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Impact assessment of a super-typhoon on Hong Kong's
secondary vegetation and recommendations for restoration of
resilience in the forest succession
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Abstract

Typhoors of varying intensities severely impact ecosystem functioning in tropical regions and
their increasing fregencies and intert@s due to global warming poseew challenges for
effective forestestorationThis studyexamires the impact o supertyphoon (Mangkhut) on the
regeneratingnaive secondary forest arekotic monocultual plantatiors in the degraded tropical
landscape of Hong Kong@he super typhogrwhichhit Hong Kong on 16 September 20&8ted

for 10 hours (09:40 to 19:40) and was the most severe stifectingHong Kong over the past
100years+ RQJ .RQJTV VHFR&n®EAId bf Férddttbatoied récovering through natural
succession since 194&nd plantation stands efotic monocultual speciesWe determine the

loss in biomass by performing NDVI (Normalized Difference Vegetation Index) difference
analysis using two Larsait8 multispectral images acquired before and after the typhblois the
assessment ofyphoon impacst according tosuccessional age group, structural stages of
vegetation,landscape topographynd onstands of exotic plantation®esults indicate that
hilltops, open shrubland and grassland were hard hit, especiabutimvesaindsoutheastacing
slopesand almost 90 % of the landscape showed abnormal chatgkes of exotic monoculture
plantation Lophostemoonfertus Melaleuca quinquenervjand Acaciaconfusg were the most
severely damaged by the typhoshowing more than 25 % decrease in NOdllowed byyoung
secondary forest. Field observationsftoned that in exotic plantationalmost the entire canopy

was destroye@dnd there is @ generation ofyoung understory trees to replace those lo3the
affected young forests and shrublands are mainly dominated by fast growing, soft wooded early
successional species suchMallotus paniculatus or Machilus chekiangenass well as weak,
multi-trunked, fungus infected, or other structurally deficient {redsich were uprootedor
seriously damaged by typhoon gusBKH QHW HIIHFW RI W\SKRRQV LQ +RQ
landscape, appears to reinforce the arrested succession of dense, lesst@inds of weaker early
successional species due to the absence of late and middle successional species and native dispersal
agents.In order to obtain a stronger, more resilient forest, it would be necessary to enhance
biodiversity by artificially planhg a species mix, which resembles primary forests in the region.
This could be achieved by thinning of young secondary forest followed by enhangdaming

of pockets of high diversity forest.
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1. Introduction

1.1.Background

Typhoors aretropicalstormswith wind speed greater than or equtd 33 m/s(Elms et al., 1993)
They are usually accompanied toyrrential rain, severe inundation and extreme wind speeds
causing damage to both human aradural structures, and may affececologicalprocessesn
tropical foress (Mcdowell, 2001) The magnitudeof ecological damagdérom a typhoonis
associateavith wind speed, prevailing wind direction, topographic position in the landscape and

successional structeiofvegetationLee et al., 2008)

Strong winds can cause uprooting trees, snaggingf tree bolesand breaking of branches
significantly redueng the green biomass in the landscdpm et al., 2011) Defoliation and
reduction in leaf area are also among the significant impactgpbbors on vegetation.The
decreasén leaf area andpeningof thecanopy camlirecly influencefauna and flora living under
the canopyasthe alteration of ambient lightnay not be suitable, especially felhadeloving
speciesMoreover, torrential rainfall associated witinasigwinds can wash away seedlisghus

impeding forestecovery in regenerating tropical landscaf#ang et al., 2008)

Typhoons of varying intensities regularly pass over Hogg bringingstrong wind gusts and
torrential rainfall Thesethreaenthe recovering secondary fordstwashng away seedlings and
uprooting or brealng mature trees in patchéSorlett, 1999) Accurate and rapid mappimg the
impacts of extreme climate event® forestscan facilitate our understamgj of restoration
ecology. The types and spatial distribution of damage sustained and interruptions to forest
succession ftowing such impacts can indicate impediments to biomass accumulation and species
recruitment.This is especially true in many of t@sfdisturbed landscapes where decades or
centuries of deforestation have resulted in severe soil erastoss of species po@atellite
remote sensingvith its regular broaegscalecoverage givespportunity to monitosuchchanges

by comparing images acquired before and after an event.

