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Abstract

Selective logging has been so extensive that harvested forest now exceeds unlogged
areas in most tropical forest regions outside of the Amazon. In response, in Southeast
Asia, enrichment planting with dipterocarp tree species is carried out in an attempt to
accelerate restoration of forest structure and functioning. However, assessing the
impacts of degradation (from selective logging and other causes) and subsequent res-
toration with field measurements is expensive and time-consuming. There is therefore a
need to develop methods for the assessment of forest quality using remote sensing.
Here, we use high spatial resolution satellite imagery and advanced remote sensing
products to monitor the pattern and dynamics of estimated vegetation cover, Leaf
Area Index (LAI), and the biomass of plots within a field-scale (500ha) replicated and
randomized manipulation that compares different forest restoration treatments with
naturally regenerating controls within the Sabah Biodiversity Experiment (SBE). We also
compare the biodiversity experiment plots with the surrounding area of the Malua
Forest Reserve that was selectively logged for the second time in 2007. In general, sat-
ellite remote sensing detected differences in degradation between the once- and
twice-logged areas as well as between the different experimental restoration treat-
ments. We found that approximately 70% of the Malua Forest Reserve experienced a
decrease of vegetation cover after the selective relogging in 2007, while the Sabah
Biodiversity Experiment area that was not relogged showed increasing vegetation
cover. Within the experiment, we found that plots restored using Enrichment line plant-
ing, had higher remote sensed vegetation cover (Mean�SE: 66.90�0.06 vs. 61.96�0.
16) and LAI (Mean�SE: 5.09�0.03 vs. 4.61�0.11) than that of unenriched plots. Among
the enrichment planted plots, those planted with mixtures of (4 or 16) species exhibited
higher vegetation cover (Mean�SE: 67.72�0.06 vs. 65.35�0. 09) and LAI (Mean�SE:
5.29�0.04 vs. 4.82�0.06) than that of monoculture plots. Overall, when our test case of
the Sabah Biodiversity Experiment was viewed through the lens of remote sensing indi-
cators, satellite imagery was able to detect changes in forest quality due to selective
logging and restoration enrichment planting. Furthermore, our results suggest that
diverse mixtures of planted tree seedlings enhance restoration of forest canopies com-
pared to planting with single species. Confirmation with ground data will be needed to
validate these results and to better understand the biological processes determining
tropical forest degradation and restoration.

1. Introduction

In most zones of tropical forest outside of the Amazon, the area that

has been selectively logged now exceeds the area of old growth affecting

their diversity, functioning and stability (Alvarado and Sandberg, 2001;

Asner et al., 2004b; Laporte et al., 2007; Nepstad et al., 1999; Tuck
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et al., 2016) and sometimes predisposing them to conversion to other land

uses such as oil palm plantation. In southeast Asia, enrichment planting with

dipterocarp tree species is carried out to accelerate restoration of forest struc-

ture and functioning (Millet et al., 2013; Tigabu et al., 2010). Enrichment

planting is practiced in a number of forms but the basic idea is to increase

establishment and recovery of forests by planting seedlings of the timber tree

species that have been selectively logged out (Hector, 2011). However,

assessing the impacts of degradation on forest quality (from selective logging

and other causes) and on the efficacy of restoration is expensive and time-

consuming using field measurements. There is therefore a need to develop

complementary methods for the assessment of forest quality using remote

sensing data that can be applied at larger spatial scales relevant to manage-

ment and conservation.

Remote sensing has proven useful in large-scale vegetation monitoring

because it enables consistent observations of vegetation across time and space

(Chen et al., 2019; Liang, 2004; Liang et al., 2018; Turner, 2014; Zhu et al.,

2016). Many studies have used remote sensing data to assess the impacts of

logging on forest dynamics (Foody and Cutler, 2003; Matricardi et al., 2010;

Perez et al., 2016; Rocchini et al., 2007; Turner, 2014; Turner et al., 2003).

These previous studies have contributed to substantial improvement in

remote sensing-based techniques to assess various aspects of forest diversity

and structure and the ecosystem functions and services that they support.

However, significant gaps exist in attempts to better link field ecology

and remote sensing. Firstly, coupling remote sensing data and in-situ eco-

logical field data is challenging, since the scale of the data from remote sens-

ing and field ecology can differ substantially (Chambers et al., 2007; Kerr and

Ostrovsky, 2003; Muraoka and Koizumi, 2009; Turner, 2014) with the spa-

tial resolution of remote sensing data typically much coarser than that of data

from measurements taken in the field. Secondly, in tropical regions, the

obscuring effects of cloud cover are serious which leads to a large uncertainty

of remote sensing data (de Souza et al., 2010; Gao and Li, 2000; Ju and

Roy, 2008; Liou, 1992; Simpson et al., 2000; Xu et al., 2016). In recent

years, with the progress that has been made on satellite technology and

remote sensing inversion models, a number of high-quality and long-

term quantitative remote sensing products (e.g. Leaf Area Index (LAI),

Fraction of Absorbed Photosynthetically Active Radiation (FAPAR),

Gross Primary Productivity (GPP) and Land Cover) have been developed

to monitor the distribution and variation of terrestrial vegetation
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(Claverie et al., 2016; Friedl et al., 2002; Liang, 2004; Liang et al., 2012;

Myneni et al., 2002; Running et al., 2000; Xiao et al., 2016; Yuan et al.,

2010; Zhu et al., 2013). In addition, some of these quantitative remote sensing

products exhibit very high spatial resolution (Chen et al., 2015; Feng et al.,

2016; Hansen et al., 2013; Liang et al., 2013; Sexton et al., 2013b; Song

et al., 2016). This progress provides a great opportunity for comprehensively

assessing the impacts of both degradation and restoration on forest quality

which we do here using the Sabah Biodiversity Experiment as a test case.

