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Abstract: The normalized difference vegetation index (NDVI) derived from remote sensing is a
common explanatory variable inputted in correlative biodiversity models in the form of descriptive
statistics summarizing complex time series. Here, we hypothesized that a single meaningful
remotely-sensed scene can provide better prediction of species richness than any usual multi-scene
statistics. We tested this idea using a 15-year time series of six-day composite MODIS NDVI data
combined with field measurements of tree species richness in the tropical biodiversity hotspot of New
Caledonia. Although some overall, seasonal, annual and monthly statistics appeared to successfully
correlate with tree species richness in New Caledonia, a range of individual scenes were found to
provide significantly better predictions of both the overall tree species richness (|r| = 0.68) and the
richness of large trees (|r| = 0.91). A preliminary screening of the NDVI-species richness relationship
within each time step can therefore be an effective and straightforward way to maximize the accuracy
of NDVI-based correlative biodiversity models.

Keywords: biodiversity hotspot; multispectral remote sensing; productivity; species richness;
tropical forests

1. Introduction

Improving predictions of biodiversity, which encompasses the variety of life at all levels of
organization (from genetic diversity within a species to diversity within entire regions or ecosystems),
is essential if we are to meet the challenges posed by global change. Remote sensing is acknowledged
as a promising technique that will shape the next generation of biodiversity models such as correlative
species distribution models and macro-ecological models [1,2]. One of the most commonly used
remotely-sensed spectral indices is the normalized difference vegetation index (NDVI), a measure
of greenness calculated from reflectance in the near infrared and red portions of the electromagnetic
spectrum [3]. A growing body of research has used the NDVI to predict species richness as NDVI
would be a proxy for net primary productivity, which is thought to be closely related to the number of
species [4]. Plant species richness measured in the field has been successfully estimated using NDVI
measurements derived from a range of sensors including Advanced Very High Resolution Radiometer
(AVHRR) [5,6], Landsat [5,7–9], radar [10] and LIDAR [11,12] in both temperate [5,6,13] and tropical
ecosystems [7–9,11–13]. NDVI has also captured the attention of ecologists seeking to understand
patterns of animal species richness [14–16]. However, the NDVI-species richness relationship remains
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poorly understood as it is highly context- and scale-dependent and because of correlated biotic and
abiotic factors that influence NDVI [17,18].

There is increasing evidence that the strength with which NDVI correlate with species richness
varies over time, both between (e.g., [5,6,17]) and within years (e.g., [13,14,17]). Thus, this variation has
the potential to affect the quality of NDVI-based biodiversity models depending on which descriptive
statistics and dates are used. Overall, seasonal, annual and monthly means, medians, quantiles and
variances as well as extreme values of NDVI are often used as explanatory variables (e.g., [5,6,13,14,17]).
However, evidences that such statistics are optimal to capture the predictive power of NDVI in
biodiversity models are lacking.

We hypothesize that the NDVI-species richness relationship is so unclear that a ‘screening
approach’ (without a priori assumption on what most strongly drives the relationship) may help to
find a single meaningful remotely-sensed scene offering better prediction of species richness than any
usual multi-scene statistics. We examined the variation of the NDVI-tree species richness relationship
at a high temporal resolution (six days) and over a long time series (15 years) in a tropical biodiversity
hotspot (New Caledonia) and ask which of basic descriptive statistics derived from this set of scenes or
some individual timely scenes are the best predictors. In particular, we test two approaches: (1) the use
of classical multi-scene statistics (mean, median, quartiles, variance or extreme values of NDVI over a
given time period); and (2) a single-scene screening approach which assumes that species richness
responds to unpredictable discrete events. In New Caledonia, little information about the distribution
of tree species richness is currently available [19]. A second objective of this study is to produce the
first map of tree species richness based on remote sensing in this tropical biodiversity hotspot.