The topical cyclone warning system was implemented in Hong Kong after the establishment of
theHong Kong Observatory in 1883welve supertyphoors havehit Hong Korg since records
began in 1946, but only two since Ellen in 1983, namely Hato in 201 Mandkhutin 2018.
Supertyphoon Mangkhut which hit Hong Kong on $&ptembeR018 was the most severe storm
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to ever hit Hong Kong. It lasted for 10 hoy9:40to 19:40) and was thgecond longest after
typhoon York in 1999 whicHasted 1lhours. Thanaximumsustained wind near tleentrewas
recorded at 250 km/hwith maximum gust peak speed at 256 knmkan ENE direction. The
maximum 66minutemean wind speeds recorded wéf®s Km/h at Tate Cairn in Ma On Shan
Country ParKHKO, 2018)

1.2.Impacts of disturbances on forestgccession

Generally,tropical forest ecosystems support high species diversity even though soils have low
fertility due to high rates of chemical leaching and temperattieston, 1980; PeA@laros et al.,

2012; Tilman et al., 1996 This is because all the nutrients are stored in the biomass of the
vegetation causing high nutrient turnover rates. Once the primary vegetation is cleared all the
nutrients are lostand recovering vegetation hasreestablish the nutrient cycle on poor soails,
which often is very slow and sometimes impossiltleston, 1979) The limited amounts of
nutrients available forecovering vegetation after clear cuts @ws significant resource
competition among early successional species whéztkens all trees and makes them susceptible

to disturbances such as typhoolmsany casecompetition between species is driving sustas,
whereby early successional species are replaced bgunakssional species with stronger roots
and stems which can better resist external impacts. ifdrsase in biodiversity and stem size is
accompanied by a process of forest thinning and stelasgon, and may take decades to centuries
depending on tree life expectanci@shton et al., 2001 )as well as the available species pool. In
areas with too impoverished soils and/or which lack a source ebuaicessional species, this
process may never occur. The succession would be arrested at an egnyretegkarge nuilvers

of weak stems compete, resulting in deficiencies suahud-trunking (Crausbay and Martin,
2016) fungus infections, or other structurally deficiencies, thus causing greater susceptibility to

damage by typhoon gusts

Therefore suggestions thattermediate disturbances such as typhoons, can increase species
richness by facilitating the recruitment of easlyccessional and liglhitemanding species
(Bellingham et al., 2018; Crausbay and Martin, 2016; Tanner and Bellingham n@@pépt apply

in WRGD\fV KLJKO\ GLVMWesUcEddsdnGiE6 srfeficiHivthis stajewing
disturbancedue to unavailability of midand latesuccessional specig¢dshton et al., 2001,

Hubbell et al, 1999)resultingin persistence of dense, less diverse stands of weaker early
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successional speci¢sawton and Lawton, 2010As this type of species restriction is typical of

+RQJ .RQJTVidterbhHCcédNOMhese successions begupposd to have greater impacts.

This fad is well illustrated by a severe frost eveam2016,which caused severe damage to Hong
.RQJITV IRAbkbdsvatval,, 2017)The exotic species and especially monoculture plantations
showed to be more susceptible to frost becauseateegotasadapted to these events, as native

species would be. Monocultural stands are also susceptible to disease, as illustrated by complete
GHVWUXFWLRQ RI +RQJ .RQJTV S ®Dh3 WasshiaR&\a femdod® D W LY H
during the 1970€Abbas et al, 2016)On the other handreas not under plantation had succeeded
naturally to young secondary forekee et al., (20083so emphasized tlggeateradaptability of

native forest in central Taiwan to natural disturbances, as the native species have evolved under

the prevailing local climate conditions including extreme events such as-sypewons.

