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Abstract

:

The invasive shrub, Acacia longifolia, native to southeastern Australia, has a negative impact on vegetation and ecosystem functioning in Portuguese dune ecosystems. In order to spectrally discriminate A. longifolia from other non-native and native species, we developed a classification model based on leaf reflectance spectra (350–2500 nm) and condensed leaf tannin content. High variation of leaf tannin content is common for Mediterranean shrub and tree species, in particular between N-fixing and non-N-fixing species, as well as within the genus, Acacia. However, variation in leaf tannin content has not been studied in coastal dune ecosystems in southwest Portugal. We hypothesized that condensed tannin concentration varies significantly across species, further allowing for distinguishing invasive, nitrogen-fixing A. longifolia from other vegetation based on leaf spectral reflectance data. Spectral field measurements were carried out using an ASD FieldSpec FR spectroradiometer attached to an ASD leaf clip in order to collect 750 in situ leaf reflectance spectra of seven frequent plant species at three study sites in southwest Portugal. We applied partial least squares (PLS) regression to predict the obtained leaf reflectance spectra of A. longifolia individuals to their corresponding tannin concentration. A. longifolia had the lowest tannin concentration of all investigated species. Four wavelength regions (675–710 nm, 1060–1170 nm, 1360–1450 nm and 1630–1740 nm) were identified as being highly correlated with tannin concentration. A spectra-based classification model of the different plant species was calculated using a principal component analysis-linear discriminant analysis (PCA-LDA). The best prediction of A. longifolia was achieved by using wavelength regions between 1360–1450 nm and 1630–1740 nm, resulting in a user’s accuracy of 98.9%. In comparison, selecting the entire wavelength range, the best user accuracy only reached 86.5% for A. longifolia individuals.
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1. Introduction


Tannins are phenolic compounds abundantly produced by plants in leaves or bark. One of their main functions is to act as a biochemical defense against herbivores [1]. Shrub and tree species in the Mediterranean Basin can differ significantly in their tannin leaf content [2,3,4,5,6]. Some species show clear seasonal differences [5] explained by their phenology [3]. In particular, nitrogen fixing shrubs have lower contents of condensed tannins (CT), while non-nitrogen fixing shrubs usually have higher leaf CT contents [3]. The vegetation of the Mediterranean Basin is known for a high variation in leaf tannin content across species and plant functional types, e.g., nitrogen-fixing legumes.



In general, interspecific variation in CT is high for species of the Mediterranean Basin. Ammar et al. [2] found relatively high amounts of condensed tannins for Pistacia lentiscus (383 g/kg dry matter) and relatively low amounts for Phillyrea angustifolia (11 g/kg dry matter) in the uplands of Tunisia. Similar values were confirmed by Perevolotsky [6] for a hilly woodland in Israel. Differences between Juniperus phoenicea and Pistacia lentiscus were observed by Rogosic et al. [7] in a coastal maquis in Croatia. Salem et al. [8] found obvious differences of CT content between Acacia cyanophylla and Pistacia lentiscus. Gallardo and Merino [4] found the highest tannin content in Halimium halimifolium in an open shrubland in southern Spain. A high variation in leaf tannin content is also observed for Australian Mediterranean shrub species from the genus, Acacia. In a study by Kumara et al. [9], Acacia saligna, which is also invasive in Portugal, had the lowest tannin content. All of these species occur in a coastal dune ecosystem in southwest Portugal, but have not been studied there, nor concerning their CT content.