2. Materials and Methods

2.1. Study Area

New Caledonia is an archipelago situated slightly north of the tropic of Capricorn (20–23◦ S;
164–167◦ E) c. 1500 km west of Australia and 2000 km north of New Zealand. The main island (Grande
Terre) is c. 350 km in length and 50–70 km wide oriented north-west to south-east and bisected by an
almost continuous mountain range reaching 1628 m a.s.l. (Mont Panié). New Caledonia has a tropical
climate with annual mean temperature in lowland areas between 27 and 30 ◦C from November to
April (wet season) and between 20 and 23 ◦C from June to August (dry season). Annual precipitation
ranges from 300 to 4300 mm with greater precipitation on the windward east coast [20].

The landscape is a mosaic composed of secondary vegetation (c. 50%), low- to mid-elevation
shrublands or ‘maquis’ found on ultramafic substrates (c. 25%), another quarter of low- to mid-elevation
rainforests, 1% of montane rain forests and shrublands found above 800 m, with a few relictual patches
of dry sclerophyll forests scattered along the west coast [21,22]. This variety of environments along
with a complex biogeographical history is hypothesized to be the main determinant of the exceptional
biological diversity of the hotspot that contains 3371 vascular plant species with an endemism rate
of 75% [23]. This study focused on low- to mid-elevation and montane rainforests, which together
account for 63% of the flora with an endemism rate of 83% [23].

2.2. Field Data

Species richness was quantified through 19 rainforest tree inventories covering one hectare,
an area though to contain the pool of species representative of a tropical forest community. The data
of three inventories were derived from publications dating from the early 1990’s [24,25], while the
data of the other inventories were collected in the framework of the New Caledonian Plant Inventory
and Permanent Plot Network (NC-PIPPN) between 2013 and 2017 [26] (Table 1). Plots were placed so
as to maximize the geographical coverage as well as the elevation and rainfall ranges of the hotspot
(Figure 1). Infraspecific taxa (subspecies and varieties) were not considered and merged at the species
rank. Species richness estimates were computed (1) for all trees with a diameter at breast height (dbh)
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above the international standard of 10 cm [27]; and (2) for large trees only (dbh ≥ 40 cm) (Table 1).
The latter was nested in the former. Almost 18,000 trees belonging to 452 native species were captured
by the plots (see Supplementary File). Tree species richness was assumed to remain unchanged over
the 15-year period in which remotely-sensed data were acquired as plants are fixed organisms and
trees with a dbh ≥ 10 cm are most likely to be older than 15 years in absence of evidence of recent
disturbances (after the 1980s) [26].
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Table 1. Summary of the 19 plots located in New Caledonia used to calculate correlation between
normalized difference vegetation index (NDVI) and species richness (SR). The data source ‘IAC/UMR
AMAP’ refers to authors’ affiliations.

Plot Elevation (m) SR (dbh ≥ 10 cm) SR (dbh ≥ 40 cm) Data Source

Amos 486 94 7 [26]
Aoupinie 884 87 29 [26]

Arago 488 110 16 [26]
Ateou 780 88 17 [26]

Bouirou 533 103 10 [26]
Jieve 370 98 14 [26]

Foret Persan 435 99 NA [24]
Foret Plate 9 508 91 9 IAC/UMR AMAP

Foret Plate 12 513 100 10 [26]
Foret Plate 17 454 63 3 IAC/UMR AMAP
Foret Plate 26 485 65 5 IAC/UMR AMAP

Gohapin 272 41 4 IAC/UMR AMAP
Grand Lac 273 97 21 IAC/UMR AMAP
Koumac 45 31 9 IAC/UMR AMAP
La Guen 573 79 6 [26]

Riviere Bleue
Alluvions 159 103 NA [25]

Riviere Bleue Pente 176 131 NA [25]
Tiwae 244 99 2 [26]

