics, vegetation-disturbance feedbacks with
fire and herbivory are widely thougta be the primary mechanisms generating and maintain-
ing the transitions between ecosystem states (Bond, Dickinson & Mark, 2004; Bond & Parr,
2010; Dantagtal., 2013, Dantas, Hirota, Oliveira, Pausas, 2016; Hoffreaah, 2012;
Ratnametal., 2011; Stavestal., 2011a,b. Where frost does occut,canreinforce thdimit-

ing effects of fire and herbivory on tree establishment (Chafota & Owen-Smith, 2009; Hof
mannetal., 2018; Holdo, 2006; Wakelireg al., 2013. When rare frost events of adequate
severity occur, they can reduce tree cover bgtelowing tree growth such that trees remain
longer within the fire trap, and because frost-damaged @aictasadded fuel that intensifies
subsequent fires (Hoffmaretal., 2018)In our study system, frosts were both frequent and
relatively mild, but nevertheless were the primary driver of tree mortalgyasslandssug-
gesting that native shola tree spediethis ecosystem were highly frost intolerant. Tikis
supportedy evidence that most ligneous spedienative shola assemblages are derived
from tropical lineages, whereas non-native speciectraurvivein grasslands often show

temperate affinities (Meher-Homiji, 1967; Sakai & Larcher, 19873.apparent that for trop-
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ical ecosystems, the importanakfrostasa driver of vegetation transitions will hinge on

both the frequency and intensity of the frost regime and the frost tolerances of tispdecal
cies assemblag@s questionWe suggest that empirical studies examining the role of low
temperature and frost across a diverse range of tropical ecosystems will yield a revised and
synthetic view on the relative importanziefrostasa driverof alternate vegetation states

these regions.

Paleoecological studies have established that the shola-grassland wiosaitkern India

are Pleistocene relics that have beeexistence for more than 20,000 years (Sukuzhat.,

1993; Sukumar, Suresh, & Ramesh, 1995). The relative extents of shola and grassland within
these mosaics have naturally contracted and expanded with past climatic changes, swith gras
lands expanding during periods of lower temperature, precipitatioG@ntkvels (Meher-

Homji, 1967; Sukumaetal., 1993, 1995). Henge addto this body of evidence, exper

mental data on the rotd frost and low temperatur@s driving the balance between forests

and grasslands this tropical forest-grassland mosaidhe present dayin this context, the
introduction of non-native A mearnsii into this ecosystem, a species drawn from temperate
originsin south-eastern Australia and New Zealand (Courteau, 2011), has chanigad the

ance between frost and tree recruitmarihis ecosystem. With both higher seed germination
potential and higher frost toleranctits seedlingsasdemonstrateth our experiments.

mearnsii has successfully recruited and spread into the grasslands, with the result that the
grassland# these mosaics are today severely diminished relatitheir extenin the eigh-

eenth century (Josletal., 2018. A similar example of invasiohy frost resistant Pinus

elliottii in frost sensitive species assemblages has been reported from the Brazilian savannah
biome (Abreu & Durigan, 2011). Furthermore, the enhanced survival of both native and alien

Acacia tree seedlings with elevated night temperaiarear experiment suggests that the
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grassland# these mosaics will further contract with future climate warming. Unfortunately,
the relatively higher survival of non-native Acacias relatoreative tree seedlingsd elevd-
edtemperature indicates that the ongoing Acacia invasion of grasslands will be further exa

erbatedasthe climate warms.
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Figure 1:a) The distribution of montane forest-grassland mosaics along the upper elevations
of the Western Ghats, India, with the study area, the Nilgiri Plateau encircled (Reproduced
with modification from Das, Nagendra, Anand & Bunyan, 20bbAn image ofanundis-

turbed mosaic landscape of stunted shola forests alternating with grasslands, with abrupt tran-

sitions between the two vegetation states (Credit: Prasenjeet)Yadav
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Figure 2: Germination rates aj native shola tree species Syzygium grande and b) alian inv
sive Acacia mearnsin different soil types and micro-climatéd = 14 sites). Germination of
both species was significantly highergrasslands than shola forees< 0.001) but did not
differ between soil types ( P > 0.05). Howevaerall cases, germination rates of Amearnsii

were significantly higher than S.grande (P<0.001).

Figure 3: Kaplan Meier survival curve§a) native tree Syzygium grande and b) alierainv
sive Acacia mearnsin forest and grassland micro-climates (Dotted lines denote 95% CI).
S.grande incurred severe winter mortailitygrasslands relativie forests (log rank test:
P<0.001), and relativi® A. mearnsii which incurred lower wietmortalityin grasslands

(log rank test: P<0.001).

Figure 4: (a) Minimum nightime temperatures control and experimentally warmed plots
during the monitoring period. Freezing temperatures occurredmanyas15 nightsn

control plots, whereas experimental warming treatments only experienced freezing on 2
nights when thermal blankets were absent. (b) Minimum rigigtemperatures forest

interiors, forest edges amigrasslands across the study period. Temperatures never dropped
below freezingn forests and forest edges, whereas grasslands repeatedly experierzeed free

ing temperaturem the coldest month of January.

Figure 5: Kaplan Meier survival curvega) all native species and b) alien invasive Acacia
mearnsii (dotted lines denote 95% @icontrol and experimentally warmed plots through

the tropical winteX3 December 2015 2 February 2016). Experimental warming significan
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ly increased seedling survival of all native species rel&ditteeir survivalin control plots,
but this effect was even greater for invasivenearnsii which achieved nearly 100% surviv-
alin warmed plots. The responses of individual native species are detedagdplementary

Figure S2.

Supplementary Material

Table S1: Soil properties of grasslands and shola faetts study site. Shola soils were
more moist, had higher total C aNdwere less compact and malayey than grassland

soils.

Table S2: Temperature regimashill-top, mid-slope and valley locations the grassland
across the duration of the warming experiment. Mean minimum temperatures were higher
and the number of nights with freezing temperatures faw@h-top relativeto mid-slope

and valley locations.

Figure S1: Kaplan Meier survival curvesfour native species seedlingsCinnamomum

wightii b) Glochidion neilgherrensg Syzygium calophyllifolium d) Syzygium densifiorum
(dotted lines denote 95% Qi) control and experimentally warmed plots. Warming signif
cantly increased seedling survival relatiseontrol plots for all four species. A fifth native
species, S.grande, showed the same trend bot shown here due the limited number of

replicates.

Figure S2: Kaplan Meier survival curvesseedlingsat hill-top, slope and valley locations

in thea) Control and b) experimental warming treatments (dotted lines denote 95% CI).
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