The Sabah Biodiversity Experiment (SBE) covers 500ha of Malua Forest

Reserve, an area of selectively logged forest bordering primary forest located

in the Malaysian state of Sabah, Borneo (Hector et al., 2011). Malua Forest

Reserve was selectively logged in the early 1980s and again in the mid-

2000s, although the 500ha areas of the Sabah Biodiversity Experiment site

was excluded from the second round of selective logging (in 2007) (Saner

et al., 2012). We can therefore examine differences between the treatment

plots within the experiment and compare the Sabah Biodiversity

Experiment as a whole with the surrounding relogged forest in the rest of

Malua Forest Reserve. Sabah Biodiversity Experiment, manipulates the

identity, composition and diversity of enrichment planted dipterocarps to

assess their impacts on the functioning and stability of selectively logged

rainforests during restoration and compare them with those of unrestored

plots within the same design (Tuck et al., 2016). The experiment contains

124 four-hectare (200 � 200m) plots which include five different treatment

groups that we compare here, namely unplanted plots, monoculture plots,

4-species mixture plots, 16-species mixture plots, and 16-species mixtures

plots with enhanced climber cutting. Sabah Biodiversity Experiment is also

part of a global network of tree diversity experiments and is one of only two

representatives in the palaeo-tropics.

In this study, we use high spatial resolution satellite imagery and

advanced remote sensing products to assess degradation of the once-logged

area of the biodiversity experiment with the twice-logged area of the sur-

rounding Malua Forest Reserve and to compare different forest restoration

treatments within the Sabah Biodiversity Experiment (SBE). Specifically,

we use Sabah Biodiversity Experiment as a test case to assess what differences

in vegetation canopy attributes satellite remote sensing can detect between:

(1) The areas of Malua forest reserve that was relogged in 2007 vs. the

Sabah Biodiversity Experiment site that was not relogged.

(2) The unplanted vs. enrichment planted plots within Sabah Biodiversity

Experiment 15 years after the start of planting.

120 Jinhui Wu et al.



(3) Sabah Biodiversity Experiment plots that have been enrichment planted

with seedling mixtures of different diversity.

(4) Sabah Biodiversity Experiment plots that have had lianas removed

(enhanced climber cutting) vs. matched plots subject to standard

Enrichment line planting with the same mixtures of 16 dipterocarp

seedlings.

2. Methodology

2.1 Location
The Sabah Biodiversity Experiment is located in the southern part of the

Malua Forest Reserve (Fig. 1). The Sabah Biodiversity Experiment covers

500ha of the 35,000ha Malua Forest Reserve. The climate is typical wet

tropical with an average temperature of 27°C and an annual rainfall of

>3000mm, distributed over two distinct wet seasons (Lussetti et al.,

2016; Marsh and Greer, 1992; Saner, 2009). Malua Forest Reserve was log-

ged in the 1980s and relogged in 2007, while the Sabah Biodiversity

Experiment was excluded from the second round of logging since this area

had been protected since the establishment of the experiment in 2002.

The experiment contains 124 four-hectare (200 � 200m) plots, split

between two blocks that are north and south of an old logging road.

There are 64 plots in the south block and 60 plots in the north block.

The experiment manipulates the identity, composition and diversity of

the enrichment planted dipterocarp seedlings and forest management tech-

nique of liana removal (enhanced climber cutting). Ninety-six of these plots

form a gradient in the diversity of enrichment planted seedlings with four

levels: 1, 4, 16 enrichment planted species and 16 enrichment planted species

with liana removal. The remaining plots are comprised of 12 unenriched

naturally regenerating controls, and an additional 16 plots enrichment

planted with the 16-species mixtures and subject to 2 rounds of liana

removal (O’Brien et al., 2019). In this enhanced climber cutting treatment,

climbers are cut throughout the whole plot, which is expected to improve

recovery time during restoration. The design also manipulates the compo-

sition of the enrichment planted seedlings with, at the 2 extremes, 16 differ-

ent single-species treatments vs. a single ‘full mixture’ of all 16 species

combined (Table S1 in the online version at https://doi.org/10.1016/bs.

aecr.2020.01.005). At the intermediate diversity level, species compositions

within the 4-species mixtures provide a gradient of generic richness and are

designed to produce a range of canopy structures once the planted seedlings
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mature but these treatments are not addressed further here. Each planted

species richness level has 32 plots: the 1- and 4-species richness levels contain

16 different compositions, each replicated twice, plus 32 replicates of the

16-species mixture, all balanced equally across the 2 blocks.

