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Quantifying the vertical microclimate profile within a tropical seasonal 
rainforest, based on both ground- and canopy-referenced approaches
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Quantifying  the microclimate of  a  tall  and complex tropical  forest  is  quite
challenging  because  of  the  difficulty  in  accessing  the  canopy.  Traditional
ground-referenced methods  may  underestimate  the contribution  of  canopy
heterogeneity to structuring the vertical profiles of forest microclimate. The
present study examined how the reference height affects vertical variation of
microclimate  in  a  tropical  rainforest  in  southwest  China,  based  on  both
ground- and canopy-referenced approaches. The results show that the canopy-
referenced approach yielded a higher model  fit  than did the ground-refer-
enced method, and only canopy-referenced method could detect two thresh-
olds in the leaf area index at approximately -22.6 ± 2.7 m and -36.6 ± 6.6 m
below the canopy top; the higher threshold is consistent with thresholds of
the annual mean temperature, the diurnal ranges of air temperature, and the
relative humidity in the vertical  profile;  while the lower threshold is similar
with the breakpoints of annual mean relative humidity, the annual ranges of
air temperature and the relative humidity along the profile. The discontinuous
variance in the microclimatic factors was due to the canopy structure in the
vertical profile. Selecting the top of the canopy as the reference height could
be a better approach for quantifying the microclimatic profiles in the studied
forest, and this approach can improve our understanding of the effects of the
vertical stratification of microclimates on species composition and diversity in
this forest.

Keywords: Tropical Seasonal Rainforest, Vertical Gradient, Light Environment,
Temperature And Humidity, Distance From The Canopy Surface

Introduction
The  forest  canopy  reshapes  understory

microclimates,  and  vertical  climatic  gradi-
ents  within  forests  may  vary  even  more
sharply than those driven by elevation and
latitude  (Scheffers  et  al.  2014).  Although
the  interactions  between  forest  canopies
and atmosphere such as  rainfall  intercep-
tion and evapotranspiration at  large-scale
are relatively well  understood, only a few
studies were focused on canopy structure

and  microclimate  interactions  at  smaller
scales (Nakamura et al. 2017).

Although  the  transmission  of  radiation
affects  the microclimate in  the forest  un-
derstory, most previous studies have taken
the ground as a reference due to the diffi-
culty of accessing the forest canopy. These
ground-level  measurements may underes-
timate  the  microclimatic  edge  effects  on
vertical stratification in forests (Didham &
Ewers  2014).  As  radiation  is  attenuated

from the top of the canopy to the under-
story, ground-referenced radiation transfer
models  limit  the  estimation  of  microcli-
mate  factors  when  used  in  the  canopy
height  model  (CHM),  although  the  CHM
can  extract  the  vegetation  structure  at
both the plot level and the individual plant
level (Poley & McDermid 2020).

Many studies have suggested that verti-
cal  radiation  transmission  in  forest  cano-
pies  can be described by Beer’s  law (Bal-
docchi & Collineau 1994,  Yirdaw & Luukka-
nen 2004), and the transmittance of diffuse
light in the forest has an exponential rela-
tionship  with  the  aboveground  height
(Kenzo et al. 2015). However, at the funda-
mental  biophysical  level,  Beer’s  law  de-
scribing  the  radiation  absorbed  by  the
canopy was believed oversimplified, partic-
ularly in the case of highly heterogeneous
canopies and those with significant foliage
clumping  (Landsberg  &  Sands  2011),  be-
cause high rugosity is a common feature of
old-growth forests (Parker et al. 2019). The
amount of solar radiation received at the
canopy  floor  is  largely  dependent  on  the
leaf area index (LAI) of the forest, but ap-
proximately  50%  of  the  total  leaf  area  in
forests  has  been  reported  to  be  concen-
trated within a depth of 5 m from the top
of the canopy (Wirth et al. 2001), and the
relationship  between  the  LAI  and  the
height of a forest is not linear. The discon-

© SISEF https://iforest.sisef.org/ 24 iForest 15: 24-32

(1) CAS Key Laboratory of Tropical Forest Ecology, Xishuangbanna Tropical Botanical Gar-
den, Chinese Academy of Sciences, Mengla, Menglun 666303, Yunnan (China); (2) Center for 
Plant Ecology, Core Botanical Gardens, Chinese Academy of Sciences, Mengla, Menglun 
666303, Yunnan (China); (3) Department of Life Sciences, University of Chinese Academy of 
Sciences, Beijing 100049 (China); (4) National Forest Ecosystem Research Station at Xishuang-
banna, Xishuangbanna Tropical Botanical Garden, Chinese Academy of Sciences, Mengla, 
Menglun 666303, Yunnan (China); (5) Department of Environmental Sciences, Hainan Univer-
sity, Haikou 570228 (China)

@@ Min Cao (caom@xtbg.ac.cn)

Received: Feb 10, 2021 - Accepted: Nov 26, 2021

Citation: Deng Y, Dong J, Zhang W, Yuan S, Tan Z, Song Q, Deng X, Cao M (2022). Quantifying 
the vertical microclimate profile within a tropical seasonal rainforest, based on both ground-
and canopy-referenced approaches. iForest 15: 24-32. – doi: 10.3832/ifor3780-014 [online
2022-01-27]

Communicated by: Tamir Klein

Research ArticleResearch Article
doi: doi: 10.3832/ifor3780-01410.3832/ifor3780-014

vol. 15, pp. 24-32vol. 15, pp. 24-32

http://www.sisef.it/iforest/contents/?id=ifor3780-014
mailto:caom@xtbg.ac.cn


Deng Y et al. - iForest 15: 24-32

tinuous profile of  the LAI  further  compli-
cates the transmission of  radiation in the
understory,  especially  in  tropical  forests,
which canopy was high and quite hetero-
geneous.