Along the Portuguese coast, protected dune ecosystems have been affected by the invasion of trees and shrubs of the genus, Acacia [10]. Acacia longifolia (Andrews) Willd. (Fabaceae), a tree from southeast Australia, was introduced for dune stabilization and as an ornamental plant at the beginning of the 20th century. This species has been recognized to be among the most problematic invaders in Portugal [11] and other parts of the world [11,12]. A. longifolia has a negative impact on the coastal dune ecosystem in Portugal by reducing the richness and abundance of native species [13,14]. Further, A. longifolia is able to alter ecosystem structure and functioning, making this species a strong competitor for native species [12,15,16]. Seigler [17] stated that not much is known about the biochemistry of the majority of Acacia species. Various Acacia species are known for secondary metabolites, with condensed tannins among the most evident and best known [17]. Some Acacia species have a high CT content, such as A. nilotica (L.) Wild. ex Delile, and some increase the CT content as a defense agent against defoliation, such as A. nigrescens Miller [18]. For Acacia longifolia ssp. sophorae, the use of bark tannins has been reported by Maiden [19]. To our knowledge there has not been any research conducted about the CT content of Acacia longifolia, nor at its native, nor at invaded sites.



Tannins have various ecological functions, such as nutrient cycling, herbivore and pathogen defense, drought resistance or plant growth regulating activities [20]. Barradas et al. [21] concluded that high tannin concentrations for Halimium halimifolium might cause a decrease in microbial biomass and the immobilization of nitrogen in the litter. This was also concluded by Gallardo and Merino [4] in a study focusing on several Mediterranean species, including H. halimifolium. Barbehenn and Constable [22] state that plants that grow under nutrient-poor conditions may inhibit high levels of CT, though they can show some plasticity. Concerning the link between increased tannin concentrations and ecosystem functions, Frutos et al. [3] concluded that plant defense against herbivory might be explained by different mechanisms apart from increased CT content alone. Though the role of tannins in particular processes, such a plant-herbivore interaction, is still debatable, it is reasonable to assume that tannins have an impact on various ecological processes.



Measuring tannins, first in the field and then in the lab, is costly and labor intensive. Thus, methods allowing an easier determination of tannin contents for a high number of samples is desirable. Portable field spectrometers allow collecting hyperspectral leaf reflectance spectra of living vegetation directly in the field, yet still comparable to spectra obtained under lab conditions [23]. These sensors provide optimal conditions for quantifying in situ leaf biochemistry [24]. To our knowledge, no study using field spectroscopy to determine in situ leaf tannin content for any non-commercial plant species exists. In addition, the leaf tannin concentration of non-native, invasive Acacia and native species in the Portuguese dune ecosystems is unknown. Furthermore, little information is known about the absorption wavelengths of tannins in field spectral data. As a consequence, there is no model based on spectral information for a quick determination of leaf tannin content, and no study analyzed the possibility of discriminating Acacia species from other shrubs based on leaf tannin concentration. This would deliver baseline information for fast determination of tannins at larger scales and could be a pre-study for upscaling the results to the landscape scale [25].



In this study, we aim to identify leaf spectral features that correspond to leaf tannin content of the non-native, invasive A. longifolia and six other abundant and common native and non-native shrub and tree species, namely Acacia cyanophylla Lindl. (non-native), Corema album (L.) D. Don ex Steud., Halimium halimifolium Willk., Juniperus phoenicea subsp. turbinata (Guss.) Parl., Pistacia lentiscus L. and Pinus pinea L. Furthermore, we want to distinguish non-native, invasive A. longifolia from the other species based on leaf spectral reflectance related to variation in tannin content in order to verify the potential for upscaling our results to airborne hyperspectral imagery.




