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Abstract: Studying the dynamic characteristics, species coexistence and biodiversity conservation mecha-
nisms of subtropical forest ecosystems is important in the study of the quantitative characteristics and spatial
gap distribution patterns. Based on census data from the 20 ha dynamics plot of the subtropical evergreen
broad-leaved forest in Dinghushan in 2015, we analyzed the geometric characteristics and spatial distribution
pattern of gaps in the plot by combining aerial image processing technology of unmanned aerial vehicles and
GIS. Results show that the gap fraction is 13.72%, the gap density is 35.75 no./ha, and the average gap area is
38.37 m?. Results also show that: (1) The number of gaps in the area is negatively exponentially distributed
with the increase of gap area, that is, the gap is small and the marginal effect is not significant. (2) The aver-
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age area of forest gaps in over-mature forest stands is larger than that in mature forests, while the mature for-
est is more likely to have more small gaps and fewer large gaps. (3) In different habitats, the distribution of
gaps in each habitat shows the same pattern as that found in the whole plot. However, the difference in the
valley is significant when compared with other habitats, and gap area and gap density in the valley are larger
than other habitats. The ridge gap is also distinctive, and its gap density is lower than other habitats. (4) Gap
area is significantly correlated with topographic factors. It was significantly negatively correlated with alti-
tude and convexity, and had a significantly positive correlation with aspect and gradient. Based on these
comparative analyses, a monitoring system of forest canopy changes and patterns can be established using
drones, to dynamically monitor forest gaps and the undergrowth community.
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Fig. 1 Spatial distribution characteristics of gaps in the 20 ha
dynamics plot of subtropical evergreen broad-leaved forest in
Dinghushan
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Table 1 Gap classification and data characteristics in 20 ha plot
of subtropical evergreen broad-leaved forest of Dinghushan

Gaparea(m?)  Gapnumber Quantity ratio Arearatio  Gap type
2-25 442 61.82% 19.08% Small gap
25-49 151 21.12% 19.37% Large gap
50-99 76 10.63% 19.24% Large gap
100-199 30 4.20% 14.51% Large gap
200-399 11 1.54% 11.01% Large gap
> 400 5 0.69% 16.79% Large gap

Total 715 100% 100% -
7,230.81 m% 122, 5,070.55 m’;

126 3,370.54 m?;
266 14,968.91 m? 226
8,280.87 m* ( 3)
(4
2.4
Pearson —-0.096,
; = (B) = ; = ; =

Fig. 2 Gap distribution at different maturity levels (A) and in different habitats (B). (A) Pink = Mature forest; Blue = Over-mature
forest. (B) Purple = High valley; Blue = High slope; Pink = Ridge; Green = Low valley; Yellow = Low slope.
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2
Table 2 Gap fraction and gap density under different maturity stands

Type Quantity ratio Area ratio Gap fraction Gap density (no./ha)

Small gap Large gap Small gap Large gap Small gap Large gap Small gap Large gap
55.42% 44.58% 13.20% 86.80% 2.03% 13.31% 16.22 13.05

Over-mature forest
Mature forest ~ 65.70% 34.30% 24.20% 75.80% 3.09% 9.68% 26.95 14.06

3
Table 3 Number of gaps and gap fraction under different habitat types
Habitat type Plot area (ha) Gap number Gap fraction Average gap area (m?)

Whole plot 20 715 13.72% 38.37
High valley 3.08 151 10.45% 47.89
High slope 2.92 122 16.46% 41.56
Ridge 2.52 126 5.11% 26.75
Low valley 6.92 266 51.26% 56.27
Low slope 6.60 226 32.86% 36.64

4
Table 4 Gap fraction and gap density under different habitats

Habitat type Quantity ratio (%) Avrea ratio (%) Gap fraction (%) Gap density (no./ha)
Small gap Large gap Small gap Large gap Small gap Large gap Small gap Large gap
Whole plot 61.81 38.19 19.08 80.92 2.62 11.10 22.10 13.65
High valley 58.28 41.72 14.02 85.98 1.47 8.98 12.72 9.10
High slope 59.02 40.98 17.57 82.43 2.89 13.57 23.38 16.23
Ridge 69.05 30.95 29.71 70.29 1.52 3.59 13.18 5.91
Low valley 49.62 50.38 11.59 88.41 5.94 45.32 4521 45.89
Low slope 61.06 38.94 19.59 80.41 6.43 26.43 54.76 34.92
; Pearson -0.179,
; Pearson
0.080 0.074, ( 3)
3
3.1