Radiation  reduction  in  a  forest  also  af-
fects other environmental factors such as
air  temperature  and  humidity,  and  these
microclimatic  factors  may  affect  the  pro-
ductivity  and  biodiversity  of  different
height  layers.  The  spatial  and  temporal
variation in air temperature is qualitatively
similar to the variation in photon flux den-
sity  (Bazzaz  &  Wayne  1994).  In  addition,
temperature  is  a  key  determinant  of  the
rate of metabolic processes and hence has
a  major  impact  on  carbon  balance,  as  a
consequence of photosynthesis and respi-
ration (Landsberg & Sands 2011).  Relative
humidity  (RH),  another  important  factor
that is affected by radiation and tempera-
ture, determines the water loss from tran-
spiration  and  affects  the  photosynthesis
and  respiration  of  plants  (Landsberg  &
Sands 2011). Plants grown at high RHs (RH
≥ 85%) frequently show a rapid wilting trait
when exposed to lower RHs (≈60%  – Fan-
ourakis et al. 2020). The vertical gradient in
the  species  composition  of  bryophytes  is
strongly  associated  with  the  decreasing
gradient of RH and other microclimate fac-
tors (Shen et al. 2018); and amphibians pre-
fer shaded, cool, and moist habitats on the
forest  floor  (Brooks  &  Kyker-Snowman
2008).  However,  quantitative  studies  of
species distribution patterns in the vertical
gradient are limited, the vertical composi-
tion of biodiversity in forests is not well un-
derstood, and more accurate microclimate
profiles are needed.

In  a  seasonal  rainforest  in  Xishuangban-
na, southwest China, the transmitted radia-
tion that eventually reaches the understory
surface was reported to be approximately
7.13%  of  the  total  radiation  (Zhang  et  al.
2005).  Compared  to  full-light  conditions,
the total solar radiation, infrared radiation,
and daily radiation of visible light into the
canopy  were  all  decreased  as  height  de-
scended  (Dou  et  al.  2006),  resulting  in
higher  temperature  in  upper  canopy  and
lower temperature in lower canopy (Yang
et al. 2009). However, the heterogeneity of
the canopy height in the forest is quite sub-
stantial, and the height difference between
the  emergent  layer  (Parashorea chinensis,
approximately  60 m high)  and the  upper
canopy layer (approximately 30 m high) ex-
ceeds 20 m (Cao & Zhang 1997,  Cao et al.
2008). We also observed that the transmit-
tance diffuse light varied from 0.3% at 3.7 m
to 100% at  ≥ 21.2  m based  on the  recent
measurements using a canopy crane in this
forest (Deng et al. 2020). Early studies that
used the ground as a reference for measur-
ing the variations in vertical microclimate,
however, may still be insufficient to quanti-
tatively  describe the within-forest  vertical
profile of microclimate, although these fea-
tures are very important for understanding
and explaining the high biodiversity in the

forest.
In the present study, we tried to examine

the  change  in  the  microclimate  ranging
from the top canopy to the ground (forest
floor), demonstrating the trajectory of top-
down variation in the factors. We hypothe-
sized that  the height  and distance down-
ward to the ground affect the microclimate
within  the forest  and that  the major  fac-
tors of vertical microclimate exhibit discon-
tinuous variance based on the nonlinear at-
tenuation of  radiation in the vertical  pro-
file.  A  canopy  crane  was  used  to  investi-
gate the vertical profiles  at the study site,
and both the distance to the canopy sur-
face  and  the  distance  to  the  ground  of
each point at the profile were recorded. By
comparing variations in biophysical factors
such as  the LAI,  the diffuse non-intercep-
tance  (DIFN),  the  ratio  of  red  to  far-red
light (R:FR ratio), the air temperature, and
the RH in the profile, we sought to under-
stand the differences between canopy-ref-
erenced  and  ground-referenced  methods
and to develop an approach for determin-
ing the vertical profiles of forest microcli-
mates.

Materials and methods

Overview of the study area
This  study was  carried  out  in  the  crane

plot  in  the tropical  seasonal  rainforest  of
Xishuangbanna (101° 34′ 59.1″ E, 21° 37′ 2.6″
N; altitude 653.4 m a.s.l.). This plot was es-
tablished in December 2014, approximately
300  m  from  the  Xishuangbanna  tropical
seasonal  rainforest  20-ha  dynamics  plot
(XTRDP).  The height  of  the canopy crane
(TCT7015-10E,  Zoomlion,  Changsha,  China)
is  80 m (approximately 20 m higher than
the canopy of emergent trees), and the jib
length is 60 m. A long-term monitoring plot
of  120  ×  120  m  was  built  up  around  the
canopy crane. According to the results of a
survey in 2014, there were 6928 individual
trees with diameter at breast height (DBH)
≥ 1 cm in this plot, belonging to 55 families
and 217 species (Deng et al. 2020). The tree
species  composition  of  the  crane  plot  is
close  to  that  of  the  XTRDP  (Cao  et  al.
2008), and P. chinensis has the highest rela-
tive importance value (21.73%) in this plot.