2. Material and Methods


2.1. Site Description


The study area is located at the Atlantic coast of southwest Portugal in the Alentejo region between Sines (37° 57′ N, 8° 52′ W) and Pinheiro da Cruz (38° 15′ N, 8° 46′ W). One 1-km2 plot was established in open sand dunes at three study sites running from south to north along the coast: Lagoa da Sancha (LDS), Melides (MEL) and Pinheiro da Cruz (PDC) (Figure 1). The local climate is Mediterranean with Atlantic influence. The mean annual temperature is 16.1 °C, and average yearly precipitation is 735 mm (meteorological station at Setubal, 38° 31′ N, 08° 54′ W, for the period between 1960 and 1990). The summer periods are generally dominated by drought and high temperatures. The native plant communities in the open dunes are mostly characterized by xerophytic plants, predominantly by sclerophyllous shrubs and isolated pine trees [16,26]. Furthermore, the study site is an important area for local endemic plant species [26,27] and protected by the NATURA 2000 habitats directive as “Comporta/Galé”.
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Figure 1. Location of the three study sites in southwest Portugal. They are located at Pinheiro da Cruz (PDC), Melides (MEL) and Lagoa da Sancha (LDS). 
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In the study sites described, the invasive A. longifolia forms isolated, but dense monospecific stands, either as large shrubs or small trees [26,27]. Other dominant shrub or tree species in this area are Acacia cyanophylla Lindl. (non-native), Corema album (L.) D. Don ex Steud., Halimium halimifolium Willk., Juniperus phoenicea subsp. turbinata (Guss.) Parl., Pistacia lentiscus L. and Pinus pinea L.




2.2. Spectral Data and Leaf Collection


The field sampling took place during springtime in April, 2011. The leaf reflectance of the selected plant species was measured between 350 and 2500 nm with an ASD FieldSpec FR 3 spectroradiometer attached to an external ASD single-leaf clip and contact probe device. The ASD Field Spectrometer had a sampling interval of 1.4 nm between 350 and 1000 nm and 2 nm between 1000 and 2500 nm. The spectral resolution (FWHM) was 3 nm @ 700 nm, 10 nm @ 1400, 12 nm @ 2100 nm. Using the leaf clip allowed for collecting the leaf reflectance spectra of living vegetation directly in the field without transporting the samples to a laboratory. Compared to canopy measurements, the application of the leaf clip and contact probe device reduces interferences, such as atmospheric disturbances (e.g., strong water absorption or other aerosol features), wind effects or unstable light conditions, due to a trigger lock/release gripping system and a self-contained light source. The integrated pre-calibrated white reference panel of the ASD leaf clip was used for calibration purposes between the measurements. For each plant individual, three leaves were measured in reflectance mode. In order to minimize internal measurement inaccuracy and to capture the natural variations of tannin concentration within the leaves, the leaf clip was repositioned on the same leaf between each scan at five different locations. The internal spectrum comprised an average of 25 scans per spectrum. Overall, 750 leaf reflectance spectra of seven species were gathered (Table 1). The mean, maximum and minimum spectral signatures of each species are presented in Figure 2.
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Figure 2. Leaf reflectance spectra of the analyzed plant species. 
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Table 1. Overview of the leaf reflectance measurements with the ASD single-leaf clip. The study sites are Pinheiro da Cruz (PDC), Melides (MEL) and Lagoa da Sancha (LDS).







Table 1. Overview of the leaf reflectance measurements with the ASD single-leaf clip. The study sites are Pinheiro da Cruz (PDC), Melides (MEL) and Lagoa da Sancha (LDS).







	
Species

	
Leaf Type

	
Leaf Size Length and Width

	
Leaf Sampling

	
Study Site

	
Number of Individuals

	
Number of Leaf Spectra

	
Used for Calibration

	
Used for Prediction






	
A. longifolia

	
Phyllode

	
Large (>5 cm)

	
Broad (1–5 cm)

	
Several leaves

	
PDC, MEL, LDS

	
15

	
225

	
155

	
70




	
A. cyanophylla

	
Phyllode

	
Large

	
Broad

	
Several leaves

	
MEL

	
5

	
75

	
50

	
25




	
C. album

	
Needle

	
Small (<1 cm)

	
Thin (<1 cm)

	
Leaves stacked

	
PDC

	
5

	
75

	
55

	
20




	
H. halimifolium

	
Leaf

	
Medium (1–5 cm)

	
Broad

	
Several leaves

	
MEL, LDS

	
10

	
150

	
100

	
50




	
J. phoenicea

	
Needle

	
Small

	
Thin

	
Leaves stacked

	
MEL

	
5

	
75

	
50

	
25




	
P. pinea

	
Needle

	
Large

	
Thin

	
Leaves stacked

	
PDC

	
5

	
75

	
50

	
25




	
P. lentiscus

	
Leaf

	
Medium

	
Broad

	
Leaves stacked

	
PDC

	
5

	
75

	
47 a

	
25




	

	

	

	

	

	
Total

	
50

	
750

	
507

	
240








a Three erroneous leaf reflectance spectra of Pistacia lentiscus were removed based on visual verification (see Section 2.4).