(Yamamoto, 1992; Holmes, 1995)
3

Fig. 3 Difference of gap area in different habitats. Different (  1998) '
letters indicates significant difference. ( , 1996)



388 Biodiversity Science 25
50 m* 3.2
3837 m* 13.72%
1,440.87 m* 2.44 m? , 2549 m? :
, 19.37%, 25 m*
,  61.82%
, (Spies & Flanklin, 1989)
) ( 1
, 1998) ;
( )
( 137.82 mP) ( , 2013) :
(268.4 m%) ( , 2003) (229.7 m?) ( , 2003)
( , 2004), , ' :
(50.9%) ,
: ( )
, 1.60%
24.41%, 32.47% ( , 1999;
ArcGIS . 2001)
(Hubbell & Foster, 1986) ’
( 15 m )
(van Bloem et al, 2006)
, ( )
10 m , 1 cm , ,
5.02 cm; 5.66 cm; ,
26 cm ( , 2004)

(van Bloem et al, 2006),

( , 2013)



389

337

8 cm )

(Hunter & Parker, 1993; Almquist, 2002;

, 2012),

3.3

, 2003),

3.4

(

(4)

0y

; (5)

, 2010); (3)

: ( , 2007)

(Whitmore,
1978; Taylor & Qin, 1988; Yamamoto, 1992),

( , 2016)

Almquist BE, Jack SB, Messina MG (2002) Variation of the
treefall gap regime in a bottomland hardwood forest: rela-
tionships with microtopography. Forest Ecology and Man-

L (2) agement, 157, 155-163.

’ Bao WK, Liu ZG, Yuan YF, Liu RD, Liu ZL (2001) Gap for-
mation features of humid evergreen broad-leaved forest in
central subtropical Wawushan Mountain, Sichuan Province,
China. Chinese Journal of Applied Ecology, 12, 485-490.
(in Chinese with English abstract) [ , ,

, , (2001)
. , 12, 485-490.]
Bin Y, John S, Wu LF, Li BH, Hao ZQ, Ye WH, He FL (2015)



390

Biodiversity Science 25

Species-habitat associations and demographic rates of forest
trees. Ecography, 38, 1-8.

Brokaw N (1985) Gap-phase regeneration in a tropical forest.
Ecology, 66, 682-687.

Condit R (1998) Tropical Forest Census Plots: Methods and
Results from Barro Colorado Island, Panama and a Com-
parison with Other Plots. Springer, Berlin.

Connell JH (1978) Diversity in tropical rain forests and coral
reefs. Science, 199, 1302-1310.

Crawley MJ (2004) Timing of disturbance and coexistence in a
species-rich ruderal plant community. Ecology, 85, 3277-
3288.

de Vries PG (1986) Sampling Theory for Forest Inventory.
Springer, Berlin.

Gray AN, Spies TA (1996) Gaps size, within-gap position and
canopy structure effects on conifer seedling establishment.
Ecology, 84, 635-645.

Guan YY, Fei F, Guan QW, Chen B (2016) Advances in stud-
ies of forest gap ecology. Scientia Silvae Sinicae, 52, 91-99.
(in Chinese with English abstract) [ , , ,

(2016) . , 52,
91-99.]

He YG (1983) The soil of the Dinghu Moutain Natural Reseva-
tion, Guangdong Province. Journal of South China Normal
University (Natural Science Edition), (1), 87-96. (in Chi-
nese with English abstract) [ (1983)

( ), (1),
87-96. ]

Holmes TH (1995) Woodland canopy structure and the light
response of juvenile Qercus lobata (Fagaceae). American
Journal of Botany, 82, 1432-1442.

Hu LL, Li JS, Wu XP, Yan BQ, Zhu JJ, Luo JW, Xiao NW
(2010) Review on methods of measuring geometric charac-
teristics of forest gaps involving gap size, gap shape, and the
height of canopy trees surrounding the gap. Acta Ecologica
Sinica, 30, 1911-1919. (in Chinese with English abstract)
[ , , , : , ,

(2010) . , 30,
1911-1919.]