Following standard enrichment planting practice, the initial cohort of

seedlings (cohort 1 planted January 2002–September 2003) were

Fig. 1 Location of the Malua Forest Reserve (top) and Sabah Biodiversity Experiment
with details of the Enrichment line planting.
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supplemented with a second cohort (cohort 2 planted September 2008–
August 2011) that replaced initial mortality. Since establishment, the plots

(sometimes all of them, sometimes only a subset) have been periodically sur-

veyed. Further details of Sabah Biodiversity Experiment and Malua Forest

Reserve can be found in previous publications (Hector et al., 2011; Saner

et al., 2012; Tuck et al., 2016).

2.2 Remote sensing data
Landsat Vegetation Continuous Fields tree cover, MODIS MCD15A3H

Leaf Area Index (LAI), Estimated Deforested Area Biomass, and

RapidEye image were selected to monitor the vegetation canopy structure

in this study based on considerations of data accuracy, the area of study zone

and the time period of the experiment (Table 1).

2.2.1 Landsat vegetation continuous fields tree cover
The Landsat Vegetation Continuous Fields tree cover (Landsat tree cover)

layers contain estimates of the percentage of horizontal ground in each 30m

pixel covered by vegetation greater than 5m in height globally (Sexton et al.,

2013a). In this study, we rename the Landsat tree cover as Landsat vegetation

cover, since in Sabah, tropical rainforest, almost all plants Landsat can detect

are higher than 5m. The product is derived from all seven bands of

Landsat-5 Thematic Mapper (TM) and/or Landsat Enhanced Thematic

Mapper Plus (ETM+). The spatial resolution of Landsat tree cover dataset

is 30m, which is suitable for comparing the vegetation canopy structure

among different kinds of the 200-by-200m plots within Sabah

Table 1 Remote sensing datasets.

Data
Spatial
resolution

Temporal
resolution Time cover

Landsat VCF vegetation cover 30m 5-year 2000, 2005,

2010

MODIS MCD15A3H LAI 500m 4-day 2001–2017

Estimated deforested area

aboveground biomass

30m 12-year 2000–2012

RapidEye-based vegetation cover 5m / Aug. 2012

RapidEye-based leaf area index

(LAI)

5m / Aug. 2012

RapidEye-based aboveground

biomass

5m / Aug. 2012
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Biodiversity Experiment. To date, this dataset has four epochs—2000, 2005,

2010, and 2015—each of which is a composite of several years. For example,

vegetation cover 2005 shows the average condition of tree cover from 2003

to 2008, because vegetation cover 2005 was calculated from satellite images

which are collected from 2003 to 2008 (Gutman et al., 2008, 2013), while

vegetation cover 2000 shows the average vegetation cover from 1999 to

2002 and vegetation cover 2010 shows the average vegetation cover from

2008 to 2012. To avoid confusion it is important to point out that in this

study we use vegetation cover 2005 to monitor the vegetation cover of study

zone after the 2007 logging, since the input satellite images of vegetation

cover for the 2005 epoch in Sabah were mostly collected from 2008.

Vegetation cover for the 2000, 2005 and 2010 epochs were therefore

selected for this study.

2.2.2 MODIS MCD15A3H LAI
Leaf Area Index (LAI: one-sided green leaf area per unit ground area) is an

important vegetation biophysical variable (Br�eda, 2003;Watson, 1947; Xiao

et al., 2014, 2016).MODISMCD15A3HLAI has beenwidely used in forest

monitoring, which exhibits very high accuracy (Brede et al., 2018; Li et al.,

2018; Miller et al., 2019; Ranga Myneni and Yuri, 2015). The temporal

range of this dataset is from 2003 to 2017 and the temporal resolution of

MCD15A3H LAI is 4-day. The spatial resolution of MCD15A3H LAI is

500m, which although larger than the 200m plots could be used to compare

the vegetation canopy structure between the selectively relogged area

(Malua Forest Reserve) and the area protected from the 2007 relogging

(the 500ha area of Sabah Biodiversity Experiment as a whole). In the process

of LAI calculation, the cloud contamination of albedo, one of the main input

data for LAI calculation has been effectively removed. In addition, this

dataset provides a layer of quality control (QC), which contains the cloud

state pixel-by-pixel. That is very important for removing cloud effect,

one of the serious effects in tropical area (Myneni et al., 2015). In this study,

the maximum value composite (MVC) procedure was took to generate

monthly LAI from 4-day LAI. By doing so, cloud contamination, shadow

effects, aerosol and water vapour effects can be minimized (Knyazikhin,

1999). The yearly LAI was generated by averaging the monthly LAI.

2.2.3 Estimated deforested area biomass
This dataset provides estimates of aboveground biomass (AGB) loss from

2000 to 2012 at 30m resolution (Baccini et al., 2016). The biomass estimates
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are only for areas where deforestation occurred during the period

2000–2012. Estimates are derived using in-situ measurements and a

RandomForest statistical model which correlated Geoscience Laser

Altimeter System (GLAS) LiDAR data, Landsat 7 Enhanced Thematic

Plus (ETM+) satellite imagery, reflectance, elevation, and biophysical vari-

ables. A separate RandomForest model is trained for each continent using a

stratified sampling design of roughly 13,000 GLAS-based biomass estimates

for each model. This dataset was selected to measure the biomass loss in

Sabah Biodiversity Experiment and Malua Forest Reserve.