Wekori 62 74 3 IAC/UMR AMAP

2.3. Remote Sensing and Statistical Analysis

A total of 784 filtered MODIS scenes at a 250 m resolution (MYD13Q1 six-day composite product
from the Aqua satellite) dating from 24 July 2002 to 26 July 2017 were uploaded from the website of
the University of Natural Resources and Life Sciences, Vienna [28]. Smoothed and gap-filled data
sets were derived using the state-of-the-art Whittaker filter implemented in Matlab [29]. Values of
pixels on which each plot was centered were extracted. Then, the NDVI-species richness relationship
was fitted on the basis of the 19 one hectare plots using a linear model as both NDVI (Shapiro-Wilk
test; p > 0.08) and species richness were normally distributed (p > 0.11). NDVI might be prone to
saturation in tropical environments such as those occurring in the study area [10]. As a result, analyzes
based on NDVI were compared to the same analyzes based on the enhanced vegetation index (EVI),
an ‘optimized’ vegetation index designed to enhance the vegetation signal with improved sensitivity
in high-biomass regions. The EVI time series (also included in the MYD13Q1 product) was uploaded
from the same database as the NDVI time series [28].

Two approaches were compared in their ability to correlate with species richness measurements:
(1) the use of classical multi-scene statistics which assumes that species richness responds to average
values of NDVI or their distribution over a given time period; and (2) our single-scene screening
approach. The former was based on 77 metrics commonly found in the literature: the mean, median,
variance, first and third quartiles, maximum and minimum values over the whole 15-year period
(7 metrics), over all wet seasons (7 metrics) and over all dry seasons (7 metrics) as well as the annual
(32 metrics) and monthly means and variances (24 metrics) [5,6,13,14,17]. In the latter approach,
the NDVI-species richness correlation was calculated for each of the 784 six-day composite scenes.
This screening approach aims to select the scenes yielding the best correlation to subsequently
extrapolate species richness. Then, we determined whether some of the 784 single-scene correlations
outperform the 77 multi-scene correlations.

3. Results

The overall tree species richness (dbh ≥ 10 cm) ranged from 31 species/ha at Koumac to
131 species/ha at Riviere Bleue Pente with a mean of 85 ± 27 species/ha. Species richness of large
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trees (dbh ≥ 40 cm) was much lower and ranged from 2 species/ha at Tiwae to 29 species/ha in
Aoupinie with a mean of 10 ± 7 species/ha. Mean NDVI values over plots throughout the period
2002–2017 ranged from 0.76 at Jieve to 0.87 at La Guen, the median from 0.77 at Jieve to 0.87 at La Guen,
the variance from 0.0036 at Amos to 0.0129 at Ateu, minimum NDVI values from 0.54 at Grand Lac to
0.79 at Amos and maximum NDVI values from 0.82 at Jieve to 0.92 at Foret Plate 26. Average values of
NDVI over the 15-year period were not associated with the overall species richness (|r| = 0.13; p = 0.60)
or species richness of large trees (|r| = 0.47; p = 0.07) (Table 2). The magnitude of seasonal variations,
the first, the second and third quartiles as well as the lowest extremes were also not associated with
any species richness (|r| < 0.45; p > 0.07).

Table 2. Correlation between basic descriptive statistics extracted from a 15-year time series of MODIS
NDVI images produced on six-day intervals and species richness (SR) measured in 19 one hectare plots
in New Caledonia. Asterisks refer to the level of significance: 0.05 < p < 0.01 (*); 0.01 < p < 0.001 (**);
p < 0.001 (***).