Tropical forest successiois generally thoughto be accompanied by decreadied risk after a

few yearsand in normal conditions is very rare forforests ad woodlands to catcfire (Chau,

1994 Herawati and Sentoso, 201However, in Hong Kongforest fires initiated in nearby
grasslands are common in the dry season, and have been recognized as the main impediment to
structural succession from grassland toubland and foreqDudgeon and Corlett, 2011; Lee et

al., 2005) Such fires within the secondary forests would be enhanced bgr¢fgedmounts of

woody debris left after a typhoon

Sincethetyphoonof September 201®&as intense and of much longer duration thantgplgoon

HYHQW UHFRUGHG RYHU WKH ODVW \HDUV WKH FXUUHQW
vegetation at landscape levénplications for enhancing the resilience of the regenerating forest,

are presented, based on observations of typhooacimmpn the forest successional age classes,

structure and species composition over the landscape.
2. Materials and Methods

2.1.Study Site

Hong Kong is a special administrative region of Mainland China, located on the eastern shore of

the Pearl River Estuary,aking an area of ~ 1100 km2. It shares a border to the north with
Guangdong province of China and is surrounded by the South China Sea on east, west and south.
+RQJ .RQJ LV VLWXDWHG EHWZHHQ Z — WR 72 — ODWLWX
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the northern margins of Asian tropiffggure 1) The study area comprises the Tai Mo Shan and
Shing Mun country parks in New Territories of Hong Kong (figure 1). The topography of the area
is rugged characterized by convex slopes rising to the tallest peak (957 m) Tai Mo Shan and steep
sided slopes around Shing Mun reservoir. Upper valleys are covered withaiméained grasses

and lower elevations are covered with patches of secondary éoeégilantationgDelang and
Hang, 2009)which have regeneratedhee WW2 following clearance thousands of years ago for
farming, accompanied by massive soil erogibndgeon and Corlett, 2011Pnly a few small
patches of old forest remain, and the regenerating forests are n@HingdH + R Q drigR&) J TV
forests(Abbas et al, 2016 Temperature falls below zero above 400 m elevation several times in
a decade, and rainfall increases with elevafidndgeon and Corlett, 2011; Weir and Corlett,
2006) The Hong Kong region is generally a low wind environment except during typhoon events

which occurmainly in the late summer rainy season

Gb Legend

Country Parks in Hong Kong

Elevation (m) [E20] 500 - 600
[ J<100 [ 600 -700
[~ 1100 -200 [__] 700 - 800
[__1200-300 ] 800 - 800
0

Study Area

22°26'0"N

Streams

Location of Hong Kong

22°25'0"N

22°24'0"N

22°23'0"N

0 0.5 1 2

km
114°70°E 114°8'0"E 114°9'0"E 114°100"E

Figure 1 Location and topography of the Study area

2.2.Data Used
2.2.1. Typhoon Meteorological Data

Typhoon Mangkhut originated over the western Ndptcific, madea landfall on Luzon
(Philippines) and continueatrosshe South China Sea towards the coast of Guangcimnga).
It became a severe Typhoanthe morning of 16 Septemk&d18 making landfalllO0 km south
southwest of Hong Kong in the afternoon K H W\ S WIRRIPLEY, gust and direction data
obtained from the Hong Kormgbservatory wereecorded every mute andacquired fotthe three
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156 days- 15th Septembertlfe day prior to the typhoo) 16th September (typhoon day) and 17th
157 Septemberthie day after the typhoon). Thdata obtainedvere primarily fromthe Tai Mo Shan
158 station, which is the highest weattstation in Hong Kong and located in the study afeathe
159 data recordingt the Tai Mo Shastation failedafter 4:52 pm on the daf thetyphoon datafrom
160 nearbyLau Fau Shan stationesealso usedTyphoon Mangkhut brought about 383.3 mm of rain,
161 about 17 percent above thgerage monthlyotal of 327.6 mm.The overall rainfall forthe first
162 nine months of 2018vas 12% lower than normalwith 1973.3mm, compared to 2233.1 mm
163 average. September 20d4@s also 0.3 C.abovethenormal of 27.fegreesilt is alsonotablethat
164 the 15th September 2018vas thehottestday of the monthat35.1 ° G and second highest ever
165 recorded for the montfHKO, 2018)

166 2.3.Remote Sensing Data

167 Toevaluate the severignd spatial patterns ¢f D Q J N Kmp®eg on the natural secondary forest
168 and exotic plantatiain the studyarea, two Landsat 8 imagesth a spatial resolution of 30 m
169 were acquiredfor abefore and after comparisofhese weremdemand terrain corrected surface
170 reflectancemages frontheEarth Explorer (http://earthexplorer.usgs.gowhich aeapplication

171 readyproductgo supportmonitoringand assessment of land cover clefgrmote et al., 2016)
172  The posttyphoon imagavas acquired or8" October 2018, 16 days after the event and the control
173 imagewas acquired or23“ October 2017Both images areloudfree andwith less than one
174 month differencen calendar dates, hence minimizipgenological difference$-urthermore a

175 general phenology curve of vegetation types in the study area indickgelfnein greennestom

176 early October to late Octobevhich wouldfurther reduethe bias due to any phenological change.