Measurement of the vertical light 
environment

With the assistance of the canopy crane,
we set 40 vertical light environmental sur-
vey profiles (Fig. S1 in Supplementary ma-
terial) in three concentric circles with radii
of  20,  40,  and 56 m respectively.  For the
two outer circles, the profiles were spaced
every 22.5°  horizontally;  and for the inner
circle,  the profiles were spaced every  45°
horizontally. At each vertical survey profile,
the light environment was measured every
5 m of interval, from the top of the tower
crane  (80  m)  down  to  the  ground.  The
height from the canopy (Hcanopy) and height
to  the  ground  (Hground)  at  each  measure-
ment point were recorded. The maximum

canopy height  at  all  40  vertical  investiga-
tion profiles was between 15.0 and 63.5 m,
with a mean (± standard deviation) of 34.8
± 14.6 m.

Since the actual measurement plane is lo-
cated at the top of the hanging basket, the
lowest  measuring position in  each profile
was approximately 2 m above the ground.

The spatiotemporal distribution of light in
the understory is quite heterogeneous, and
the measurement of direct light is difficult
for  long-term  sampling  (Engelbrecht  &
Herz 2001). Indirect measurements, such as
the  transmittance  of  diffuse  light  (pre-
sented  as  the  DIFN),  are  also  acceptable
for estimating light conditions. The DIFN is
a single-value representation of the canopy
structure because it combines the LAI and
the  mean  tilt  angle  of  leaves  (MTA)  into
one  number  (LI-COR  2021).  A  previous
methodological  comparison  showed  that
the DIFN had a good fit with the directly
measured  long-term  photosynthetic  pho-
ton flux density (PPFD) in the understory
of  a  tropical  forest  (Engelbrecht  &  Herz
2001). In this study, both the DIFN and LAI
were measured using the plant canopy an-
alyzer LI-2200C® (LI-COR, Inc., Lincoln, NE,
USA).  Open sky measurements were con-
ducted at the top of the crane, and each
profile was measured at the highest work-
ing  height  of  the  tower  crane  with  five
replicates. A 270° view cap was used to pre-
vent  the  crane  jib  from  obstructing  the
view. The repeated measurements of each
measuring point  were  used to  adjust  the
open sky measurements with FV2200® soft-
ware (LI-COR, Inc., Lincoln, NE, USA) and to
estimate the DIFN and LAI.  The measure-
ments  were  repeated  five  times  at  each
height of each profile.

The  leaves  of  the  canopy  absorb  much
more light in the photosynthetically active
portion of the spectrum (400-700 nm) than
in the near-infrared range (700-1000 nm  –
Lee 1989, Pons 1992), which shifts the ratio
of red to far-red wavelengths in the under-
story  (Pons  1992).  Occasional  light  flecks
can have a significant effect on the average
daily PPFD, but these flecks have little ef-
fect on daily R:FR ratios (Turnbull & Yates
1993, Capers & Chazdon 2004), which indi-
cates that the R:FR ratio can be used in as-
sessing light  levels  in the understory  (Ca-
pers & Chazdon 2004). The R:FR ratio was
measured by a SpectroSense2+® spectrom-
eter  (Skye  Instruments  Ltd,  Wales,  UK).
The  measurements  were  repeated  five
times at  each height  of  each profile,  and
the  mean  value  was  taken  as  the  corre-
sponding  light  environment  at  this  posi-
tion.

The measurements of the DIFN, LAI and
R:FR  ratio  were  carried  out  and  accom-
plished  in  April  2016  from  approximately
10:00 to 16:00 on sunny days, when it is in
the end of the dry season.

Vertical temperature and humidity 
profiles

Three vertical profiles were set up, which
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Top canopy height better quantify microclimate in tropical seasonal rainforest

included three emergent  P.  chinensis indi-
viduals  in  different  directions  around  the
crane (where the maximum heights of the
canopy were 56.5, 62.7, and 63.1 m, respec-
tively).  The air  temperature and RH were
recorded by an Onset HOBO U23-001® (ON-
SET,  USA).  Sensors were set  at  following
levels: (i) For the individual of 56.5 m: 2 m,
12 m, 22 m, 32 m, 42 m (lower crown), 47 m
(middle crown), and 54.5 m (upper crown);
(ii) For the individual of 62.7 m: 2 m, 12 m,
22  m,  32  m,  42  m (lower  crown),  52.5  m
(middle crown), and 58.7 m (upper crown);
(iii) For the individual of 63.1 m: 1.5 m, 11.5
m,  21.5  m,  31.5  m,  41.5  m,  51.5  m  (lower
crown), 55 m (middle crown), and 60.5 m
(upper crown).

In total, 22 sensors were installed in the
forest to continuously monitor changes in
the air temperature and humidity in these
four profiles. The measurements were per-
formed  every  30  min.  A  radiation  shield
was used to protect the sensor from direct
sunlight  to  prevent  data  drift.  This  study
used data from May 27, 2016 to December
31,  2019  (the  data  from  January  to  May
2016 and from December 2018 to February
2019 were missing, so they were extrapo-
lated from previous annual means).