Leaf samples were taken from each spectrally-measured individual to determine the tannin concentration (see Section 2.3). In order to consider the variation of the tannin concentration within one shrub or tree, leaves were harvested from the upper, middle and lower part of the individual, both from the sunny and the shaded side. Only mature leaves and phyllodes from the latest growth period were collected.




2.3. Chemical Analysis of Tannin Concentration


All leaf samples were oven-dried at 52 °C for 48 h and pulverized with a sample mill (Tecator’s cyclotec, Foss, Hillerød, Denmark). The tannin concentration (was determined by the hide-powder method following Roux [28] in accordance with the European pharmacopoeia (Ph. Eur. 7.0/2.8.14). The powdered leaf samples of selected plant species were weighed in a flask, and all polyphenolic compounds, also containing tannins, were extracted with boiling water. After filtration, the filtrate was divided. The first aliquot was treated with hide powder (standardized, powdered skin) and incubated for 60 min. Since tannins adsorb on hide powder, they were separated by a subsequent, second filtration. Both parts of the filtrate were treated with sodium tungstate and phosphoric acid reagent. The polyphenols formed blue complexes with phosphotungstic acid, the reaction product being the sodium tungstate and phosphoric acid. In the second aliquot, the total polyphenol content, including tannins, was detected. The amount of tannin was estimated by subtracting the amount of free polyphenols (first aliquot) from the total amount of polyphenols (second aliquot). The colored complex was measured photometrically using a UV-Vis spectrometer (Perkin-Elmer Lambda 11, Überlingen, Germany) at 760 nm against water as a control. All samples were analyzed as duplicates. In order to guarantee that the tannin concentrations within A. longifolia did not differ between the sampling sites, we compared the tannin concentration between the sites using a non-parametric Kruskal-Wallis test. Furthermore, we tested all species for differences in tannin concentration with a Wilcox rank sum test pairwise comparison. Multiple testing was corrected using the Holm procedure.




2.4. Data Pre-Processing


Raw spectra are often affected by high-frequency noise and, thus, not suitable for direct analysis. Therefore, pre-processing algorithms are applied to modify the spectral data and improve them for further analysis [29]. In this study, the pre-processing steps and the analysis were conducted using the Unscrambler X Software (Version 10.2, Camo Software, Oslo, Norway): First, sample outliers were detected by visual examination and removed. Outliers may be due to measurement errors and cannot be corrected by pre-processing methods. Secondly, wavelengths were limited to 400–2400 nm, because of the high noise levels outside of these regions. Thirdly, sensor shifts at 1000 nm and 1800 nm were pre-processed using a jump correction followed by a first-derivative Savitzky-Golay smoothing [30] with a second polynomial order and a filter width of nine points in order to reduce the spectral noise. Finally, a standard normal variate (SNV) correction was applied, reducing the visible scattering effects. SNV correction normalizes the spectra by removing multiplicative effects, like scaling and offset effects.




2.5. Determination of Important Wavelength Regions


Partial least squares (PLS) regression is an established method for linking spectroscopic reflectance signatures to biochemical data (e.g., [31,32,33]). PLS allows the detection of wavelengths highly correlated with biochemical features; in this case, the tannin concentration of A. longifolia. The major advantage of PLS is that the continuous spectrum is treated as a single measurement, rather than performing a band-by-band analysis. This makes PLS regression a superior method compared to univariate or bivariate analyses [34].



