Do seasonal profiles of foliar pigments improve species
discrimination of ever green coastal tree speciesin KwaZulu-
Natal, South Africa?

H Van Deventer’, M A Cho"? & O Mutanga®

'Council for Scientific and Industrial Research (RSIP.O. Box 395, Pretoria 0001,
South Africa.
“University of KwaZulu-Natal, Private Bag X01, Saitle 3209, South Africa.

E-mail: HvDeventer@csir.co.za

Keywords: Foliar carotenoids, foliar chlorophyll, seasongaes discrimination

Abstract. Studies in the Northern hemisphere have shownptitential of foliar pigment
seasonal profiles as a means of improving spedsesimhination. Remote sensing vegetation
indices have been used to optimise absorptionfeajoresented by foliar pigments, as well as
improve species discrimination. This study investiégl the potential of seasonal pigment
profiles (for foliar carotenoid and total chloropyin improving species discrimination for
trees using leaf spectral data. Our aims were)tagiermine whether species have unique
seasonal profiles of carotenoids and chlorophyidf @i) whether these seasonal profiles can be
used to improve species discrimination, comparegirigle season pigment concentrations. We
sampled sunlit leaves of seven evergreen treeespé@tia sub-tropical region of South Africa,
over four seasons during 2011-12. Parametric ANOWAssification was compared to
similarity measures of shape (spectral angle map&M) and magnitude (sum of Euclidean
Distance; ED). For both pigments, the parametrialysmis of combined seasonal content
improved species discrimination when compared nglsi season content and the similarity
measures. ED outperformed SAM in species discritiindor both pigments. Multi-seasonal
carotenoid and chlorophyll content information iimyped species discrimination of evergreen
coastal tree species in KwaZulu-Natal, South Africa

1. Introduction

Phytosynthetic pigments (carotenoids and chlordghytespond to environmental and climate
conditions and hence reflect corresponding phemabghanges in vegetation [1][2][3]. Deciduous
species show an increase in carotenoid and chlgiopincentration at the onset of spring, and then
decline towards leaf fall [4][5]. A study focusech @ak tree (evergreen) in Portugal showed an
increase in carotenoids such as the xanthophyleay@mponents, violaxanthin, antheraxanthin and
zeaxanthin in spring [1], whereas other conifer@w&rgreen species in Canada showed peak
carotenoid content during winter [5]. Chlorophybncentration and content has been observed to
increase in winter and spring times, with peakssummer and a decline in autumn [2][5].
Contradictions and exceptions have however beeortexp for both pigments [6]. Regardless of



similar foliar pigment phenological patterns, a fnemof studies have indicated that foliar profibds
pigments may be seasonally unique to species [2§F]well as over a number of years [8]. The
significance of differences in seasonal profilecafotenoids and chlorophyll has yet to be tested f
evergreen tree species, and whether or not thdgmeoted in the northern hemisphere prevail in the
southern hemisphere too.

Foliar pigments have distinct absorption featumeghie visible range of the electromagnetic
spectrum between 400 — 700 nm [9]. Vegetation ewlicave therefore been developed in order to
quantify foliar pigment content in leaves as obedrin the leaf reflectance [10]. A number of stgdie
investigated the ability to discriminate speciemgspectral features that use foliar pigments aver
number of seasons [11][12][13][14]. Most speciesenv®und to be spectrally unique when using a
number of season of vegetation indices for theggments [14][15][16], there were however
exceptions at the genus level [17].

While a number of studies have investigated sedasdmanges in foliar pigments, few have
focused on the seasonal profile characterizati®r éour seasons and determined the uniqueness of
these profiles [11][12][13][14]. There is a needuaderstand how species exhibit unique seasonal
profiles in their carotenoid and chlorophyll corteerand whether or not these can be used in remote
sensing to improve species discrimination and mapplUnderstanding the seasonal profiles of
carotenoid and chlorophyll contents for each sgecen contribute to the choice of pigments and
season(s) to use in species discrimination, as alidentifying regions of the electromagnetic
spectrum to target for sensor development [18]. $&teout to investigate the foliar carotenoid and
chlorophyll content of a number of evergreen trpecges to determine whether (i) species have
unique foliar carotenoid and chlorophyll profilesr@ss seasons; and (ii) whether these seasonal
profiles of foliar pigments can be used to imprepecies discrimination.