Huang JX, Zhang J, Shen Y, Lian JY, Cao HL, Ye WH, Wu
LF, Bin Y (2014) Different relationships between temporal
phylogenetic turnover and phylogenetic similarity and in
two forests were detected by a new null model. PLoS ONE,
9, e95703.

Hubbell SP, Foster RB, O’Brien ST, Harms KE, Condit R,
Wechsler B, Wright SJ, de Lao SL (1999) Light-gap distur-
bances, recruitment limitation, and tree diversity in a ne-
otropical forest. Science, 283, 554-557.

Hubbell SP, Foster RB (1986) Canopy Gaps and the Dynamics
of a Neotropical Forest. Blackwell Scientific Publications,
Oxford.

Hunter JC, Parker VT (1993) The disturbance regime of an
old-growth forest in coastal California. Journal of Vegeta-

tion Science, 4, 19-24.

Hunter MO, Keller M, Morton D, Cook Bruce, Lefsky M,
Ducey M, Saleska S, Oliveira RC, Schietti J (2015) Struc-
tural dynamics of tropical moist forest gaps. PLoS ONE, 10,
1371.

Huston M (1979) A general hypothesis of species-diversity.
The American Naturalist, 113, 81-101.

Kenneth PL (1992) Pattern of gap-phase replacement in a sub-
alpine, old-growth forest. Ecology, 73, 657—669.

Larjavaara M, Muller-Landau HC (2013) Measuring tree
height: a quantitative comparison of two common field
methods in a moist tropical forest. Methods in Ecology and
Evolution, 4, 793-801.

Li CH (1997) The distribution of evergreen broad-leaved forest
in eastern Asia. Journal of Natural Resources, 2, 37-45. (in
Chinese with English abstract) [ (1997)

,2,37-45]

Li GC, He YT, Han XG (2003) Features of gaps of middle
mountain moist evergreen broad-leaved forest in Ailao
Mountain. Chinese Journal of Ecology, 22, 13-17. (in Chi-
nese with English abstract) [ , ,

(2003)
,22,13-17]

Li YH, Shi T (2014) Estimating the canopy density through
color features of aerial digital images. Journal of Northwest
Forestry University, 29, 148-154. (in Chinese with English
abstract) [ , (2014)

, 29, 148-154.]

Lian JY, Chen C, Huang ZL Cao HL, Ye WH (2015) Commu-
nity composition and stand age in a subtropical forest,
southern China. Biodiversity Science, 23, 174-182. (in Chi-
nese with English abstract) [ , , ,

, (2015)
,23,174-1821]

Liang XD, Ye WH (2001) Advances in study on forest gaps.
Journal of Tropical and Subtropical Botany, 9, 355-364. (in
Chinese with English abstract) [ , (2001)

, 9, 355-364.]

Lin GJ, Diana S Gong GQ, Huang ZL, Ye WH, Wu LF (2013)
Separating the effects of environment and space on tree spe-
cies distribution: from population to community. PL0oS
ONE, 8, e56171.

Liu JY, Wang BS, Zang RG (1999) Gap formation and its
characteristics in south subtropical evergreen broadleaved
forest. Chinese Journal of Applied Ecology, 10, 385-388.
(in Chinese with English abstract) [ , ,

(1999)
, 10, 385-388.]

Liu WP, Cao HL, Liu W, Lian JY, Wu LF (2011) Study on
diversity of monsoon evergreen broad-leaved forest in dif-
ferent kinds of habitat in Dinghushan. Journal of Anhui Ag-
ricultural Sciences, 39, 16159-16163. (in Chinese with Eng-
lish abstract) [ , , , )



391

(2011)
. , 39, 16159-16163.]

Ma KP (2016) Biodiversity monitoring relies on the integration
of human observation and automatic collection of data with
advanced equipment and facilities. Biodiversity Science, 24,
1201-1202. (in Chinese) [ (2016)

, 24,1201-1202.]

Miller K, Bodttcher U, Meyer-Schatz F, Kage H (2008)
Analysis of vegetation indices derived from hyperspectral
reflection measurements for estimating crop canopy pa-
rameters of oilseed rape. Biosystems Engineering, 101,
172-182.