Statistics SR (dbh ≥ 10 cm) SR (dbh ≥ 40 cm)

Full time-series statistics

15-year mean 0.13 −0.47
15-year median 0.21 0.16
15-year variance −0.20 −0.42

15-year 1st quartile 0.16 0.15
15-year 3rd quartile 0.23 0.10
15-year minimum −0.01 −0.45
15-year maximum −0.52 * 0.00

Seasonal statistics

Wet season mean −0.05 −0.66 **
Wet season median 0.01 0.15
Wet season variance −0.01 0.61 *
15-year 1st quartile −0.06 0.07
15-year 3rd quartile 0.07 0.06

Wet season minimum −0.02 −0.61 *
Wet season maximum −0.45 0.01

Dry season mean 0.29 −0.21
Dry season median 0.34 0.17
Dry season variance −0.28 0.24
15-year 1st quartile 0.31 0.21
15-year 3rd quartile 0.36 0.16

Dry season minimum 0.01 −0.33
Dry season maximum −0.51 * 0.01

Annual statistics

2002 mean 0.51 * 0.19
2002 variance −0.10 0.16

2003 mean 0.15 0.22
2003 variance 0.31 0.16

2004 mean 0.47 * 0.28
2004 variance −0.34 −0.28

2005 mean −0.06 0.02
2005 variance −0.05 −0.25

2006 mean 0.37 0.13
2006 variance −0.44 −0.14

2007 mean 0.34 0.10
2007 variance 0.13 0.37

2008 mean −0.02 −0.00
2008 variance 0.21 0.45

2009 mean 0.13 0.09
2009 variance 0.09 −0.14

2010 mean 0.12 0.15
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Table 2. Cont.

Statistics SR (dbh ≥ 10 cm) SR (dbh ≥ 40 cm)

Annual statistics

2010 variance 0.47 * 0.07
2011 mean 0.23 0.24

2011 variance −0.04 0.04
2012 mean −0.06 0.11

2012 variance 0.24 0.20
2013 mean −0.11 −0.11

2013 variance 0.28 0.27
2014 mean 0.12 0.23

2014 variance 0.36 −0.14
2015 mean 0.18 0.02

2015 variance −0.05 0.07
2016 mean 0.20 −0.04

2016 variance −0.03 −0.11
2017 mean 0.14 −0.13

2017 variance −0.08 0.07

Monthly statistics

January mean −0.06 −0.62 *
January variance −0.19 0.48
February mean −0.13 −0.72 **

February variance 0.02 0.65 **
March mean −0.21 −0.78 ***

March variance 0.23 0.71 **
April mean −0.06 −0.68 **

April variance 0.26 0.65 **
May mean 0.06 −0.58 *

May variance 0.32 0.60 *
June mean 0.24 −0.36

June variance 0.36 0.59 *
July mean 0.35 −0.17

July variance 0.39 0.53 *
August mean 0.21 −0.17

August variance −0.27 0.21
September mean 0.16 −0.11

September variance −0.31 0.20
October mean 0.30 −0.15

October variance −0.34 0.21
November mean 0.24 −0.28

November variance −0.37 0.27
December mean 0.08 −0.47

December variance −0.32 0.37

Certain monthly statistics (e.g., wet season means) appeared to be significantly correlated with
the species richness of large trees in New Caledonia (maximum |r| = 0.78; minimum p < 0.001) but not
with the overall tree species richness (|r| < 0.39; p > 0.05) (Table 2). The overall tree species richness
was better predicted by the overall and dry season maxima but the correlation remained relatively
low (|r| = 0.52 and 0.51, respectively; p < 0.05). Based on the proposed screening approach, the single
scene offering the best prediction of the overall tree species richness was taken from days 245 to 252
of 2004 (i.e., at the end of the dry season) and explained 47% of the variance (|r| = 0.68; p < 0.01).
The scene offering the best prediction of the large tree species richness was taken from days 128 to 134
of 2008 (at the beginning of the dry season) and explained 83% of the variance (|r| = 0.91; p < 0.001)
(Figure 2). The former increased (species richness of trees with dbh ≥ 10 cm = 324 * NDVI − 181) while
the latter decreased as NDVI increased (species richness of trees with dbh ≥ 40 cm = −143 * NDVI + 126)
(Figures 3 and 4).
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The same screening approach based on EVI did not performed better than that based on NDVI
(Figure A1). The best prediction of species richness was taken from days 254 to 260 of 2002 (i.e., also
at the end of the dry season) for trees of dbh ≥ 10 cm and explained 39% of the variance (|r| = 0.62;
p < 0.01) and taken from days 51 to 57 of 2008 (at the end of the wet season this time) for trees of
dbh ≥ 40 cm and explained 59% of the variance (|r| = 0.77; p < 0.001). This approach was also found to
provide better predictions of tree species richness than overall, seasonal, annual and monthly statistics
based on EVI (Table A1).