2. Materialsand Methods

2.1. Study area

The iSimangaliso Wetland Park (28°S, 32°30’E) isated on the east coast of South Africa in the
KwaZulu-Natal province. The park experiences swoipital climate conditions. Mean Annual
Precipitation (MAP) is listed as 1 000 — 1 500 mmtloe coast, and decreases inland to below 1 000
mm (Middleton & Bailey, 2008). Mean temperaturesigg summer range from 23 — 30°C, and can
decrease to approximately 10°C during winter pexrid®]. Elevation ranges from 10 m to 20 m above
mean sea level (a.m.s.l.). The Park was extendad tine original Ramsar site boundaries in 2000 and
declared a World Heritage Site (WHS), primarily daghe high biodiversity of fauna and flora in the
region [20].

A number of the Park’'s evergreen tree species @uadf to grow in their natural habitat, which
provides the opportunity for investigating pigmennhtent in a natural environment. The iSimangaliso
Wetland Park hosts the highest number of wetlamitdiatypes (thirteen listed for Ramsar) for itsesi
in Southern Africa [20]. A variety of wetland trepecies are found in the park (Table 1); ranging
from estuarine, swamp, riverine woodland and grewaidr-fed depression wetland types.

Table 1. Tree species sampled for each season.

Trees Tree: Trees Trees

Tree species Common name  Acronymn Winter Spring Summer Autumn
(n=) (n=) (n=) (n=)

Avicennia marina White mangrove AM 23 23 22 22
Bruguiera Black mangrove  BG 20 19 20 20

gymnorrhiza



Broom cluster

Ficus sur fig FSUR 6 10 11 11
Ficus sycamores Sycamore fii FSYC 16 16 16 16
Ficus trichopoda Swamp fig FT 12 11 11 11
Hibiscustiliaceus Lagoon hibiscus  HT 31 31 30 30
Syzigium cordatum Waterberr SC 17 17 17 17

2.2. Pigment data collection

We sampled sun exposed canopies of mature treewé¢he approximately 2 x 2 m in size. Predictive
equations for the carotenoid and chlorophyll contiem each tree were derived from laboratory
chemical analysis and leaf spectral measuremenis.ffesh sunlit leaves were sampled across the
canopy of 17 treesA{icennia marina, Barringtonia racemosa, Bruguiera gymnorrhiza, Ficus sur,

Ficus sycamores, Ficus trichopoda, Hibiscus tiliaceus and Syzigium cordatum) for laboratory analysis.
Carotenoids and chlorophylls were extracted usB@% acetone and absorbance measured at 470 nm
for carotenoids, 644.8 nm for chlorophiglind 661.2 nm for chlorophydl. Total chlorophyll content
were computed using equations from LichtenthaldrBischmann [21].

Spectral measurements of each of the five leavag wellected using an Analytical Spectral
Device spectroradiometer (FieldSpec Pro FR, AnedytiSpectral Device, Inc, USA.). The ASD
covers the spectral range between 350 to 2500 rtimant.4 nm sampling interval between 350-1050
nm range, and a +2 nm between 1 050 — 2 500 nm.

Vegetation indices, which have previously been pmowo be robust across species [14], were
calculated using the collected leaf spectra (Tahlé\n iterative bootstrap process (1 000 iteratjon
using R software divided the data randomly inteaintng (2/3) and test (1/3) data set. A linear slod
was fit to the training data set between pigmemiceatration and each vegetation index, and then
applied to the test data set as well. The root nsgiare error (RMSE) was then calculated for both
the training and test data set and recorded, befch new reiteration. The vegetation index with th
lowest RMSE was considered the best predictivexrated was then used to predict the pigment
content from the spectral data.

Table 2. Vegetation indices used in predicting foliar pigmeontent from leaf spectra [9] [14].

Carotenoid Index Chlorophyll index
Carotenoid red edge [22][23] Cartey, [24]
Carotenoid Reflectance Index using reflectancéatrin (CRI_550)
22] Datt, [25]
Carotenoid Reflectance Index using reflectancéatriin (CRI_700) Maccioni [26
22] accioni [26]
Datt1998U [27] Modified Normalised Difference Vegetation Index
Datt1998SA [27] (NDVI) - (mND+q:) [28]
Photochemical Reflectance Index (PRI) [29] Modifieef-Edge Inflection Point (mREIP) or

Photochemical Reflectance Index x Chlorophyll ka@@RI_CI) [31] Inverted Gaussian fit on reflectance (IG_REP) [30]
Pigment Specific Simple Ratio using the reflectazicé70 nm
(PSSR_470) [9]

Pigment Specific Simple Ratio using the reflectazic®00 nm
(PSSR_500) [9]

Pigment Specific Normalised Difference using tHéemance at
470 nm (PSND_470) [9] Normalised Difference Vegetation Index (NQYI
Pigment Specific Normalised Difference using tHéemtance at [33]