177 2.3.1. Land Cover and Successional Age Classes of Forest

178 A detailed map of vegetation structural classess preparedin a previous study(Abbas et al.,

179 2016)by using amulti-scale objecbased approachith threedates ofaerial photographs (1945,

180 1963 and 1989) and two highsolution satellite images (2001 and 205/ different vegetation

181 structuralclasseqForest, Open Forest, Shrubland, Open shrubland, Grassland and Plantation)
182 were extractedrom the most recent land cover map of 20Fom this another layer of forest

183 age classes was produced by sequentiallapping of the 5 land cover maghe median age of
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the forest patchesn each layef7, 20, 39, 61 and Akas) was estimated basedthe time since
recovery, (014], (1426], (2652], (5270] and >70yrs, respectivelfiqure 2-c).

2.3.2. Topographic Variables

Habitat patterns in mountainous terrain are influencettiéregional climate coupled with micro
climatic conditions induced by topographic factireempoel et al., 2015 herdore,a very high
resolution (2 m) Digital Elevation Model (DEM) was obtained from the Lands Department of
Hong Kong to determine the damage done by the typho@moraingto thetopographyof the
study area Three distinct topographic characteristinamelyelevation, aspect, and landforms
were computedsing the topographic position indexth the2m resolutiorDEM.

2.4.Data Analysis

The Red and Barinfra-Red (NIR)surface reflectance wavebands were used to degeenmonly
used vegetation health mamiing index,the Normalized Difference Vegetation Index (NDVI)
(Eq. 1). The NDVI is based on absorption of visible light by chlorophyll pigments for
photosynthesis, anstrong reflectancén the NIR region linked with cell structure of leaves.
However, if vegetation in under stresabsorption of red light is reduced due to disturbed
photosynthesis, whiléhe reflectancen the NIR regionalso decreasadueto destruction otthe

leaf cell structure, thus reduty the value of NDVI. Since theollapseof the mesophyll layer
occurs earlier than a decline in chlorophyll, and before any visible changes, the NDVI is an earlier
and effective indicator of plant stress. NDVI values range frbrto +1, with values above O
generally representingegetation andalues below zero indicate nmegetated areas or stressed
vegetation(Tucker and Sellers, 1986positive values of the NDVI area highly correlated with

green biomass and vegetation productiyfigttorelli et al., 2005)

CAE?E@x
.KOION:EJ";LMAHSH’ Eq. 2

C¥ A

where, 0 + 4and 4 A @epresents the reflectance in NIR and Red wavebands, respe(0 &'8@Jand

0 & 8¢represents posyphoon and control NDVI images, respectively.
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The loss in vegetation biomass oressin vegetation was calculated by dividing the NDVI
difference betweethe control and the pogiyphoon image with the NDVI of in the control image
(Eq. 2).Positive valuesshow normal conditions while egative valuesndicate the stress or
reduction in green biomasBherefore severitpf the typhoon impact on the vegetatiwauld be
indicated bylowerloss or gairvalues(figure 2-a). The resuling imageloss or gain valuesangng
from-50% to 15% andveredivided into nire classewith equal interva, representingxtremely
stressed<-25], very severely stressed?( to-15], severely stressgd25 to -20], moderatky
stressed-15 to-10], slighty stressed-10 to-5], very slighty stressed-5 to 0], very slightly
healthy (0 to 5],slightly healthy(5 to 10], and moderatehealthy(10 to 15].
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22°23'0"N

22°23'0"N
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Figure 2 NDVI images of the study area acquired2drd October 2017 (a control image) and 3rd October 2018 (b
- posttyphoonimage)

All datasets were resampled to the lowest resolution (30 m) for subsequent analgsis. tORVYVY R U
JDLQ T LPDJH ZDV VXS Hayar® & Bnd HaverRclastes, Wirkdt age classes,
elevation, aspect, and the classified topographic position iatelxthe area statistics of damage

severity classes wepalculatel using area tabulation in ArcGIS.