Data analysis
Five  temperature  indices,  i.e.,  annual

mean temperature  (AMT),  monthly  mean
temperature (MMT), monthly (MDRT) and
annual mean diurnal range of temperature
(ADRT), and mean annual range of temper-
ature  (MART),  and  five  humidity  indices,
i.e.,  annual  mean  RH  (AMRH),  monthly
mean RH (MMRH), monthly (MDRRH) and
annual mean diurnal range of RH (ADRRH),
and  mean annual  range of  RH  (MARRH),
were computed to investigate the vertical
and temporal changes in the air tempera-
ture  and  humidity.  The  MMT  and  MMRH
were averaged arithmetically according to
the daily mean values (the average values
of 48 records per day, and one record per
0.5 h) of the temperature and RH in each
month  from  January  2016  to  December
2019.  The  AMT (or  AMRH) was the arith-
metical average of 4 × 12 MMT (or MMRH)
values.  The  MDRT  (or  MDRRH)  was  the
mean value of the diurnal range of temper-
atures (DRT – or RH, DRRH – the difference
between the daily maximum and minimum
temperatures or RH) in each month from
January  2016  to  December  2019,  and  the
ADRT (or ADRRH) was the mean value of 4
× 12 MDRT (or MDRRH) values. The annual
range of temperature (ART – or the annual
range of RH, ARRH) was the difference be-
tween the MMTs (or MMRHs) of the warm-
est and coldest months within a year, and
the MART (or MARRH) was the mean value
of the ART (or ARRH) from 2016 to 2019.

Microclimatic factors in the crane plot are
summarized in Tab. S1 (Supplementary ma-
terial).  The  nonparametric  locally  esti-
mated  scatterplot  smoothing  (LOESS)
model was used to approximate the num-
ber  and  positions  of  the  breakpoints  in

light-related data between heights,  and a
piecewise linear regression model (PLRM)
was used to estimate the breakpoints for
LAI,  DIFN, R:FR ratio,  AMT, ADRT, MART,
AMRH, ADRRH and MARRH in each vertical
gradient. The LOESS model was fitted us-
ing  the  statement  “loess”  in  R  (R  Core
Team  2020),  and  the  PLRM  was  imple-
mented using the R package “segmented”
(Muggeo 2021).

To estimate breakpoints incorporating lin-
ear segments, the PLRM was expressed as
follows (Tomal & Ciborowski 2020 – eqn. 1):

(1)

where  y and  x are  the values  for  the  re-
sponse  and  predictor  variables,  respec-
tively; α1 and α2 are the breakpoints; and β1,
β1 + β2 and β1 + β2 + β3 are the slopes of lin-
ear  regression models  1,  2  and 3,  respec-
tively.  The  thresholds  and  slopes  for  the
PLRM are listed in Tab. S2 and Tab. S3 (Sup-
plementary material). R (v. 4.0.5) was used
to perform model  fitting and to calculate
the  relevant  model  parameters  (R  Core
Team 2020).

Results

Light environment
When the ground was used as the refer-

ence,  the  LAI  was  highest  at  2  m  above
ground (estimate ± SE = 4.81  ± 0.97) and
rapidly  decreased  with  decreasing  height
until a height of 19.0 ± 1.6 m (Fig. 1a). When
the height was over 19 m, the slope of LAI

vs. height became gentler as the LAI began
to  stabilize  somewhat.  When  the  canopy
was  used  as  the  reference,  the  LAI  in-
creased dramatically from the canopy sur-
face  (0  m)  to  -22.6  ±  2.6  m  below  the
canopy top. The LAI was relatively stable at
Hcanopy values lower than -22.6 ± 2.6 m and
higher  than  -36.6  ±  6.6  m,  but  then  the
slope of LAI vs. height became steep again
below -36.6 ± 6.6 m (Fig. 1b).

DIFN gradually increased with increasing
Hground, and from Hground = 26.2 ± 3.6 m up-
ward, the slope of DIFN vs. height became
flatter (Fig. 1c). When using Hcanopy for refer-
ence, however, DIFN increased gently with
increasing height from forest floor to -14.0
±  2.0  m  high  and  rapidly  increased  from
-14.0 ± 2.0 m to the top canopy (Fig. 1d). In
addition,  DIFN  was  not  saturated  at  the
canopy surface, showing a value of 76.95 ±
24.19% at Hcanopy = 0 m.

The R:FR ratio at  2  m above the forest
floor  was  0.557  ±  0.173,  and  it  increased
with increasing Hground until it slowed down
at the height  of  21.2  ±  3.3  m (Fig.  1e).  In
terms of Hcanopy, the curve of the R:FR ratio
vs. height  exhibited  two  breakpoints,  at
-13.0 ±  2.5 m and -43.8 ± 6.8  m in  height
(Fig.  1f),  and the R:FR ratio only  showed
greater stability between these two break-
points.

Vertical variation in air temperature
The AMT exhibited a linear increase with

increasing height from the ground until the
height of 46.2 ± 7.9 m (Fig. 2a) or -16.7 ± 6.5
m under the canopy surface (Fig. 2b), then
became  relatively  stable  in  the  upper
canopy. The PLRM exhibited a better fit (r2

= 0.9260)  compared to when the ground
was used as the reference (r2 = 0.8519).