500 nm (PSND_500) [9]

Reflectance at 470 nnR{zq) [18]

Reflectance at 500 nm, adjusted from Blackburn b988,,) [18]
adjusted

MERIS Terrestrial chlorophyll index (MTCI) [32]

Optimised Soil-Adjusted Vegetation Index
(OSAVIy) [34]

Red-edge Inflection Point (REIP) [35]



Ratio analysis of reflectance spectra for caron¢RARS_c) [36]

Structure Insensitive Pigment Index (SIPI) [38]
Yellowness Index (Y1) [40]

Red-edge Position Linear Extrapolation

(REP_Lel) [37]
getman [39]
Vogelman [39]

2.3. Analysing seasonal variance of foliar pigregyér species

Significant differences between species’ caroteaoid chlorophyll content were assessed with a one-
way Analysis of variance (ANOVA) using a Tukey Hshéignificant Difference (HCD) multiple
comparisons test. Secondly, similarity measureewsed to assess whether shape (using Spectral
Angle Mapper (SAM)) or magnitude (Sum of Euclidiaistances (ED)) presented the best description
of the seasonal profiles. An iterative validatiamgess (10 x) involved splitting the data into & 1/
training data and 2/3 validation data set respelgtiwean seasonal profiles were calculated froen th
training data set and each tree of the test ddataosepared to these. Average user and producer’s

accuracies were calculated for each species, pigm@ed similarity measure using the ten iterations.

3. Reaults

3.1. Seasonal profiles of pigments per species
The Datt1998 index for untransformed spectra has ltwest RMSE for carotenoids while the

Vogelman3 index had the lowest RMSE for chloroplijlibles 2 and 3).

Table 2. Results of the bootstrap process of the best preelizegetation index for carotenoids. Values are

sorted for the test data set by increasing mean RMS

Carotenoic Training data s Test data s
vegetation Min 1st Mediar Mear 3rd Max SD Min 1st Med Mear 3rd Max SD
index Qu Qu Qu ian Qu

Car_rededge  29.21 34.91 36.55 36.38 38.03 41.925 210.93 16.51 18.03 18.03 19.57 23.26 2.07
CRI_550 39.80 48.10 50.19 50.00 52.21 56.47 2.90.1117 22.64 24.80 24.71 26.64 32.82 279
CRI_700 41.22 49.48 51.35 51.17 5321 5851 2.85.3116 23.31 25.05 25.10 26.84 3385 277
Datt1998U 29.66 34.07 3551 35.33 36.61 40.03 1.44.75 16.16 17.35 17.41 18.71 22.08 1.79
PRI (Gamon) 40.31 48.20 49.96 49.85 51.63 56.13 72.87.14 2299 2470 24.61 26.31 3219 255
PRI_CI 34.44 4364 4552 4530 47.09 5235 257 5413.20.96 22.62 22.66 24.29 31.86 256
PSSR_470 4324 50.18 51.94 51.90 53.81 5865 272861 24.07 25.99 25.82 27.59 3357 2.65
PSSR_500 40.22 46.81 48.84 4859 50.46 55.03 258071 22.16 23.81 23.81 25.65 30.66 2.48
PSND_470 40.73 49.2 51.31 51.09 5299 5834 2.69.2117 23.46 2529 25.29 27.08 33.47 259
PSND_500 38.65 4596 47.6 4752 4935 5324 251.041721.70 2339 23.34 24.97 31.22 242
R470 40.96 504 52.26 52.12 54.05 5890 265 17.2B.70 2555 2551 27.27 33.93 259
R500 40 47.38 49.14 49.03 50.82 54.99 247 17.33.54222422 2417 25.85 3217 241
RARS c 39.34 4751 49.14 49.01 50.74 5580 2.495315.22.38 23.97 23.97 25.55 3201 2.44
SIPI 37.36 44.65 46.5 46.36  48.18 5260 2.60 15.7.39 23.04 23.10 24.96 31.65 2.68
Y| 40.29 47.11 49.05 48.92 50.79 5500 250 165222 2401 23.96 25.69 31.24 251

Table 3. Results of the bootstrap process of the best greelicegetation index for chlorophyll. Values aogted
for the test data set by increasing mean RMSE.