2.5.Posttyphoon Field Observations
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229 Eight full day fieldsurveys were carriedut during late September and early October in 2018 to
230 observe the damage dong the typhoon eventlrails crisscrossing the study area were walked
231 and the typhoon damage was visually assessed for the different vegetation types along the trail
232  Visual dbservationsncluded vegetation type (plantation different age classes pétural forest),

233 origin of species (native or exotic) and extent of damage (leaves only, branches, trunk or die back
234 toroots),and overall habitat observations such as amounts of typhoon debris covering the soil and
235 damage otinderstory vgetation Obsenations were noted in a descriptive way for the different

236 areas visited and whenever significant impacts were detqutetos for documentation were

237 taken (see Fig. 5d). No quantitative dataevecollected.
238 3. Results

239 TheNDVIimages acquiredn 3¢ Octoker 2018 following the typhoon event and control image
240 acquired on 28October 2017 are shown in figureCueto thesenescinghenology of vegetation
241 in Hong Kong,the NDVI in late Octobesshould normally béower than NDVI in early October,
242 therefore,any observedreduction in NDVIon 3 October 2018 is likely to be affected by the
243 typhoon.Most ofthe area with very high NDVIO(85 +0.90) before the typhoohad decreased to
244 high NDVI (0.80 to 0.85). Hilltops, open shrubland and grasshamd hard hit, especially on SW
245 and SE facing slopeédditionally, there aresomeseverely affectegatche of vegetatiorwhich
246 showa largeifall in NDVI (from 0.850.90to 0.70-0.75. These aras,distributed around the Shing
247 Mun Reservoir andhe South Vést, NorthEastand East parts of the study gréave changed
248 from dark green on figure 2a to orange and yellow on figureQierall these areashow a
249 significantreductionof more tharl5%in NDVI (darkbrownand pale browmreas orfigure 3
250 a).Overal, only 12 % of the landscape shepositive changgwhich could be due to the earlier
251 time of the month, of the ptyphoon imagejvhile theremaining88% shovg negative changes
252 which are likely due tstormdamage.

11
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Loss or Gain in NDVI (%) Land Cover Classes Median Forest Age (years)

B exteremely stressed [ | very slightly stressed - Forest l:l Grasses \:I 7 - 61
- very severely stressed D very slightly healthy I:‘ Open Forest I:] Plantations ‘:l 20 - 70

|:| severely stressed - slightly healthy

[ moderately stressed [l moderately healthy | Shrubland I Non-vegetated RS
7R3 [ slightly stressed [T open shrubland
254  Figure 3 a) percentage loss or gain in NDVI value 22222 'é’f;;?;ﬁi%?“c%'“éouﬁ srr;- representing
255  extremely stressed {25 %], very severely stresse@®b % to -20 %], severely sessed {20 % to -15 %], moderately
256  stressed-(L5 % to-10 %], slightly stressed10 % to-5 %], very slightly stressed¥ % to 0 %], very slightly healthy
257 (0 % to 5 %], slightly healthy (5 % to 10 %], and moderately healthy (10 % to 16)24gnd covemap of the study
258 area (bare areas, builtip area and water classes are mergeo nonvegetated class), and c) spatial distribution of
259  median forest age classes

261 3.1. Impacts on different land cover classes in the landscape

262 Following devastationrduring WW?2, the present flora in the study areadsvcomposed of habitat
263 patches of natural vegetatiahdifferentsuccessionatages (forest, open forest, shrubland, open
264 shrubland, and grasses) and patchexoficmonocultural plantations (figurel®. Theplantation

265 patchesshown inpurplecolour, aredistributed around the Shing Mun reservoir and in the South
266 and South West of the study area (figurb)3Forest comprises 36.44% of the landscape while
267 exotic plantationsover~12% of the study arg@\bbas et al., 2016}igure4-ashows percentage
268 loss or gain in NDVI between the two imagasd its distribution among the land cover classes
269 (figure4-b). A very small portion of the landscape (~12%) did not experience any abnormal change
270 due to the typhoon (figure-&8). Onthe other hand,llathe land cover types show very slight to
271 moderate loss in NDVI (>15 to O)which is proportional tothe areal coverage ofachtype.