2.2.4 RapidEye image
In this study, the RapidEye satellite image of the Sabah Biodiversity

Experiment site was acquired in August 2012. RapidEye satellite images

exhibit a temporal resolution of 5.5 days and a high-resolution of 5m

(Jung-Rothenh€ausler et al., 2007; Tyc et al., 2005). RapidEye’s high spatial

resolution provides a chance to monitor the forest canopy structure among

different plots in a detailed way. The multi-spectral scanner on the satellites

acquires data in five spectral bands. The blue (0.44–0.51μm), green

(0.52–0.59μm), red (0.63–0.68μm) and near-infrared (0.76–0.85μm) bands

are very similar to the corresponding Landsat spectral bands, while the sensor

has an additional red-edge band (0.69–0.73μm), giving additional sensitivity

to changes in the reflectance of vegetation (Chander et al., 2013; Pfeifer

et al., 2016).

2.3 Methods
A group of satellite imagery and remote sensing products were pre-processed

(calibration, clip, cloud and cloud shadowing-masking) using ArcGIS

and ENVI.

2.3.1 Vegetation metrics inversion from RapidEye image
We applied atmospheric correction to the RapidEye image using the

FLAASH atmospheric correction model. The vegetation cover, Leaf Area

Index (LAI), and aboveground biomass (AGB) were calculated from the

empirical formulas which were developed in Pfeifer et al. (2016). In the

development of these empirical formulas, the in-situ data used for model

fitting were collected from tropical rainforest in Sabah, Borneo near to

our site, and the remote sensing data they used were RapidEye images.

Thus, we replicated the inversion method to calculate the vegetation cover,

LAI, and biomass. These inversed metrics exhibited high accuracy, since the
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accuracy had been validated. In addition, vegetation cover, Leaf Area Index,

and biomass data exhibit very high spatial resolution since the spatial reso-

lution of RapidEye images is 5m. Further details of the inversion method

and accuracy assessment can be found in the previous publication (Pfeifer

et al., 2016).

Vegetation cover¼ 2:66�0:66∗Red+ 0:3∗RedEdge�0:08∗NearIR

+1:48∗DissB4�0:42∗DissB5�0:17∗DissB3
(1)

LAI¼ 0:9�0:59∗Red+ 0:41∗RedEdge�0:11∗NearIR

�0:53∗DissB3+ 1:08∗DissB4�0:36∗DissB5
(2)

Biomass¼ 19:45� exp MSAVI2ð Þ�2:39∗Green+ 1:08∗RedEdge

+ 2:65∗DissB2�0:28∗DissB3�0:13∗DissB5+ 0:09∗DissB4

(3)

where Vegetation cover is the RapidEye-based vegetation cover, LAI is the

RapidEye-based Leaf Area Index, Biomass is the RapidEye-based biomass,

MSAVI2 is theModified Soil-Adjusted Vegetation Index 2 (Qi et al., 1994),

Green is the green band of RapidEye image, Red is the red band of

RapidEye image, NearIR is the near-infrared band of RapidEye image,

RedEdge is the red-edge band of RapidEye image, DissB2, DissB3,

DissB4, and DissB5 are grey-level dissimilarities of green band, red band,

near-infrared band, and red-edge band, respectively (Gallardo-Cruz

et al., 2012).

2.3.2 Statistical analysis
Our focus for the analysis of the satellite indicators of vegetation cover, Leaf

Area Index (LAI), and biomass was on the estimation of means and variabil-

ities, so we derived pixel-level estimates with standard errors (mean�SE),

for each of the key questions of interest listed at the end of the introduction:

unenriched plots vs. enriched plots; monoculture plots vs. mixture plots;

4-species mixture plots vs. 16-species mixture; and, 16-species mixture with

climber cutting vs. 16-species mixture without climber cutting.We focus on

graphical presentation of means and confidence intervals where degree of

(non-)overlap can be used to judge statistical significance (e.g. means with

95% CIs that are at the point of overlap are significantly different at P<0.01
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approximately). Assessing the effects of the 2007 relogging by comparing the

Sabah Biodiversity Experiment with the surrounding Malua Forest Reserve

is complicated by the difference in size of the two areas. We addressed this in

two ways. First, we randomly selected 100 samples in Malua Forest Reserve

with the same 500-ha area as Sabah Biodiversity Experiment and calculated

the mean and standard error of vegetation cover and LAI of these as a rep-

resentative sample of the whole area. However, the intensity of the 2007

relogging varied across theMalua Forest Reserve so we also selected 10 sam-

ples (of the same area as the biodiversity experiment) in the most heavily

logged area of Malua Forest Reserve as a representative sample of the most

heavily relogged areas (worst case scenario).

3. Results

In our study, we first divided the Malua Forest Reserve into two parts

to compare the once-logged (1984–86) 500-ha area of Sabah Biodiversity

Experiment, with the remaining surrounding area of the Malua Forest

Reserve that was relogged in 2007 before comparing different treatments

within the biodiversity experiment design.

3.1 Effects of relogging on vegetation canopy attributes
After the 2007 relogging the vegetation cover of the Malua Forest Reserve

declined by 3% on average and by 7% in its most severely logged parts, while

the vegetation cover of Sabah Biodiversity Experiment that was protected

from the relogging exhibited a 5% increase (Fig. 2).