Chlorophyll Training data s Test data s

vegetation Min 1st Mediar Mear 3rd Max SD Min 1st Mediar Mear 3rd Max SD
index Qu u Qu Qu

Vogelman3 38.41 51.15 54.95 5419 57.81 63.60 4.29.54 48091 5549 5587 62.89 8418 9.75
REP_Lel 38.77 51.78 56.46 55.35 59.37 64.40  4.94.5931 48.37 5510 56.27 64.60 8243  9.80
Vogelman1 40.81 54.21 57.78 57.17 60.68 66.72 4.8B.53 52.98 59.62 60.07 67.00 89.62 9.68
NDVI2 38.59 54.96 59.32 5876 62.67 6866 5.07 83.252.89 60.40 60.31 68.73 8829 10.23
mND705 42.65 54.91 60.35 59.21 63.69 6890 5.44 584.51.95 59.69 60.65 70.14 87.17 10.80
Carter4 4556 56.96 6146 60.85 6499 71.36 5.13.9334 55.58 63.77 63.69 7218 87.42 10.29
Maccioni 48.22 59.94 63.98 6333 67.18 7452 4.9B.48 57.63 64.79  65.09 7293 90.97 10.08
Dattl 46.70 60.63 64.67 64.00 67.81 7526 4.93 PB4.%8.77 65.94 66.16 73.57 96.36 9.98
mMREIP/IG_REP  97.89 133 14264 14156 151.93 167.8B.14 34.94 60.85 70.44  69.89 78.86 99.90 12.42
OSAVI2 49.1 67.45 7122 70.96 7492 8319 529 21.066.56 74.79 7427 8237 107.92 10.90
REIP 1131 141.8 149.30 148.80 156.50 173.20 10.23.80 67.43 74.88 7442 8144 102.95 9.92
MTCI 40.46  61.47 66.72 6542 7098 7835 7.25 38.52.53 72.28  75.02 8234 13130 16.91




The average carotenoids and chlorophyll conteneased between winter and spring for the two
species AM and HT only (Figure 1). For all otheedps, both carotenoids and chlorophyll decreased
over the same time, except for species FSYC, wiithwed an increase in chlorophyll while
carotenoids remained the same. Average carotemoictllorophyll values dropped between spring
and summer for species AM, FSYC and HT; increasgdFSUR and SC; whereas species BG's
carotenoids remained the same while its chloroptstieased. For species FT, the average carotenoid
values increased between spring and summer wHibeaghhyll decreased.

With the changeover from summer to autumn, avecagetenoid levels dropped for all species,
except FSYC and FT. For the same time period, geecalorophyll levels increased for all species,
except FSUR and SC. Average carotenoid and chlgtofdvels peaked in winter for species BG,
FSUR, FT and SC, while species FSYC and HT hachitjeest average carotenoid and chlorophyll
levels in spring. Average carotenoid levels for cépe AM peaked in spring, while average
chlorophyll levels peaked in autumn. Species BGwatbdistinctly low levels of carotenoids and
chlorophyll compared to all the other species.
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Figure 1. Seasonal foliar content per species for caroter{tigy and chlorophyll (bottom).
3.2. Seasonal profile analysis: mean profilesavae and similarity measures

3.2.1. Mean seasonal profiles. Mean seasonal profiles for carotenoids and chloylip are visually
unique seasonal profiles per species (Figure Hcigp BG showed a distinctly low concentration of
pigments over the four seasons compared to the effexies. The mean seasonal profiles of other
species overlap in variance.
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Figure 2. Mean seasonal profiles per species over four sedsowrarotenoids (left) and chlorophyll
(right).

3.2.2. Analysis of variance. Per season ANOVA shows that between 44 - 48 %peties can be
distinguished from one another using single seasiammation (Table 4). The season with the most
significant differences is spring where 57 % ofcsee are significantly different from one another f
carotenoids, and 62 % significantly different féarophyll. Carotenoid pigments had higher overall
significant differences between species, as cordparehlorophyll pigments.

Table 4. Number of significant differences between compa alplecies pairs base on a one-way
ANOVA per season for carotenoids and chlorophyill.

Overall accurac

Pigment Number of pairs Winter Spring Summer Autumn (%)
per pigment
Carotenoids 21 10 12 7 11
Average accuracy (%): 47.6 57.1 33.3 52.4 47.6
Chlorophyl 21 7 13 8 9
Average accuracy (% 33.2 61.€ 38.1 42.€ 44.C

However, the ANOVA for the combined seasonal pigmesntent indicates there were more
significant differencesp( < 0.04) between 16 of the 21 (76 %) comparablespaf species, for
chlorophyll pigments and 15 of the 21 pairs forotanoid pigments (71 %) (Table 5). Species BG and
FSYC were significantly different to all other spescfor carotenoid pigments, whereas the difference
in chlorophyll were not always significant.

Table5. Analysis of Variance (ANOVA) for carotenoids andariophyll per species.