The  breakpoint  where  the  ADRT  slope
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Fig. 1 - Variation 
in LAI, DIFN and 
R:FR ratio in ref-
erence to Hground 
(a, c, e) and 
Hcanopy (b, d, f). 
The white cycle 
represents the 
observed value 
at the corre-
sponding height.
The blue solid 
line represents 
LOESS model, 
the red solid line 
represents 
PLRM, and the 
red dash line 
represents 95% 
prediction bands
of PLRM.
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changed  with  increasing height  appeared
at 35.9 ± 5.9 m high (Fig. 2c) or -24.5 ± 3.4
m under the canopy surface (Fig. 2d). The
PLRM  regression  based  on  Hcanopy (r2 =
0.9490)  had  a  better  model  fit  than  the
model based on Hground (r2 = 0.8738) for the
ADRT.

Regardless  of  whether  the  ground  or
canopy was used for reference, the MART
showed a positive relationship with height
(Fig.  2e,  Fig.  2f),  and  PLRM  suggested  a
breakpoint at 27.1 ± 6.7 m high or -36.0 ±
4.5 m under the canopy surface. MART dis-

played  a  better  model  fit  (r2 =  0.8788)
when the canopy-referenced  method was
used compared to the  ground-referenced
method (r2 = 0.7707).

Vertical variation in relative humidity
The AMRH in the forest exhibited a nega-

tive relationship with  height  (Fig.  3a,  Fig.
3b), and the  r2 of the PLRM of AMRH  vs.
canopy-referenced  height  (0.9227)  was
higher than that of the model of AMRH vs.
ground-referenced  height  (0.8712).  The
breakpoint  was  -40.7  ±  5.9  m  under  the

canopy surface (22.0 ± 7.8 m high from the
forest floor).

The ADRRH exhibited a positive relation-
ship  with  the  ground-referenced  profile
from forest floor to 38.4 ± 5.4 m (Fig. 3c),
and when the canopy was referenced, the
breakpoint was at -24.5 ± 3.5 m (Fig. 3d),
beyond  which  the  ADRRH  became  rela-
tively stable with change in height. Canopy-
referenced PLRM still showed better fit (r2

= 0.9563) than did the ground-referenced
method (r2 = 0.8846).

The MARRH was low near the ground and
increased  rapidly  as  the  height  increased
until 15.2 ± 3.5 m high (Fig. 3e) or -40.0 ± 3.7
m (Fig. 3f) under the canopy surface. The
PLRM  of  the  MARRH  showed  better  fit
with Hcanopy (r2 = 0.7373) than with Hground (r2

= 0.5732).

Seasonal variations in air temperature
The highest MMT in the forest occurred

in  June  at  all  height  levels.  The  highest
value in the profile (24.7 °C) was recorded
at Hground = 52.5 m or Hcanopy = -10 m; the low-
est  value  in  the  profile  (23.6  °C)  was  re-
corded at Hground = 1.5 m or Hcanopy = -61.6 m
(Fig. 4a, Fig. 4c). In December, the MMT at
each height was the lowest. In the vertical
profile, the highest value in December (16.1
°C)  was  recorded  at  Hground =  54.5  m  or
Hcanopy = -2 m, and the lowest value (14.9 °C)
was recorded at Hground = 1.5 m or Hcanopy =
-61.6 m (Fig. 4a,  Fig. 4c). The temperature
difference between the top and bottom of
the canopy was the smallest in July, at 0.8
°C,  and  the  difference  was  the  largest  in
March, at 1.9 °C.

The  highest  MDRT  was  observed  in
March.  For the vertical  profile,  the MDRT
near  the  canopy  was  higher  than  that  in
the understory (Fig. 4b,  Fig. 4d). The high-
est  MDRT in  March was  14.6  °C  and  was
recorded at Hground = 58.7 m or Hcanopy = -4 m,
and the lowest MDRT in March was 7.0 °C
and was recorded at Hground = 1.5 m or Hcanopy

= -61.6 m.
The  lowest  MDRT  occurred  in  July.  For

the  vertical  profile,  the  highest  MDRT  in
July was 6.8 °C and was recorded at Hground

= 42 m or Hcanopy = -20.7 m, and the lowest
MDRT in July was 3.1 °C and was recorded
at Hground = 1.5 m or Hcanopy = -61.6 m (Fig. 4b,
Fig. 4d).

The lowest difference in the MDRT in the
vertical profiles was in July, at 3.6 °C; and
the largest difference was in March, at 7.6
°C.

Seasonal variations in relative humidity
The MMRH peaked in August. The maxi-

mum was 100% and was recorded at Hground

= 1.5 m or Hcanopy =  -61.6 m, and the mini-
mum was 92% and was recorded at Hground =
54.5 m or Hcanopy = -2 m (Fig. 5a, Fig. 5c). The
maximum vertical difference in the MMRH
was 9% in August, which also represented
the least difference for the entire year.

MMRH  was  the  lowest  in  March.  The
maximum  was  96%  at  Hground =  1.5  m  or
Hcanopy = -61.6 m, and the minimum was 78%
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Fig. 2 - Variation
in the AMT,
ADRT, and

MART with ref-
erence to Hground

(a, c, e) and
Hcanopy (b, d, f).

The white cycle
represents the

observed value
at the corre-

sponding height.
The solid blue

line represents
LOESS model,

the red solid line
represents

PLRM, and the
red dash line

represents 95%
prediction bands

of PLRM.

Fig. 3 - Variation
in the AMRH,

ADRRH and
MARRH with ref-

erence to Hground

(a, c, e) and
Hcanopy (b, d, f).