Although the change of mean vegetation cover was not large in Malua

Forest Reserve, the proportion of the area affected was high. To examine

the spatial variability in relogging intensity we divided Malua Forest

Reserve into six parts: 56.96% (19,936ha) of the area of Malua Forest

Reserve showed 0–9% decrease of vegetation cover, 3.99% (1396.5 ha)

of the area of the reserve showed 9–18% decrease of vegetation cover,

and 1.54% (539ha) of the area of the reserve showed over 18% decrease

of vegetation cover. 36.18% (12,633ha), 0.94% (329ha), and 0.39%

(136.5ha) of the reserve showed 0–9%, 9–18%, and over 18% increase of

vegetation cover (Fig. 3). After the 2007 relogging, there was a considerable

decrease of vegetation cover in the centre of Malua Forest Reserve, while

the 500ha of the Sabah Biodiversity Experiment protected from the
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relogging mostly exhibited an increasing trend of vegetation cover. Among

the areas of Malua Forest Reserve where vegetation cover increased, we

found that some areas were caused by rivers drying up followed by vegeta-

tion regrowth which locally offset the decline in cover due to relogging.We

cannot tell whether the drying up of small water courses was associated with

the relogging or not.

The Leaf Area Index (LAI) of Sabah Biodiversity Experiment was higher

than that of the surrounding Malua Forest Reserve, particularly its most

heavily relogged areas (Fig. 4). The LAI of Sabah Biodiversity

Experiment and Malua Forest Reserve remained relatively stable from

2004 to 2007. After the 2007 relogging, the LAI of Malua Forest

Reserve exhibited a significant decrease (Fig. 4). In heavily logged areas,

the LAI began to decrease earlier than whole Malua Forest Reserve,

suggesting the most heavily relogged areas were those where the relogging

started earliest and went on longest. The average LAI of Malua Forest

Reserve reached its lowest levels in 2009 shortly after the relogging and then

recovered. In comparison, the LAI of Sabah Biodiversity Experiment did

not show significant fluctuation from 2007 to 2013 consistent with its pro-

tection from relogging. The LAI of both the Sabah Biodiversity Experiment

Fig. 2 Landsat vegetation cover with 95% confidence intervals of Sabah Biodiversity
Experiment and Malua Forest Reserve before, during and after the selective relogging
in 2007 (values jittered to avoid overlap).
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Fig. 4 Variation of mean annual MODIS Leaf Area Index (LAI) with 95% Confidence
Intervals (values jittered for clarity).
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Reserve with the change in cover after the selective relogging in 2007 (right).
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site and the rest of the surroundingMalua Forest Reserve showed significant

increases from 2013 to 2015. The selective relogging in 2007 led to differ-

ences between Malua Forest Reserve and Sabah Biodiversity Experiment in

both LAI (Fig. 4) and vegetation cover (Fig. 2), so that the two satellite

remote sensing indicators agreed and provided a consistent picture of

changes in forest quality.

The area with biomass loss was mainly in the middle part of Malua Forest

Reserve. In total, we estimate that the Malua Forest Reserve lost approxi-

mate 2.7 million Mg of aboveground biomass from the 11,433ha of def-

orested area during the period 2000 through 2012.

3.2 Effects of enrichment planting on vegetation canopy
attributes

The Landsat vegetation cover showed that the unenriched plots exhibited

lower vegetation cover and less change from 1999 to 2012 (Fig. 5).

There were no consistent differences in the vegetation cover of planted

and unplanted plots before the enrichment planting. After the enrichment

planting in 2002/03, the unenriched plots exhibited�4% higher vegetation

cover than the unplanted plots, and this difference in vegetation cover then
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Fig. 5 Landsat vegetation cover of different enrichment planting groups with 95%
confidence intervals. Note that the first round of enrichment planting was only com-
pleted in 2003 and of climber cutting in 2011.
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increased over time. The value of RapidEye-based vegetation cover was

lower than that of Landsat vegetation cover, and the RapidEye-based veg-

etation cover showed that the gap between enriched plots and unenriched

plots was slightly larger than that in Landsat vegetation cover (Fig. 6). In both

of these two datasets, the standard errors of vegetation cover in planted plots

was relatively lower than that in unplanted plots (consistent with standard

deviations). Moreover, the standard errors of vegetation cover in enrich-

ment planted plots and unenriched plots did not change substantially during

the period of 1999–2012.
For the RapidEye-based LAI, we found the enriched plots (N¼110,

two plots were excluded since the cloud cover) exhibited LAI values

0.48units higher on average than that of unenriched plots (N¼12)

(Fig. 7). For RapidEye-based biomass, we found the same pattern as found

with the LAI dataset (Fig. 8).