Pigment Species AM BG FSUR FSYC FT HT SC

~AM
BG 0.000026

) 2 C .-
Yy o ®©



FSUR 0.907178  0.000026
FSYC 0.000021  0.00002¢  0.000021

FT 0.06836!™  0.00002( 0.83909™  0.00008!
HT 0.000026 0.000026 0.001786 0.032992 0.163236
SC 0.755286 0.000026 0.249034  0.000026 0.001622 0.000026
AM
=, BG 0.00002(
s FSUR  0.939950° 0.000026
2 FSYC 0.000027 0.000026 0.000027
% FT 0.00165°  0.000021 0.00057° 0.97735'™
o HT 0.00002¢  0.00002¢  0.00002( 0.99997™ 0.89712!"
SC 0.000026 0.278164  0.001911 0.000026 0.000026 0.000026

" not significant

3.2.3. Smilarity analysis. SAM produced lower overall accuracies for the pigtaeompared to ED
(Table 6).

Table 6. User and producer accuracies (%) for the similauitglysis of pigments
compared to the mean seasonal profiles. Valuegiaea for the average of 10 iterations.

Pigment: Carotenoids Chlorophyll
Similarity _ _ _ —
measure:  SAM (n =80.5) ED (n = 80.5) SAM (n = 79.8) ED (n = 80)
Species Producer User Producer User Producer User Producer User
P accuracy accuracy accuracy accuracy accuracy accuracy accuracy accuracy
AM 43.F 42.67 51.z2 16.€ 27.4 16.¢€ 44.7 16.¢€
BG 32.¢ 22.3( 99.2 16.4 17.2 18.C 68.€ 16.4
FSUR 24.8 9.17 22.0 40.0 21.8 35.8 34.1 40.0
FSYC 14.9 25.05 40.2 33.0 21.7 30.6 33.2 33.0
FT 13.7 28.1¢ 27.% 74 9.9 9.9 13.F 7.4
HT 25.2 20.5: 46.¢ 19.€ 29.¢€ 20.¢€ 40.C 19.€
SC 63.7 63.25 71.4 68.2 78.7 67.7 71.1 68.2
Overall
Accuracy 31.26 51.2 29.49 43.6
(%)
4. Discussion

From the literature on evergreen tree speciesa# apparent that seasonal profiles of carotenaid an
chlorophyll pigments would be unique on a per spebiasis. The seasonal profiles of evergreen tree
species in the iSimangaliso Wetland Park were majue for carotenoid and chlorophyll pigments.
The tree species did show high intra-species viditialSeasonal carotenoid profiles for species BG
and SC were however highly separable from the athecies, with species BG consistently showing
low carotenoids and chlorophyll content over ther feeasons.

Parametric classification (ANOVA) of combined canwbid or chlorophyll seasonal data improved
species discrimination compared to single seaso®¥A and non-parametric similarity analysis. The
parametric classification accounts for the highrairgpecies variability observed in these evergreen
trees. The combined seasonal pigment informatigmorred species discrimination to above 70 % for
both pigments. Further investigation is requiredsée if parametric classifiers such as Discriminant
Analysis and Maximum Likelihood could improve clidissition accuracies.



Carotenoid and chlorophyll pigments do contributespecies discrimination, even though the
foliar pigment seasonal profiles are not unique geecies, which is as a result of intra-species
variability. These results concur with a study oopical evergreen trees in the Amazon where the
similarity of photosynthetic pigment content wasetved between various species [41]. Other studies
have indicated that taxonomic differences in eveggrtropical trees are described by a number f lea
chemicals [41], hence further investigation is ieefiinto the effectiveness of using additionaldol
chemicals or leaf structure in species discrimorati

Seasonality was represented in our study by onlyr feeasons, and therefore not fully
representative of a continuous seasonal phenolagyetter understanding is required of how the
pigment content of these particular species chawnges the full phenological cycle. As has been
noted by studies in Mexico [8], the pigments chant@at occur over a number of years could also be
of importance.

5. Conclusion

For the seven evergreen trees we studied in thigrepical environment, we found species BG to
have unique seasonal profiles for carotenoid amoraphyll pigments. Species SC was significantly
different from the other species in spring howepigments showed similar ranges compared to other
species over the other three seasons. Parameissifidation could account better for intra-species
variability than when compared to non-parametrinilsirity measures. Combined seasonal data did
however show improvements to species discriminafiamther research into using seasonal pigment
profiles and additional (untested) parametric dless is required. The use of alternative foliar
chemicals or leaf structural components should hésancluded in future research efforts to improve
species discrimination. We used data over foursegasvhereas a more continuous representation of
seasonality may yield more unique phenologicalepast between different species.
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