The white cycle
represents the

observed value
at the corre-

sponding height.
The solid blue

line represents
LOESS model,

the red solid line
represents

PLRM, and the
red dash line

represents 95%
prediction bands

of PLRM.
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at Hground = 60.5 m or Hcanopy = -2.6 m (Fig. 5a,
Fig.  5c).  In  March,  the  MMRH  difference
between  the  top  of  the  canopy  and  the
ground was 17%, the highest value among
all the twelve months throughout the year.

The  MDRRH  peaked  in  March  (Fig.  5b,
Fig.  5d).  The maximum was 56% and was
recorded at Hground = 58.7 m or Hcanopy = -4 m;
and  the  minimum  was  13%  and  was

recorded at Hground = 1.5 m or Hcanopy = -61.6
m.

MDRRH was the lowest in August (Fig. 5b
and d). The maximum value in August was
26% recorded at Hground = 58.7 m or Hcanopy =
-4 m. The minimum value in August was 1%
recorded at Hground = 1.5 m or Hcanopy = -61.6
m.

Discussion

Vertical profile of light environment 
within the forest

Variations in the LAI are a consequence of
canopy structural attributes (Parker 2020).
In this study, the LAI and light environment
variables (i.e., DIFN and R:FR ratio) seemed
to exhibit  steeper  variances  in  the upper

iForest 15: 24-32 28

Fig. 5 - The seasonal varia-
tion in the MMRH and

MDRRH for different Hground

(a, b) and Hcanopy values (c,
d). Light and dark colors

represent low temperature
and high temperature,

respectively.
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canopy  with  the  canopy-referenced  ap-
proach,  whereas  the  ground-referenced
method  suggested  that  the  variances
varied  considerably  in  the  lower  canopy
compared to the upper canopy. Although
a  similar  rapid  change  based  on  the
ground-referenced method has  also been
reported for the PPFD (Parker et al. 2019),
the  ground-  and  canopy-referenced  ap-
proaches demonstrated a DIFN profile that
basically followed Beer’s law (Baldocchi &
Collineau 1994, Yirdaw & Luukkanen 2004)
and displayed an exponential  relationship
with height (Fig. S2 in Supplementary ma-
terial),  and  the  ground-referenced  ap-
proach  was  not  consistent  with  the  fact
that foliage exhibits significant clumping in
the canopy (Landsberg & Sands 2011). The
difference between the ground-referenced
and canopy-referenced methods is  proba-
bly because the former mixed the effect of
crown foliage clumping and canopy height
heterogeneity together, and a high rugos-
ity is a common feature of old-growth for-
ests (Parker et al. 2019). The canopy-refer-
enced  approaches  were  more  consistent
with the attenuation of radiation from the
top down in forests and more concerned
with foliage clumping of tree crowns with-
out the disturbance of height heterogene-
ity.  Thus,  these  approaches  can  better
quantify the vertical stratification of micro-
climates.

The LAI (4.81 ± 0.97) at 1.5-2 m above the
ground in this study was similar to LAI val-
ues from previous studies in seasonal rain-
forests in Xishuangbanna (4.26-6.33  – Dou
et al. 2006) and close to the values in two
tropical rainforests in Brazil (5.07 ± 1.5 and
5.05  – Malhado et  al.  2009,  Parker  et  al.
2019). However, our results show that the
LAI decreased rapidly from the canopy sur-
face to -22.6 ± 2.7 m depth. These findings
are different from the vertical distribution
of  the  LAI  in  the  Barro  Colorado  Island
tropical rainforests, where the LAI at 5 m
below the canopy surface contributes ap-
proximately 50% to the understory cumula-
tive LAI (Wirth et al. 2001). That is, deeper
depth  beneath  the  canopy  is  needed  to
achieve a relatively stable LAI in the forests
of  our  study,  as  a  consequence of  differ-
ences  in  statures  of  canopy  tree  species.
The adult tree of  P. chinensis was approxi-
mately 60 m tall, its crown occupied 28.04%
(approximately 15-20 m) of the entire adult
tree height (Fig. S3 in Supplementary mate-
rial), and the emergent layer (mainly P. chi-
nensis)  was  20  m  higher  than  the  main
canopy layer in the local rainforest (Cao &
Zhang 1997, Cao et al. 2008); thus, the tree
structure affected the vertical variation in
the LAI  and light  environment within  the
forest.

The  canopy-referenced  PLRM  in  this
study suggests that the LAI and the R:FR
ratio have secondary breakpoints at -36.3 ±
6.6 m and -43.3 ± 6.8 m, which is hardly de-
tectable  by  the  ground-referenced model
but  more  consistent  with  the  multilayer
structure of local forest.  The tropical sea-

sonal rainforest in Xishuangbanna contains
3-4 tree layers: the emergent layer (tallest
trees up to 60 m), main canopy layer (up to
30 m) and understory layer (5-18 m, some-
times can be further divided into upper and
lower sublayers – Zhu et al. 2006). The cov-
erage  of  the  understory  layer  is  approxi-
mately 40% (Zhu et al. 2006), and the clut-
ter of understory tree species and treelets
would further increase the LAI in this layer.
The R:FR ratio also showed a similar break-
point  with  canopy-referenced  height,
which probably because high LAI indicates
a greater number of leaves and thus higher
absorption  of  red  light  (Lee  1989,  Pons
1992).