PLS regression consists of two steps. The first one is a decomposition step, comparable to principal component analysis (PCA). It is used to compress the large spectral dataset by explaining the variance in factors, called latent variables. Latent variables are not sorted according to the amount of variance that they comprise, but according to their correlation to the concentration of the targeted constituent (Y matrix), thus seeking an underlying structure between the X and the Y matrix. The second step is the correlation of these factors (X matrix) to the concentration of the targeted constituent (Y matrix).



In order to avoid overfitting, the optimal number of factors required for an estimation can be determined by analyzing the prediction residual error sum of squares (PRESS) statistic, which is calculated by a cross-validation procedure [35,36]. During that procedure, samples of the dataset are separated into subsets. The performance of the achieved model can be quantified using these subsets to determine the root mean square error of calibration (RMSEC) or root mean square error of cross-validation (RMSECV) and the coefficient of determination (R2). Consequently, the divergence between RMSEC and RMSECV should be minimized (otherwise, the model may be overfitted), while the value for RMSEC and RMSECV should be as small as possible so that the model is not underfitted, i.e., still showing a high R2. It is also possible to determine the root mean square error of prediction (RMSEP), calculated as the root mean squared difference between predictions and reference values.



In this study, we calculated a PLS regression model with a random cross-validation and 19 spectra per segment, including wavelengths from 400 to 2400 nm to identify the tannin-related wavelengths of A. longifolia.




2.6. Discrimination of Species


Linear discriminant analysis (LDA) is a supervised classification method widely used in the field of remote sensing for classifying plant species into groups (e.g., [32,33,37]). The different a priori defined (supervised) classes are separated by maximizing the variance between the groups and minimizing the variance within the groups in order to determine the best fit of parameters for the classification.



However, LDA requires independent variables, i.e., the number of components must be smaller than the number of objects in each class [38]. Consequently, large spectral datasets with few samples cannot be analyzed using LDA. Combining an LDA with a principal component analysis (PCA) overcomes this problem. PCA reduces the dimensions of the spectral dataset by explaining a large part of the variance using synthetic factors, called principal components. Therefore, the whole range of wavelengths can be compressed into the first few principal components (PC), which explain a large amount of the variance of the spectral dataset. In this study, the first three PCs explained nearly 99% of the variability of the spectral data, provided the highest factor loadings and were therefore selected for PCA-LDA classification.



In order to test the classification ability of the tannin-related wavelength regions, the entire spectral dataset was pre-processed as described above and randomly separated into a calibration dataset of 507 spectra and a validation dataset of 240 spectra by selecting leaf measurements of each species (Table 1). Subsequently, different calibration models were tested, using different tannin-related wavelength regions, either separately or in combination. Since the applied distance measure in the PCA-LDA, i.e., the Euclidean distance, can have an influence on the classification results, we tested two other commonly-applied distance measures for spectral analysis: the squared Euclidean distance and the Mahalanobis distance.





3. Results


3.1. Tannin Concentration


The results of the chemical analysis are presented in Figure 3. The selected individuals of A. longifolia are characterized by low tannin concentrations (median value: 0.9%) in comparison to the other measured plant species. Similar low tannin concentrations were obtained for Acacia cyanophylla (median value: 1.8%). The highest tannin concentrations were reached by individuals of Pistacia lentiscus (median value: 8.2%), followed by individuals of Halimium halimifolium (median value: 6.2%). According to the Kruskal-Wallis test, no significant differences in tannin concentration were found for A. longifolia between the three study sites, MEL, PDC and LDS. The Wilcox rank sum pairwise comparison revealed that only A. longifolia and H. halimifolium differed from most of the other species (Table 2).
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Figure 3. The boxplots show the tannin concentration of the selected plant species. The box represents the lower and upper quartiles and the median (black centered line), while the whiskers represent the maximum and minimum values. 
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Table 2. Pairwise comparison of tannin concentration between each species using the Wilcox rank sum test. The Holm correction was applied for adjusting the p-value. Cell values are corrected p-values. Grey shading indicates significant differences with p < 0.05.
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Species