272 However, patches ofexotic monoculture plantation LOphostemonconfertus Melaleuca
273 quinquenerviaand Acaciaconfusa appear tobe the most severelylamagedy the typhoonas

274 indicated bya significant loss in NDV(figure 4b). These patchesan be seen aark brown
275 colour in the loss or gain images (figureb It is interesting to note that tlegotic plantations in
276 Hong Kong are reported to have limited poor regeneration ofative understoryvegetation,
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comparedo the naturalforest(Lee et al., 2005)Thus, once the upper canopy is damaged by the
typhoon very little standingvegetationremains inthe plantation patcheffigure ). Field
observations show that the Lophostemortonfertusplantations,almost the entire canopyas
destroyedoy the typhoorand there is ngounggeneration of treet replace tbselost, dueto
limited recruitment in the plantatiomnderstory(figure ). Thus plantation patches showed
significantdrop inNDVI, compared tdhe naturalforestwhich appears moradapted to storms
Despite lower overall damage compared to exotic species plantalbtize stages of natural
secondary forest successigppeasusceptible to damage causedyphoongusts as highlighted

by the decrease in NDVI in all land coveastesThe young forests and shrublands are mainly
dominated by fast growing, soft woodedid therefore less wind resistagdrly successional
species such adallotus paniculatus or Machilus chekiangengis.observed in different parts of
the study areaspecially weak trees such as mtritinked, fungus infected, or other structurally
deficient trees were knocked over or seriously damaged by typhoon(figists 5¢, d) Healthy
trees remained upright but lost small branches, twigs and up to one thie leivesin many
parts of the study area thick layers of debris can be observed covering sinecgbéringseedlings
and understoryplants such as fernkarge amounts of woody debris significantly increase the

forestfire risk by providingmorefuel than wsual(figure 5b)

M Forest M Open Forest M Shrubland M Open Shrubland  Grassland W Plantations M Forest M Open Forest M Shrubland M Open Shrubland Grassland M Plantations

Figure 4 Distribution of NDVI loss or gain by land cover classes
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Figure 5 In-situ photographs of the landscape a) Lophostemon confertus plantation at the foothills of Tai Mo Shan
near Kap Lung. The canopy is almost leafless, many trees are broken or severely damaged. The understory is very
sparse naturally, which explains theassive reduction in NDVI, b) Damaged canopy of 20 years old natural
secondary forest dominated by Machilus chekiangensis. Large amounts of branches and leaves cover the forest floor
significantly ncreasing the fire risk, ¢) Gdominant crowns make a tregructurally deficient, allowing it to break

easier in typhoon gusts & d) At the contact point of twd@minant stems bark inclusion creates a weak point, which

is the main breaking point of the-cmminant trunk

3.2. Damage tothe successional age classefkforest (stand age)

Figure 6illustratesthe typhoon damage among the five successional age classes of forest in the
study areaThe pattern of severitgnd area damadés inversely proportional to the median age

of the forest patche3he results showhat the intermediate (median age 39 angdis) and old

growth forest (greater tharD-yearold) remained stable under the typhoblowever the early
successional forest was severely affected by the stdigh competition for resources in young
forests indicated by high stem densities weakens individual trees and makes theminevable

to gusts. Bthogen infected and structurally deficient trees for example with poor root systems or

co-dominant crownsra particularly affected bgtrong wind (Fischer pers. observ.)

Figure 6 Distribution of typhoon damage intensities among median stand ages of forest in the landscape

3.3. Impact by topographic position (aspect,landform, elevatim)
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In additionto stand age or the structural stage of the vegetdtietgpographyof a landscapealso
playsa significant role in determining tls¢ability of vegetation to withstaredvind storm(Ashton
et al., 2001) The dstribution patterns of varying magnitudes of typhoon damage alspech
landforms and elevation asownin figures 7 £9.

The typhoon slightly impacteall types of vegetation alorgl aspectgfigure 7). Nevetheless,

the severest typhoenduced loss in NDViappeas on the South, South East and East facing
slopes while cooler north facing slopesppeareast affected by the typhopoandevenshow a
positive change in NDVIMapping ofvegetation communities along aspects indicate that the
youngestorests grew alongouthern aspecis later years of successioflqbas et al., 2006 Thus

the effecs of forest stand age, direction of typhoon and distributionesf early successional

forest alongouthern slopesombined to producthe severst effects of the typhoon.