The DIFN at 1.5-2 m above ground in this
forest was 4.18 ± 3.33%, which was close to
that of the light environment at 1 m above
the forest  floor  (5.7%)  in  a  primary  moist
tropical forest in Brazil (Parker et al. 2019)
and was within the normal range of 2-7% on
the  ground  in  forests  (Baldocchi  &  Col-
lineau  1994).  Considering  the  mechanical
layout, method in this study did not delib-
erately  avoid  canopy  gaps,  the  mean
ground DIFN in this study might already in-
dicate the light heterogeneity of the local
forest surface in its natural state, including
canopy gaps.

The  DIFN  in  this  study  could  not  reach
saturation  on  canopy  surface  (76.95  ±
24.19%), mainly because the canopy in the
tropical  rainforest  was  uneven.  Even  on
the top surface of  a tree crown, shadow
projection  from  both  surrounding  emer-
gent trees and topography should be con-
sidered  in  light  transmission  around  the
canopy.

In  this  study,  the  R:FR  ratio  at  1.5-2  m
above the ground was 0.55 ± 0.18, which
was close to the mean value in a wet tropi-
cal  forest  in  Costa  Rica  (0.51  – Capers  &
Chazdon 2004) but higher than the normal
understory  level  (0.23)  reported  earlier
(Daws et al. 2002). This difference may be
due to the small gaps included in this study
plot,  and environmental factors, including
the degree of canopy closure, the canopy
structure,  and  the  presence  of  clouds,
could  also  affect  the  R:FR  ratio  (Endler
1993).  In  the  understory,  the  relationship
between  the  R:FR  ratio  and  the  diffuse
transmittance  is  logarithmic  (Muraoka  et
al. 2001,  Capers & Chazdon 2004), and LAI
calculations  also  depend  on  the  logarith-
mic transformation of the DIFN (Welles &
Cohen  1996);  as  result,  the  R:FR  ratio
showed a sharp change from the top sur-
face to a  depth of  -13.0 ± 2.5  m into the
canopy, which was linearly correlated with
the variation in the logarithmic DIFN (F =
364.7, r² = 0.5422, P < 0.001 – Fig. S4a) and
LAI (F = 341.8,  r² = 0.5261, P < 0.001  – Fig.
S4b in Supplementary material).

Vertical profiles of temperature within 
the forest

For both the air temperature and the RH,
the  r2 values of the PLRMs were all lower
when using Hground than when using Hcanopy

(Tab. S2 in Supplementary material). Since
the canopy is the first interface layer con-
necting the forest with the external energy
environment,  the  canopy-referenced  ap-
proach could better describe the attenua-
tion  of  solar  energy  after  it  enters  the
canopy.

The AMT varied from 21.2  ±  0.04 at  the
canopy surface to 20.2 ± 0.2 on the forest
floor, which is consistent with the assump-
tion that forests reduce the understory air
temperature  in  tropical  (Ewers  &  Banks-
Leite 2013) and temperate (Didham & Ew-
ers 2014) areas. Previous local studies have
also  reported  higher  temperatures  in  the
canopy than in the understory (Yang et al.
2009), but these studies failed to provide a
continuous temperature variation curve in
the vertical  profile.  Previous studies from
another  local  tropical  rainforest  have  re-
ported that the air temperature increased
as the height in the understory increased,
and the diurnal  range of the air  tempera-
ture at the canopy layer exceeded that in
the understory (Liu et al. 2001, Zhang et al.
2004).  These results indicated that the up-
per canopy is an “edge” where heat flow
degression  occurs  vertically  from  the  at-
mosphere above the canopy to the under-
story (Malcolm 1998). The AMT and ADRT
showed similar breakpoints (-16.7 ± 6.5 m
and -24.5  ±  3.4  m)  with  LAI  in  the upper
canopy (-22.6 ± 2.7 m), and the LAI is the
major  factor  limiting  the  transmission  of
heat  flow  in  forests  (Malcolm  1998,  Did-
ham & Ewers 2014). Although 41.74% of the
LAI was concentrated from 0 m to 15 m be-
low the top of the canopy, the emergent
crown of  P.  chinensis was exposed to full
sunlight above the main canopy layer, and
the diurnal and annual variations in illumi-
nation from all directions ensured that the
differences in the air temperature (and RH)
were  not  affected  by  overhead  shading.
The turbulence is another reason to keep
difference  in  temperature  (and  humidity)
stable, which could mix warm air in upper
canopy,  and lead a completely decoupled
course of temperature and humidity in the
understory (Kira & Yoda 1989, Ribeiro et al.
1996, Motzer 2005).

Vertical profiles of humidity within the 
forest

Forest  canopies  have a strong moderat-
ing effect on irradiance and wind speed be-
low and within the canopy, and the air tem-
perature moderately decreases within veg-
etation.  These  microclimatic  trends  en-
hance the RH in the understory (Fanourakis
et al. 2020). The AMRH was 10% higher 1.5-2
m above the ground (97 ± 1%) than in the
upper canopy (87 ± 1%) in this study, close
to previously reported values for AMRH of
82-85% in the rainforest canopy and 80-92%
in the understory (Gallery 2014).