Pei NC, Lian JY, Erickson DL, Swenson NG, Kress WJ, Ye
WH, Ge XJ (2011) Exploring tree-habitat associations in a
Chinese subtropical forest plot using a molecular phylogeny
generated from DNA barcode loci. PLoS ONE, 6, €21273.

Pennisi E (2005) What determines species diversity. Science,
309, 90.

Peng SJ, Huang ZL, Zhou GY, Zhou XY, Zhang C, He WQ
(2003) Gap formation characteristics and its effects on sap-
ling composition and diversity in Dinghushan biosphere re-
serve. Journal of Tropical and Subtropical Botany, 11,
229-235. (in Chinese with English abstract) [ ,

, ) , , (2003)
, 11, 229-235.]

Runkle JR (1982) Patterns of disturbance in some old-growth
mesic forests of eastern North America. Ecology, 63,
1533-1546.

Sang WG, Ma KP, Chen LZ, Zheng Y (1999) A brief review
on forest dynamics models. Chinese Bulletin of Botany, 16,
193-200. (in Chinese with English abstract) [ ,

, , (1999)
, 16, 193-200. ]

Sha LQ, Cao M (1999) Nutrients in treefall gap of tropical
seasonal rainforest in Xishuangbanna. Journal of Northeast
Forestry University, 27(6), 78-80. (in Chinese with English
abstract) [ , (1999)

27(6), 78-80.]
Shen ZH, Wang GF, Li DX (2001) Gap related disturbance in
mixed mountain forests at Mt. Dalaoling in the Three

Gorges. 1l. Topographic patterns. Acta Phytoecologica
Sinica, 26, 149-156. (in Chinese with English abstract) [
, , (2001)
L
, 26, 149-156.]

Shugart HH (1984) A Theory of Forest Dynamics. Springer-
Verlag, New York.

Song YC (2004) Tentative classification scheme of evergreen
broad-leaved forest of China. Acta Phytoecologica Sinica,
28, 435-448. [ (2004)

. , 28, 435-448.]

Spies TA, Franklin JF (1989) Gap characteristics and vegeta-
tion response in coniferous forests of the Pacific Northwest.
Ecology, 70, 543-545.

Stork O, Welzl H, Cremer H, Schachner M (1997) Increased
intermale aggression and neuroendocrine response in mice
deficient for the neural cell adhesion molecule (NCAM).
European Journal of Neuroscience, 9, 1117-1125.

Tan H, Zhu JJ, Kang HZ, Hu LL (2007) A research review on
forest gap disturbance. Chinese Journal of Ecology, 26,
587-594. (in Chinese with English abstract) [ , ,

, (2007) . , 26,
587-594.]

Taylor AH, Qin ZS (1988) Regeneration patterns in old-growth
Abies-Betula forests in the Wolong Natural Reserve, Si-
chuan, China. Journal of Ecology, 76, 1204-1218.

Tokeshi M (1999) Species Coexistence. Blackwell Science,
Oxford.

van Bloem SJ, Lugo AE, Murphy PG (2006) Structural re-
sponse of Caribbean dry forests to hurricane winds: a case
study from Guanica Forest, Puerto Rico. Journal of Bio-
geography, 33, 517-523.

Wang JH, Li JD (2006) Advances in study on forest gaps.
World Forestry Research, 19, 27-30. (in Chinese with Eng-
lish abstract) [ , (2006)

, 19, 27-30.]

Wang XQ, Wang MM, Wang SQ, Wu YD (2015) Extraction of
vegetation information from visible unmanned aerial vehi-
cle. Transactions of the Chinese Society of Agriculture En-
gineering, 31, 152-159. (in Chinese with English abstract)
[ ; , , (2015)

, 31,
152-159.]

Wang ZF, Lian JY, Huang GM, Ye WH, Cao HL, Wang ZM
(2012) Genetic groups in the common plant species Cas-
tanopsis chinensis and their associations with topographic
habitats. Oikos, 121, 12, 2044-2051.

Wang ZF, Lian JY, Ye WH, Cao HL, Zhang QM, Wang ZM
(2016) Pollen and seed flow under different predominant
winds in wind-pollinated and wind-dispersed species Eng-
elhardia roxburghiana. Tree Genetics & Genomes, 12, 1-
16.