3.3 Effects of planted tree diversity on vegetation canopy
attributes

After the enrichment planting was carried out, the vegetation cover

of mixture plots became 2% higher than that of monoculture plots, and

this difference in vegetation cover has persisted to the most recent
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Fig. 6 RapidEye-based vegetation cover of different enrichment planting groups with
95% confidence intervals in August 2012.
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Fig. 7 RapidEye-based leaf area index (LAI) of different enrichment planting groups
with 95% confidence intervals in August 2012.
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measurements (Fig. 5). The RapidEye-based vegetation cover also showed

that the vegetation cover of mixture plots was higher than that of mono-

culture plots (Fig. 6). Moreover, we found mixture plots exhibited differ-

ences of 0.47 LAI units and 2Mg/plot biomass higher than monoculture

plots (Figs 7 and 8).

In the Landsat data, the vegetation cover of 16-species mixture plots

became higher than that of 4-species mixture plots after the enrichment

planting, a difference that became wider over time (Fig. 5). For the

RapidEye-based vegetation cover, LAI, and biomass, the 16-species mixture

plots also generally exhibit higher cover estimates (Figs 6–8).

3.4 Effects of enhanced climber cutting on vegetation
canopy attributes

For the Landsat vegetation cover data, with the different enrichment plant-

ing strategies, the plots of 16-species mixtures with enhanced climber

cutting exhibited similar vegetation cover to that of 16-species mixture plots

without climber cutting (Fig. 5). The vegetation cover of the 16-species

mixtures both with and without enhanced climber cutting exhibited a 6%

increase from 1999 to 2012. For the RapidEye-based vegetation cover data,

the plots of 16-species mixture with climber cutting exhibited lower vegeta-

tion cover than 16-species mixture plots without climber cutting, which

was not consistent to the result we get from Landsat vegetation cover

(Fig. 6). However, there was no clear effect of climber cutting on the

RapidEye estimates of biomass and LAI (Figs 7 and 8). Overall, the effects

of enhanced climber cutting were more mixed that those for enrichment

planting - probably due to the inability to distinguish between tree cover

and liana cover.

4. Discussion

In this study,weusedSabahBiodiversityExperiment as a test case to assess

towhat degree easily-accessible satellite remote sensing imagery could assess the

effects of degradation and restoration on indicators of forest canopy quality. In

general, our results confirm the ability of the satellite remote sensing to detect

both the effects of forest degradation and of different restoration practices
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(although the ability of different satellite remote sensing products to distinguish

the climber cutting treatments was inconsistent). In particular, our results sug-

gest that enrichment planting enhances restoration and that diversemixtures of

tree seedlings are more effective than using single-species treatments.

4.1 Impacts of selective logging
Previous studies have assessed the process of forest degradation using a vari-

ety of remote sensing approaches to estimate the extent and impacts of selec-

tive logging on forest quality (Asner et al., 2002, 2004a, 2005; de Wasseige

and Defourny, 2004; Matricardi et al., 2010; Souza Jr and Barreto, 2000). In

this study, we used Sabah Biodiversity Experiment as a test case to assess to

what degree easily available satellite remote sensing imagery could assess the

effects of degradation and restoration on indicators of forest quality. We

found the vegetation cover of the Malua Forest Reserve and its most heavily

logged area exhibited 3% and 7% decreases, respectively, in the years after

the 2007 relogging, while the vegetation cover of Sabah Biodiversity

Experiment exhibited a 5% increase during the same period confirming that

satellite remote sensing was able to distinguish between areas of selectively

logged forest that had been subjected to a second round of selective logging

or not. Although these numerical differences betweenMalua Forest Reserve

and Sabah Biodiversity Experiment are consistent with what we would

expect following relogging (or not) we raise a note of caution—because vis-

ible light does not penetrate leaves (Rees, 2013) optical remote sensing data

may underestimate effects of selective logging on the multilayered structure

of tropical forests. Furthermore, with selective logging, it is typically only

the larger, highly valuable trees that are removed from the forest (Asner

et al., 2004a, 2005; Edwards et al., 2014; Lambert, 1992; Laporte et al.,

2007; Verissimo et al., 1995) and the indicators of canopy cover and related

variables used in our study may be reduced less than other properties that the

satellite data available to us could not address as well—stocks of carbon for

example. It is known that in tropical rainforests, selective logging can result

in smaller changes in cover than clear-cut logging because the logged areas

remain covered by leaves of surrounding trees when the harvested trees are

removed (Gatti et al., 2015; Souza Jr et al., 2005; Thiollay, 1992). Thus, in

this study, the effects of selective logging detected using the 30-by-30m and

500-by-500m resolution remote sensing data reflects only the places where

no trees are found around or under the selectively logged trees. While the

vegetation cover and LAI data in this study generally give consistent results it
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is important to note that these measures are only expected to agree under

limited circumstances. For example, if an area of forest were (hypothetically)

covered by a single layer of leaves it would have a vegetation cover of 100%

and an LAI of one. However, tropical forests are often characterized by tall,

multilayered canopies meaning that LAI can range up to several LAI units

while vegetation cover reaches its maximum at 100%.

We estimate that Malua Forest Reserve lost approximately 2.7 million

Mg of biomass from the 11,433ha deforested area from 2000 to 2012 due

to the relogging in 2007, while the Sabah Biodiversity Experiment lost none

during the same period (as expected since it was protected from the

relogging). This loss of biomass through selective logging is qualitatively

consistent with the result from field estimates (although at the higher end

of previous estimates), which found that the initial selective logging in

the 1980s decreased the dipterocarp stock of the Sabah Biodiversity

Experiment by 55–66% in Malua Forest Reserve compared to the old

growth forest in nearby Danum Valley conservation area even 22 years after

logging (Saner et al., 2012).