Analysis of typhoon damagecording tdandfarm indicateghat exposed ridges and hilltopsre
moreseverelyaffectedthan midslopes and sheltered places in valleys and deep ravinesparngh

than 600 ha above 500 m elevation suffering some danfiagere 8). These findings are not
surprising as & Mo Shan is one of the highest coastal mountains in South China making the study
area tilly exposed to extreme weathagproaching from the sea such as typholdosvever, some
severe damage was seen at lower elevsitionth approximately D ha between 200 and 400 m.
elevation showingnore than 15 % decrease in ND&Eld observations confirmed that many of
these correspond to forests still dominated by exotic species, which were originally planted in

lower areas.

Figure 7 Damageof the typhoon alongspect in the landscape
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Figure 8 Distribution of different magnitde of typhoon damage acrdspographic landforms

Figure 9 Distribution of different magnitudef typhoon damage across the altitudinal gradient



351 4. Discussion

352 The study found that only 12% of the landscape appeared unaffected by the typhoon, and although
353 younger forests were most severely damaged, all age classes of forest were affected in some way.
354 Thisis becausall secondaryorestsup to70 years are not appreciably different in structure and

355 species compositiodue tothe limited species pool, which is able to recolonize the apestly

356 grassy areas. As pointed out by Abbas et al. (2019) old growth species are largely absent from
357 recovering forests. The reasons for that are manificldding environmental factors such as poor

358 soil conditions after centuries of soil erosion ad aglbiological factors such as limited dispersal

359 of large fruited climax specieS.he limited species pool causes strong competition between
360 individuals ofa fewspeciesuch asMachilus chekiagkensisor Mallotuspaniculatus An unusual

361 number ofcompetngindividuals of the same species, which have similar functional traits such as
362 soft wood, same crown shape and same maximum tree |sigisses the forest stand and make

363 individual trees more vulnerable to pests and environmelaiadage caused kyphoons. In

364 contrast a species rich, complex, irregular and multilayered canopy of primary forest shows a much

365 higher resilience to stress and environmental darfé@generman et al, 1994

366 Thus, ather than typhoon damage helping to increase diversity by creating opportunities of space
367 and resources, as mentionega@ttion 12, the succession &rrested at this stagkle to lack of a

368 viable species pool of mitb latesuccessional specied/eakerd by competition for the same

369 resourceslarge numbers of the same speaesheavily damaged bgevere typhoon impacts

370 creating large forest gapsQ +R QJ .R Q J $ichl gapsHaveWeolonized by the same few
371 species again creating a cycle whereby the same species replace themselnesearsdno

372 evidence that, with progression, néate successionapecies are arrivings reportedor other

373 areas (Shiels e, 2014 Wang et al, 2008SuchaVLW XDWLRQ KDV EHHQ FRIQVLGHU
374 (Zhangetal, 2016), in whickinners and losers emerde our study aredlachilus chekiangensis

375 andMallotus paniculatusare winners, as they occupy much more space than thelg Wwauve

376 under primary forest condition®1 order toobtaina strongermoreresilientforest it would be

377 necessary to enhanb@diversityby artificially planting a species mix, whicksembls primary

378 foress in the regionThis could be achievday thinning of young secondary fordstilowed by

379 enhancemertty plantingpockets of high diversity forest
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Although the most severe and extensive damage was observed at higher elevations in the landscape
due to greater wind exposure, significant damage was also seen at lower levels, especially within
patches of exotic monoculture plantations. The severe |Id$B¥t here is due tdhe absence of

native tree seedlings anfinative understory vegetation, and once the upper caf@yptic trees

is damaged by the typhoon very little standing vegetation remains in the plantation.péttikes

the naturalforestwhich appears moradapted to storms, the upper canopy of these plantation
patches comprises tree species not adapted to a typhoon climate. Furthermoer understory

would suggest low fire susceptibility, but the dead teses debridollowing a typhoon provide
enhancd fuel supply for fire, and &igher fire frequency than usul observedon archived
images (Abbas et al, unpublishebi)deedhill fires initiated in nearby grasslands are common in