4. Discussion

Basic descriptive statistics derived from MODIS NDVI scenes acquired during the wet season
were found to be reliable predictors of tree species richness in New Caledonia considering there are
currently no maps of species richness in the biodiversity hotspot. Some authors argued that species
richness would track average levels of NDVI (e.g., [6,17]) while others rather mentioned an association
with the magnitude of seasonal variations or the very most extreme events (e.g., [5,6,14]). In fact,
the way in which productivity represents an ecological limit on biodiversity is likely to vary among
space, time and species [30]. Yet, simplistic descriptive statistics derived from NDVI time series require
a thorough knowledge of how productivity affects species richness patterns (which is seldom the
case in practice). Our single-scene screening approach can be useful when the NDVI-species richness
relationship remains misunderstood (then in most cases). It assumes that species richness gradients
reflect variation in environmental harshness, which remains difficult to anticipate as it may depend on
species phenology, the deviation from typical seasonal levels, the sequence of events, the combination
with other sources of stress and so forth [31,32].

Many studies have reported significant positive correlations between tree (dbh ≥ 10 cm) species
richness or diversity from plots (0.1 to 1 ha) and NDVI in tropical forest ecosystems [7,8,14,17].
NDVI from Landsat can explain between 30% and 40% of the variation in tropical tree species richness
within a vegetation type, landscape, or region [7–9]. Active remote sensing such as airborne radar has
been reported to explain 33% to 44% of the variation in tree species richness [10], while airborne LIDAR
can only explain 25% of the variation in tree species richness in tropical forests [11,12]. Our results
from MODIS using a similar number of plots and trees with a dbh ≥ 10 cm could explain 47% of the
variance. This suggests that MODIS NDVI can be used to predict tree species richness in tropical forest
ecosystems when plot data are available.

There has been an increasing interest in quantifying the density and species richness of large trees
in the tropics. There is recent evidence that the largest trees (dbh ≥ 70 cm) or 5% of stems account for a
majority of above ground biomass of tropical forests [33,34]. Silk et al. [33] found that density of the
largest trees explained 70% of the variation in above ground biomass in the pan-tropics. This clearly
points to a universality in tropical forests although trees canopies and dbh are generally smaller on
islands like New Caledonia due to hurricanes [35]. It is interesting to note the negative correlations
between NDVI and large trees. Large trees (dbh ≥ 20 cm) have been noted to reduce species richness
under their large canopies and trunks [12]. This pattern may also be occurring in New Caledonia were
large trees at the beginning of the dry season have lower NDVI values and reduce the NDVI values of
other trees in the canopy and subcanopy. Indeed, a few large trees may be reducing NDVI values of
the forest.

Maps of tree species richness in New Caledonia can be used to assess the protected area network
in New Caledonia (Figure 5). In particular, areas with high species richness may deserve a high
conservation priority and we can provide a first order assessment of tree species richness within
protected areas and regions that may be of interest in the future. This case study exemplifies how
remote sensing can help to understand patterns of tropical forest biodiversity and provide the basis for
adapted conservation strategies in tropical biodiversity hotspots. Further work should examine the
potential of NDVI in multivariate biodiversity models to map species composition, other diversity
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metrics (such as the Shannon index or the Simpson index) or functional traits rather than species
richness, which are next steps required to define conservation priorities.
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5. Conclusions