The differences in tree cover and LAI after the relogging become smaller

within a few years, presumably due to growth of unlogged vegetation

and new recruits (dipterocarps do not re-sprout from the stump when

cut). This is consistent with previous studies that have found rapid recovery

of canopy cover estimates in some tropical rainforests, where, for example,

half of the logging trails could no longer be seen from satellite remote sensing

data about 5 years after the logging activities because of a decrease in the

spectral difference between the forest and the trails (de Wasseige and

Defourny, 2004; Gatti et al., 2015). Overall, while our remote sensing

analysis was able to distinguish canopy characteristics of the area of Malua

Forest Reserve that had been relogged from the areas that had not, the

approach may underestimate effects of selective logging on other aspects

of forest quality (e.g. carbon stocks).

4.2 The effects of enrichment planting
Enrichment planting is intended to increase seedling establishment and

recovery of forests by planting seedlings of the timber tree species that have

been selectively logged. Enrichment planting is generally done in poorly-

stocked areas of logged-over forests and associated degraded area (aban-

doned logging roads and log-yards, abandoned shifting cultivation area,

etc.) (Chan et al., 2008). A total of 25,857ha of forest plantation had been
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created using enrichment planting techniques in peninsular Malaysia (Safa

et al., 2004). Previous field studies have found that enrichment planting

improved the soil biological status where biomass C and N content were

significantly higher than in unenriched areas (Karam et al., 2012).

However, few studies have used remote sensing data to assess the effects

of enrichment planting. In this study, we found enrichment planting

improved vegetation canopy attributes where the vegetation cover, LAI,

and biomass were higher than unenriched forest, and the difference in veg-

etation cover increased over time. This is probably the first regional-scale

study utilizing satellite observations to quantify the effects of enrichment

planting in Sabah, Malaysia.

4.3 The potential value of diversification of enrichment
planting schemes

Most enrichment planting restores areas with single-species planting or low-

diversity mixtures. However, the demonstration of a general positive rela-

tionship between biodiversity and ecosystem functioning raises the potential

value of diversifying enrichment planting (Cardinale et al., 2006, 2007,

2011; C�esar et al., 2016; Duffy, 2009; Forshed et al., 2008; Gravel et al.,

2011; Hector, 2009; Hector et al., 2010; Hector and Bagchi, 2007;

Hector and Hooper, 2002; Lussetti et al., 2016; Schnitzer et al., 2004;

Yachi and Loreau, 1999). In this study, we found that multi-species mixtures

exhibited higher vegetation cover, LAI, and biomass than that of monocul-

ture plots. In addition, the LAI of multi-species mixture plots increasedmore

rapidly over time than that of monocultures. That could be because an eco-

system with a high species richness functions more effectively in terms of

resource capture and cycling, and higher levels of productivity (Huang

et al., 2018; Liang et al., 2016). Indeed, our results provide some support

for higher vegetation cover, LAI and biomass values of 16-species mixture

plots, compared with 4-species mixture plots (although the degree of differ-

ences varied with response variable and source of remote sensing data—see

figures).

The assessment of changes in vegetation canopy attributes also depends

on the resolution of the remote sensing data (Benediktsson et al., 2012). We

found 5m resolution remote sensing data provided more three-dimensional

structure information of LAI, compared with 30m or 500m resolution data.

For example, the 5m resolution RapidEye-based metrics, produced a larger

difference in LAI between mixture and monoculture plots than the smaller

difference in vegetation cover from the coarser resolution data.
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4.4 The consequences of liana removal
Some studies have found that climber cutting can speed-up restoration of

selectively logged forests (C�esar et al., 2016; Forshed et al., 2008; Lussetti

et al., 2016; Schnitzer et al., 2004). In this study, there was some inconsis-

tency between the different remote sensing data: the Landsat vegetation

cover andRapidEye-based vegetation cover showed inconsistent and some-

times opposing results about the effects of climber cutting. This is probably

because Landsat vegetation cover 2010 shows the vegetation cover average

condition from 2008 to 2012, while the vegetation cover RapidEye image

is the condition of that day in August 2012. The image quality for a single

day is uncertain, since it may be affected by the weather, tree condition,

sensor viewing and sun illumination angles of that day, while these effects

can be minimized by integrating long-term images (e.g. Landsat vegetation

cover 2010). In addition, under normal climate conditions (excluding

ENSO events) climber cutting can decrease the mortality of dipterocarp spe-

cies and increase the compensatory regrowth of their canopies (Lussetti

et al., 2016).