	
A. cyanophylla

	
A. longifolia

	
C. album

	
H. halimifolium

	
J. phoenicea

	
P. pinea






	
A. longifolia

	
0.476

	
-

	
-

	
-

	
-

	
-




	
C. album

	
0.476

	
0.021

	
-

	
-

	
-

	
-




	
H. halimifolium

	
0.013

	
0.001

	
0.013

	
-

	
-

	
-




	
J. phoenicea

	
0.383

	
0.021

	
1.000

	
0.037

	
-

	
-




	
P. pinea

	
1.000

	
0.383

	
0.103

	
0.013

	
0.107

	
-




	
P. lentiscus

	
0.103

	
0.021

	
0.103

	
0.810

	
0.169

	
0.103










3.2. Wavelength Selection for Classification


In order to identify appropriate wavelengths for later classification steps, we analyzed the weighted regression coefficients of the PLS, i.e., the loadings, which link the regression model and the spectral information. The wavelengths of great impact are those that strongly differ from zero and are therefore likely to be highly correlated with tannin concentration (Figure 4). The importance of each identified wavelength region was tested by leaving out one region at a time. Thus, wavelength regions of low impact on the calibration model show only a subtle change in RMSEC and RMSECV using the same number of factors. These wavelength regions were consequently discarded from the classification model.



The remaining wavelength regions showed a significant decrease in R2 and were left out if the corresponding RMSEC was one. PLS regression identified the following wavelength regions to be related to the tannin concentration: 675–710 nm, 1060–1170 nm, 1360–1450 nm and 1630–1740 nm. These regions were chosen for the subsequent classification step.
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Figure 4. Weighted regression coefficients of the first derivative. The wavelengths of strong impact on the regression model are the ones with regression coefficients differing from zero and, therefore, are likely to be highly correlated with the tannin concentration. The importance of each identified region was tested by leaving out one region at a time. Regions of low impact on the calibration model were discarded for the classification model. Solid shading, selected wavelength regions for PCA-LDA. Striped shading, wavelength regions with low impact on the calibration model. 






Figure 4. Weighted regression coefficients of the first derivative. The wavelengths of strong impact on the regression model are the ones with regression coefficients differing from zero and, therefore, are likely to be highly correlated with the tannin concentration. The importance of each identified region was tested by leaving out one region at a time. Regions of low impact on the calibration model were discarded for the classification model. Solid shading, selected wavelength regions for PCA-LDA. Striped shading, wavelength regions with low impact on the calibration model.



[image: Remotesensing 07 01225 g004]






3.3. Discrimination of Species by PCA-LDA Classification


The results of the different classification set-ups tested using PCA-LDA are presented in Table 3. The calibration and validation datasets were separated into A. longifolia and non-A. longifolia. Using all wavelengths from 400 nm to 2400 nm, the classification model distinguished between the two classes at an overall Kappa coefficient of agreement of 0.67 (Euclidean), 0.73 (squared Euclidean) and 0.65 (Mahalanobis). The combination of all identified tannin regions (675–710 nm, 1060–1170 nm, 1360–1450 nm and 1630–1740 nm) showed better classification performance than using all wavelengths. Overall Kappa statistics achieved 0.7 (Euclidean), 0.79 (squared Euclidean) and 0.73 (Mahalanobis), respectively. Testing each tannin-related wavelength region separately, the best overall results were reached using the region 1360–1450 nm with Kappa coefficients of 0.81 (Euclidean) and 0.82 (squared Euclidean). However, these wavelengths failed in the prediction using the Mahalanobis distance (Kappa 0.75). The remaining wavelength regions (675–710 nm, 1060–1170 nm and 1630–1740 nm) showed different performance for all tested distance metrics. The wavelength region 675–710 nm achieved an overall Kappa coefficient of 0.78 using squared Euclidean distance, but only 0.69 when Euclidean distance was applied. For the wavelengths 1060–1170 nm, the best overall prediction results were reached with the Mahalanobis distance metric (Kappa 0.77), compared to 0.68 (Euclidean) and 0.75 (squared Euclidean). Regarding the wavelength region 1630–1450 nm, neither Euclidean, squared Euclidean nor the Mahalanobis distance classification model resulted in a suitable overall prediction (Euclidean 0.69; squared Euclidean 0.65; Mahalanobis 0.53). Judged by user’s accuracy, the best prediction performance of A. longifolia was achieved using wavelength regions 1360–1450 nm and 1630–1740 nm (both with Euclidean distance) with 98.9% of the samples classified correctly, respectively. Both wavelength regions performed slightly similar using squared Euclidean distance, resulting in user’s accuracies of 96.3% and 96.9%. However, the wavelengths 1630–1740 nm fail in the prediction of non-A. longifolia (68.6% with Euclidean and 70.6% with sq. Euclidean). In contrast, the best prediction for the non-A. longifolia class was reached using the wavelength region 1060–1170 nm, with 95.7% correctly classified.
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Table 3. Performance of the three different types of validation PCA-LDA models in separating Acacia longifolia from all other sampled shrub species. All tannin regions, including wavelengths 675–710 nm, 1060–1170 nm, 1360–1450 nm and 1630–1740 nm.
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Wavelengths