We demonstrated that a single meaningful NDVI scene can provide better prediction of species
richness than any usual multi-scene statistics or EVI. Given the complexity of the NDVI-species
richness relationship, the quality of NDVI-based correlative biodiversity models should therefore be
optimized by a more cautious and less systematic use of available time series. Selecting the most
appropriate variables to use in biodiversity models is crucial for determining the fate of biodiversity
under global change.
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plot values are found; (B,C) the color set refers to four significance levels of correlation tests.
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Table A1. Correlation between basic descriptive statistics extracted from a 15-year time series of
MODIS EVI images produced on six-day intervals and species richness (SR) measured in 19 one hectare
plots in New Caledonia. Asterisks refer to the level of significance: 0.05 < p < 0.01 (*); 0.01 < p < 0.001 (**);
p < 0.001 (***).

Statistics SR (dbh ≥ 10 cm) SR (dbh ≥ 40 cm)

Full time-series statistics

15-year mean 0.07 −0.37
15-year median 0.10 −0.35
15-year variance −0.51 * 0.11

15-year 1st quartile 0.16 −0.36
15-year 3rd quartile −0.01 −0.29
15-year minimum 0.19 −0.51 *
15-year maximum −0.21 −0.26

Seasonal statistics

Wet season mean −0.15 −0.50 *
Wet season median −0.13 −0.48
Wet season variance −0.25 0.37
15-year 1st quartile −0.17 −0.58 *
15-year 3rd quartile −0.17 −0.40

Wet season minimum 0.17 −0.53 *
Wet season maximum −0.23 −0.28

Dry season mean 0.29 −0.15
Dry season median 0.29 −0.15
Dry season variance −0.46 * −0.00
15-year 1st quartile 0.34 −0.16
15-year 3rd quartile 0.24 −0.10

Dry season minimum 0.38 −0.31
Dry season maximum 0.06 −0.17

Annual statistics

2002 mean 0.52 * 0.09
2002 variance 0.04 0.25

2003 mean 0.25 −0.21
2003 variance −0.13 0.09

2004 mean 0.18 −0.25
2004 variance −0.59 * 0.02

2005 mean −0.04 −0.36
2005 variance −0.19 0.05

2006 mean −0.04 −0.41
2006 variance −0.35 0.07

2007 mean 0.16 −0.24
2007 variance −0.01 −0.19

2008 mean 0.08 −0.46
2008 variance 0.08 0.19

2009 mean −0.07 −0.37
2009 variance −0.04 0.55 *

2010 mean −0.05 −0.31
2010 variance −0.56 * −0.23

2011 mean 0.07 −0.27
2011 variance −0.56 * −0.10

2012 mean −0.24 −0.66 **
2012 variance 0.16 0.19

2013 mean 0.03 −0.23
2013 variance −0.39 −0.10

2014 mean 0.24 −0.27
2014 variance −0.36 −0.11

2015 mean 0.09 −0.17
2015 variance −0.00 0.14

2016 mean 0.01 −0.41
2016 variance −0.31 0.34

2017 mean −0.13 −0.55 *
2017 variance −0.47 * 0.11
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Table A1. Cont.

Statistics SR (dbh ≥ 10 cm) SR (dbh ≥ 40 cm)

Monthly statistics

January mean −0.16 −0.49
January variance −0.12 0.47
February mean −0.32 −0.59 *

February variance 0.02 0.40
March mean −0.37 −0.61 *

March variance 0.16 0.39
April mean −0.20 −0.52 *

April variance 0.10 0.20
May mean 0.03 −0.33

May variance −0.00 0.03
June mean 0.23 −0.13

June variance −0.23 0.14
July mean 0.35 −0.05

July variance −0.44 0.44
August mean 0.37 −0.06

August variance −0.39 0.19
September mean 0.35 −0.09

September variance −0.51 * −0.09
October mean 0.27 −0.17

October variance −0.54 * −0.06
November mean 0.16 −0.24

November variance −0.35 0.28
December mean −0.00 −0.36

December variance −0.22 0.48
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