The  diurnal  and  annual  ranges  in  RH  in
the  vertical  profile  are  important  for  the
settlement of  some specific species,  such
as epiphytes (Shen et al. 2018) and amphib-
ians (Brooks & Kyker-Snowman 2008). This
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is  particularly  true  for  the  forest  in  our
study, because this region is predominated
by a typical tropical monsoon climate with
a  distinct  dry  season  from  November  to
April yearly (Cao et al. 2006). Although the
ADRRH in the upper  canopy (higher than
-24.5 ± 3.5 m) exceeded 30%, and similar di-
urnal RH differences have been reported in
Amazonian rainforests (RH varies from 70%
to 100% – Mendes & Marenco 2017) and in
French Guiana (RH varies from 81 to 93% –
Gehrig-Downie et al. 2011), the ADRRH de-
creased to 10 ± 5% at 1.5-2 m above ground.
A  similar  vertical  gradient  in  the  diurnal
range of the RH in the dry season has been
reported in another local tropical seasonal
rainforest (Liu et al. 2001).

The PLRM estimated the segment of the
ADRRH  to  be  at  -24.5  ±  3.5  m  in  Hcanopy,
which was consistent with the crown struc-
ture of  P.  chinensis in  the emergent layer
(Fig.  S3  in  Supplementary  material).  The
breakpoints for AMRH, MARRH and MART
(-40.7 ± 5.9 m, -39.8 ± 3.7 m and -36.0 ± 4.5
m, respectively) were similar to the break-
point for LAI in the understory (-36.6 ± 6
m),  which  may  have  resulted  from  high
plant density in the understory layer limit-
ing air circulation around plants (Poorter et
al. 2012), and a valley across the crane plot
could compensate for the lack of precipita-
tion in the dry season.

The mean value of the MMRH in the pro-
file was the highest in August and the low-
est  in  March;  these  extreme  values  oc-
curred approximately one month later than
the annual extreme values of the local pre-
cipitation (local precipitation is the highest
in July and the lowest in February – Deng &
Tang  2010).  Although  the  correlation  be-
tween the mean value of the MMRH in the
profile  and  the  precipitation  in  the  same
month was not high (PCC = 0.376, P > 0.05
– Tab. S4 in Supplementary material),  the
mean value of the MMRH in the profile was
closely correlated with the precipitation of
the previous month (PCC = 0.651, P < 0.05),
which may be due to the lag effect of local
forests on hydrological processes. The soil
in local  tropical forests has a good water
conservation  capacity,  which  significantly
increases and delays the base flow (Gao et
al. 2009), and this hysteresis effect in local
hydrologic process is also embodied in the
soil  water  content  and  RH  in  the  under-
story.

Conclusions
When the canopy was used as the refer-

ence, the r2 values for all microclimatic fac-
tors exceeded those for the ground-refer-
enced model, which indicates that the can-
opy-referenced  approach  can  better  de-
scribe  the  microclimatic  variation  in  the
vertical profile within the forest, especially
when  the  canopy  structure  is  heteroge-
neous and the vertical variation in microm-
eteorological aspects is nonlinear. The can-
opy-referenced approach avoided interfer-
ence  from  canopy  height  heterogeneity
and was more consistent with the LAI and

the foliage distribution in the canopy. This
approach  therefore  exhibited  a  better  fit
when used to model the light attenuation
process in the vertical profile of the forest.

At least two breakpoints were observed
in  vertical  microclimate  profiles  of  local
forests, at approximately -20 m (for AMT,
ADRT and ADRRH) and -40 m (for AMRH,
MARRH  and  MART)  under  the  canopy,
which  corresponded  to  the  transition
points for LAI in the vertical profile. At the
first  breakpoint  (approximately  -20  m),
crown structure of canopy species led to a
sharp  change  in  light  environment  vari-
ables such as the DIFN and the R:FR ratio,
and microclimatic  factors  such as  the an-
nual  mean  temperature  and  the  diurnal
ranges  in  temperature  and  RH;  however,
turbulence kept the annual ranges in tem-
perature  and  RH  high  but  stable  in  the
emergent layer. At the second breakpoint
(approximately -40 m), the high plant den-
sity  in  the  understory  layer  further  in-
creased LAI, limited air circulation around
plants, and maintained a low but stable en-
vironment in terms of the annual mean RH
and the annual ranges in temperature and
RH.  These  discontinuous  variations  in  mi-
croclimatic factors can be better observed
with the canopy-referenced approach. Can-
opy-referenced microclimatic  profiles  may
improve our understanding of vertical vari-
ation in species composition and biodiver-
sity in tropical forests with high canopies.

List of abbreviations
The  following  abbreviations  have  been

used throughout the paper:
• LAI: leaf area index
• DIFN: diffuse non-interceptance
• MTA: mean tilt angle of leaves
• R:FR: red to far-red light ratio
• PPFD: photosynthetic photon flux density
• AMT: annual mean temperature
• MMT: monthly mean temperature
• MDRT:  monthly  mean  diurnal  range  of

temperature
• ADRT: annual mean diurnal range of tem-

perature
• ART: annual range of temperature
• MART:  mean  annual  range  of  tempera-

ture
• RH: relative humidity
• AMRH: annual mean relative humidity
• MMRH: monthly mean relative humidity
• MDRRH: monthly mean diurnal range of

relative humidity
• ADRRH: annual mean diurnal range of rel-

ative humidity
• ARRH: annual range of relative humidity
• MARRH:  mean  annual  range  of  relative

humidity
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