Watt AS (1947) Pattern and process in the plant communities.
Journal of Chemical Ecology, 35, 1-22.

Whitmore TC (1978) Gaps in the forest canopy. In: Tropical
Trees as Living Systems (eds Tomlinson PB, Zimmermann
MH), pp. 639-655. Cambridge University Press, Cam-

bridge.
Wu ZY (1980) Vegetation of China. Science Press, Beijing. (in
Chinese) [ (1980) . , ]

Xia B, Lan T, He SA, Deng F, Yao G (1996) Canopy gaps in
subalpine spruce-fir forests of the hills around Bitahai Lake,
Yunnan Province. Journal of Plant Resources and Environ-



392

Biodiversity Science 25

ment, 5(4), 1-8. (in Chinese with English abstract) [ ,
(1996)
, 5(4), 1-8]

Xie YB, Ma ZP, Yang QS, Fang XF, Zhang ZG, Yan ER,
Wang XH (2012) Coexistence mechanisms of evergreen and
deciduous trees based on topographic factors in Tiantong
region, Zhejiang Province, eastern China. Biodiversity Sci-
ence, 20, 159-167. (in Chinese with English abstract) [

’ ’ 1

(2012)

, 20, 159-167.]

Yamamoto S (1992) Gap characteristics and gap regeneration
in primary evergreen broad-leaved forest of western Japan.
Botanical Magazine, 105, 29-45.

Yan SJ, Hong W, Wu CZ (2004) Gaps and their natural distur-
bance characteristics in mid-subtropical evergreen broad-
leaved forest in Wanmulin. Chinese Journal of Applied
Ecology, 15, 1126-1130. (in Chinese with English ab-
stract) [ , , (2004)

, 15, 1126~
1130.]

Yang QS, Ma ZP, Xie XB, Zhang ZG, Wang ZH, Liu HM, Li
P, Zhang N, Wang DL, Yang HB, Fang XF, Yan ER, Wang
XH (2011) Community structure and species composition of
an evergreen broad leaved forest in Tiantong’s 20 ha dy-
namic plot, Zhejiang Province, eastern China. Biodiversity
Science, 19, 215-223. (in Chinese with English abstract) [

' ) , , , (2011)
20 ha
, 19, 215-223.
Ye WH, Cao HL, Huang ZL, Lian JY, Wang ZG, Li L, Wei
SG, Wang ZM (2008) Community structure of a 20 hm?
lower subtropical evergreen broadleaved forest plot in

Dinghushan, China. Journal of Plant Ecology (Chinese Ver-

sion), 32, 274-286. (in Chinese with English abstract) [
(2008) 20
, 32, 274-286.]

Zang RG (1998) Research advance of canopy gap dynamics.
Chinese Journal of Ecology, 17, 50-58. (in Chinese with
English abstract) [ (1998)

, 17, 50-58.]

Zang RG, Yu SX, Liu JY, Yang YC (1999) The gap phase
regeneration in a tropical montane rain forest in Bawan-
gling, Hainan Island. Acta Ecologica Sinica, 19, 151-158.
(in Chinese with English abstract) [ , ,

, (1999)
, 19, 151-158.]

Zhang J, Hu JB, Lian JY, Fan ZJ, Ouyang XJ, Ye WH (2016)
Seeing the forest from drones: testing the potential of light-
weight drones as a tool for long-term forest monitoring. Bi-
ological Conservation, 198, 60-69.

Zhang ZG, Ma ZP, Liu HM, Zheng ZM, Xie YB, Fang XF,
Wang XH (2013) Topographic distribution patterns of forest
gap within an evergreen broad-leaved forest in Tiantong re-
gion of Zhejiang Province, Eastern China. Chinese Journal
of Applied Ecology, 24, 621-625. (in Chinese with English
abstract) [ , , , , ,

, (2013)
, 24, 621-625. ]

Zhu JJ, Kang HZ, Hu LL (2005) Estimation on optical porosity
or canopy closure for a forest stand with hemispherical im-
ages. Chinese Journal of Ecology, 24, 1234-1240. (in Chi-
nese with English abstract) [ , ,

(2005) ( ).
, 24,1234-1240.]