	
Overall Kappa

	
Overall Accuracy %

	
User’s Accuracy %

	
Producer’s Accuracy %

	
User’s Accuracy %

	
Producer’s Accuracy %




	
A. longifolia

	
A. longifolia

	
non-A. longifolia

	
non-A. longifolia






	
Euclidean

	

	

	

	

	

	




	
400–2400 nm

	
0.67

	
83.3

	
90.0

	
79.4

	
76.6

	
88.5




	
675–710 nm

	
0.69

	
84.3

	
89.1

	
81.4

	
79.4

	
88.0




	
1060–1170 nm

	
0.68

	
83.9

	
91.7

	
79.4

	
76.0

	
90.1




	
1360–1450 nm

	
0.81

	
90.6

	
98.9

	
84.8

	
82.3

	
98.6




	
1630–1740 nm

	
0.69

	
84.7

	
98.9

	
77.1

	
70.6

	
98.4




	
all Tannin regions

	
0.70

	
85.0

	
95.4

	
79.0

	
74.6

	
94.3




	
sq. Euclidean

	

	

	

	

	

	




	
400–2400 nm

	
0.73

	
86.6

	
93.7

	
82.0

	
79.4

	
92.7




	
675–710 nm

	
0.78

	
89.1

	
89.1

	
89.2

	
89.1

	
89.2




	
1060–1170 nm

	
0.75

	
87.4

	
91.1

	
85.0

	
83.7

	
90.4




	
1360–1450 nm

	
0.82

	
90.9

	
96.3

	
86.9

	
85.4

	
95.8




	
1630–1740 nm

	
0.65

	
82.7

	
96.9

	
75.6

	
68.6

	
95.6




	
all Tannin regions

	
0.79

	
89.3

	
93.7

	
86.1

	
84.9

	
93.1




	
Mahalanobis

	

	

	

	

	

	




	
400–2,400 nm

	
0.65

	
82.6

	
77.7

	
86.1

	
87.4

	
79.7




	
675–710 nm

	
0.73

	
86.3

	
80.9

	
90.7

	
91.7

	
82.8




	
1060–1170 nm

	
0.77

	
88.6

	
81.4

	
95.0

	
95.7

	
83.8




	
1360–1450 nm

	
0.75

	
87.3

	
83.1

	
90.6

	
91.4

	
84.5




	
1630–1740nm

	
0.53

	
76.3

	
55.7

	
94.6

	
96.9

	
68.6




	
all Tannin regions

	
0.73

	
86.3

	
80.9

	
90.7

	
91.7

	
82.8











4. Discussion


Testing optically-measured spectral information for its ability to discriminate between plant species is an active field of research in the remote sensing community. For example, for detecting and mapping invasive plant species, optical remote sensing, including spectroscopy, in combination with biochemical and physiological properties, has been used successfully to distinguish invasive species from surrounding native vegetation [39,40]. We applied partial least squares regression and PCA-LDA classification in order to first identify spectral wavelengths related to tannin concentration and then tested their discriminatory power for distinguishing between native and invasive shrub species. We found that tannin concentration may provide a promising class of plant biochemicals for distinguishing Acacia from non-Acacia plant species using field spectroscopic methods.