4.5 Limitations and future research
Although the high accuracy and high-resolution quantitative remote

sensing datasets used here lead to better performance on terrestrial vegetation

monitoring compared with previous moderate-resolution or qualitative

remote sensing datasets (Hansen et al., 2010, 2013; Hansen and DeFries,

2004; Wilson and Jetz, 2016; Xie et al., 2008), they still face two known

limitations. Firstly, compared with the in-situ ecology data, the spatial res-

olution of current remote sensing datasets still requires improvements, espe-

cially for specific tree species monitoring. Secondly, the performance of

current quantitative remote sensing datasets is relatively limited when being

used to detect three-dimension tree structure, such as tree height and diam-

eter at breast height which are important factors for monitoring vegetation

structure (Carlson and Ripley, 1997; Lefsky et al., 2002; Turner et al., 1999;

Waring et al., 1995). For example, the monoculture plots and the 4-species

mixture plots both contain different compositions (Table S1 in the online

version at https://doi.org/10.1016/bs.aecr.2020.01.005), but each is repli-

cated only twice and we therefore did not compare them using the satellite

data available for this study. To detect the performance of each composition,

it is necessary to add airborne LiDAR data for tree structure monitoring.

However, there are few airborne LiDAR data continuously available for
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vegetation monitoring on a large scale. During recent years, there are some

studies that integrate airborne LiDAR data and optical remote sensing data

to develop high-quality products (Lefsky, 2010; Lim et al., 2003; Simard

et al., 2011). Progress has been made by ecologists and geographers in

Malaysian Borneo (Asner et al., 2018). The advantage of these methods is

that they can get more structural information from earth’s surface, though

the spatial-temporal coverage of these products may be limited. Future

research will consider the development of long-term high-resolution

remote sensing datasets when coupled with the LiDAR data to improve

the ability of comprehensive vegetation monitoring. This remote sensing

data will need appropriate validation by in-situ field measurements, some-

thing that is absent in this study. The replication and randomization of

treatments within the blocked design of Sabah Biodiversity Experiment

should ensure that the ability of the satellite remote sensing to discriminate

among the different plots is reliable but validation with field measure-

ments will provide additional assurance as well as being essential in order

to understand the biological processes underlying the different treatment

effects.

5. Conclusion

In this study, we used a large scale, long-term field manipulation

(Sabah Biodiversity Experiment) as a test of the ability of high spatial reso-

lution satellite imagery and advanced remote sensing products to assess the

effects of selective logging and of different restoration treatments on forest

canopy quality. In general, our study was able to detect differences in esti-

mated vegetation cover, Leaf Area Index (LAI), and biomass due to selective

logging as well as differences among the different forest restoration treat-

ments, namely enrichment planting, climber cutting and natural (unassisted)

recovery. In particular, our results suggest that enrichment planting

enhances restoration and that diverse mixtures of tree species are more effec-

tive than single-species plantings. However, the monitoring ability of optical

remote sensing data to detect these impacts is still limited. In the longer-

term, LiDAR will allow more comprehensive assessments of forest restora-

tion. Remote sensing measurements of forest quality will also need to be

accompanied by field measurements to validate the treatment effects and

to better understand the biological processes affecting forest degradation

and restoration.
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Glossary
Landsat Landsat refers a series of artificial satellites that monitor the earth’s resources by

photographing the surface at different wavelengths and resolutions. Since 1972, eight

Landsat satellites have been launched. The Landsat program is the longest-running enter-

prise for acquisition of satellite imagery of Earth.

MODIS (Moderate Resolution Imaging Spectroradiometer) MODIS (or Moderate

Resolution Imaging Spectroradiometer) is a key instrument aboard the Terra and Aqua

satellites. The instrument capture data in 36 spectral bands ranging in wavelength from

0.4 to 14.4μm and at varying spatial resolutions (2 bands at 250m, 5 bands at 500m and

29 bands at 1km).

RapidEye RapidEye refers to the constellation of five earth observation satellites owned

and operated by Planet Labs. Each sensor capture data in five distinct bands of the elec-

tromagnetic spectrum: Blue (440–510nm), Green (520–590nm), Red (630–690nm),

Red-Edge (690–730nm) and Near-Infrared (760–880nm), and at varying spatial reso-

lution of 5m.

Leaf Area Index (LAI) The total one-sided green leaf area per unit ground surface area.

Leaves are the major eco-physiological parts of a plant that interact with the atmosphere,

including absorbing and assimilating carbon dioxide, intercepting light necessary for

photosynthesis, releasing oxygen that is formed as a byproduct of photosynthesis and

so on. LAI is a reliable parameter for plant growth.

Vegetation cover The fraction or percentage of the unit ground surface covered by green

leaves.

Gross Primary Productivity (GPP) GPP refers the rate of how an ecosystem’s producers

or autotrophs collect and save a certain amount of chemical energy referred to as biomass

at a specific time. In other words, it’s the rate at which energy is stored as biomass by

plants or other primary producers and made available to the consumers in the ecosystem.

Spatial resolution Spatial resolution measures the smallest angular separation between two

objects. For satellite images, this is represented in pixels and the spatial resolution for a

given image is noted as how many metres that pixel represents.

Temporal resolution Temporal resolution refers to the frequency at which imagery is

recorded for a particular area.

Atmospheric correction Atmospheric correction refers the process of removing the

effects of the atmosphere on the reflectance values of images taken by satellite or airborne

sensors.

ArcGIS ArcGIS is a geographic information system (GIS) for working with maps and geo-

graphic information maintained by Esri.

ESRI Esri is an international supplier of geographic information system (GIS) software, web

GIS and geodatabase management applications.

ENVI ENVI is an image analysis software for working with remote sensing and geographic

information maintained by L3Harris Geospatial.
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