the dry season, and have been recognized as tineim@ediment to structural succession from
grassland to shrubland and for@3tidgeon and Corlett, 2011; Lee et al., 200%)e ease of fire
ignition decreases after a few years of succession and in normal conditions, it is very rare for
woodlands and shrubland to cafole (Chau, 1994)Most of the hill fires in Hong Kong last less

than 90 minutes, and a few last up to 3risdChau, 1994)But, considering the excessive fuel

from storm ebris, the 20189 dry season may bring more intense and longer fires which could

cause reversion to grassland, thus reversing the structural succession.

A number of studies suggest thatllinstemmed structures are both a response to disturbance and
an adaptation to future disturban¢€rausbay and Martin, 2016asmulti-stemmed treebave

been seen texperience lower mortality after cyclai@ montane forests Jamaica (Tanner &
Bellingham 200% and the Dominican Republic (Gannon and Martin, 30Hbwever, those

studies were conductedwindy montane forests with steep slopes axposed ridgetop locations,
wheretree height is limited by wind and harsh environmental conditionsuch locatbnsmulti-

trunked trees can reach the canopy and therefore are able to s@uivaudy observations
suggest that in flat land, lower and middle slop®s multitrunked habit is negative because single
trunked canopy trees grow taller and will @hiade multtrunked individuals.Once suppressed

by overtopping trees, multrunked trees are weaker and become vulnerable to pathogens and wind
stress.Figure 5dshows an example of Blachilus chekiangensisvhich suffered from bark
inclusion caused bmulti-trunking. The bark iclusionmakes aveak pointwhere thdrunk is not
solid,and one ofthe ccGRPLQDQW WUXQNV VQDSSHG LQ WKH W\SKRRQ
heal.Trees which eventually succeed are those which can both tolerate shade to grow beneath an
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411 intact canopy, but can also initiate rapid height growth when a canopy disturbance occurs (Ashton
412 et al, 2001), and thisvould excludemulti-trunk trees whoséeight growth is limited due to
413 division of resources between several steffise negatives of mulrunking are known in
414  arboriculture, which aims to remove-dominant trunk§Edward, 2015)and this may also be

415 Dbeneficial in regenerating lowland tropical forests.
416 5. Conclusion

417 Almost 90 %of the landscapeacrossall elevations,showed abnormal change following the

418 typhoon with all successional stages affected, but greatest damageeenin the youngest

419 growth forest, and in exotic monocultural plaigas. The greger lossof biomassobservedn

420 exotic plantation patches tham the natural forestindicated an evolvedadaptability oflocal

421 speciego periodicwind disturbanceas supetyphoons have occledat least once a decadeer

422 the last 100 years' he foregoing analysidang with previous findings by the research team

423 frost damagesuggesthat exotic plantatianareless resiliento extremeclimatic eventspossibly,

424 in part, due to the lack dfee and shrub recruitmebelowthe main canopyAmong the forest

425 successional classemung forest dominated by denstands of faggrowing sofwood speciesf

426 MallotusandMachilusshowed most damageligh competition for resources weakens individual

427 trees in these young forests and those affectgrithyogens or structurdeficiency,(for example

428  with poor root systemsultiple trunksor codominant crownywere nost damaged. Therefore to

429 aid the natural thinning of these early stage secondary forests, which usually takes a very long
430 time,weak and damaged trees may be remo@éuhg with intervention to introduce some mid

431 and latesuccessionapecies,tiis may helptov SHHG XS WKH pDUUHVWHG VXFFHV)
432 +RQJ .RQJM\setdhdaydrests Large amounts of debrigsulting from storm damage

433 constitute a fire risk during the following dry season, and this could also be reduced by establishing

434  ahigh diversity mix of native speciet enhance resilience extremeclimatic events
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SupplementaryFigures

Figure 10 Wind gust (m/s) from 15 September to 17 September recorded at the Lau Fau Shan station in Hong Kong

Figure 11 Wind gust (m/s) from 15 September to 17 September recordedTati thi® Shanstation in Hong Kongt
data record lost after 04:00 pm on the typhoon day'@éptember 2018)
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548  Figure 12. Wind speed at tree planting site during typhoon
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