The inspected A. longifolia individuals in the Portuguese dune ecosystems are characterized by a low tannin concentration of below 2% compared to other Acacia species [41]. They might be considered a low tannin content species even among Acacias according to the classification by Furstenburg and van Hoven [18], whose study included seven Acacia species and who defined a threshold for determining low tannin species based on the range of 0–4% CT of dried leaf weight. Factors influencing tannin concentration are mostly climatic and seasonal effects, as well as protection against herbivory [42,43,44,45]. We assume that with the absence of specialist herbivores or pathogens in the Portuguese coastal dunes, A. longifolia is able to change the resource allocation from defense to increased growth or reproduction. This reduced secondary plant metabolism (in particular, with respect to tannins) of invasive plant species introduced into a new range was also reported by the studies of Peñuelas et al. [46], Wang et al. [47] and Omelchuk et al. [48]. This would support the evolution of increased competitive ability (EICA) hypothesis by Blossey and Nötzold [49], which states that invasive species can alter their metabolism, so that the competitive ability is increased and the amount of resources needed for defense is reduced in absence of enemies. Other invasive traits that support the EICA hypothesis, such as huge seed production [10] and tall growth [16], have already been observed in the Portuguese dunes. On the other hand, Carvalho et al. [50] observed spectral variation of plant defense components in different plant organs, e.g., leaves and flowers, of a weed species using field spectroscopy, indicating that the seasonal variation in defense components should not be neglected. Nevertheless, further studies are required to confirm our findings for A. longifolia, but also in general for other invasive species, including the genus, Acacia.



Furthermore, in addition to the effects of interspecific variation in tannin concentration, it is also possible that the examined species contain different compositions of substances belonging to the larger group of tannins [51]. Yet, the available literature does not report the exact biochemical composition of tannins in A. longifolia. Hence, chemical analyses are required to describe the specific tannin components in order to better understand differences in chemical composition between the species. An easy and quick method is to apply PLS regression for determining wavelength regions correlated to the specific composition of tannins in A. longifolia.



We postulate that tannin-related substances are responsible for the correlation of our observed tannin concentration with the wavelength region 675–710 nm. This region, part of the so-called red-edge region (680–750 nm), is characteristic for the absorption maxima of anthocyanins [52], together with other typical plant pigments, such as chlorophyll and carotenoids [53]. The condensed tannins (synonym: proanthocyanidins) form a chemical precursor of anthocyanidins, which are chemically related to anthocyanins [51]. This similarity in chemical structure between condensed tannins and anthocyanidins may have influenced the correlation of tannins within the red-edge region. However, the spectral region is mainly dominated by chlorophyll absorption bands, resulting in difficulties in analyzing anthocyanins properly [54]. Thus, it is difficult to relate the 675–710 nm range solely to tannin concentration.



In general, most of the tannin-related wavelengths are connected to molecular vibrations, i.e., bending and stretching of C-H, C-O and O-H bonds and their overtones [55,56,57]. PCA-LDA with (squared) Euclidean distance resulted in the best classification for A. longifolia individuals (Kappa 0.82) using wavelengths between 1360 nm and 1450 nm. This region of the spectrum is potentially correlated with the bending of O-H bonds, as these show maximum absorption at 1400 nm [55], and the C-H stretching absorption peak located at 1450 nm [57]. Both bonds are characteristic for the molecular structure of tannins [58], making the results of our prediction reasonable. Spectral studies on red grapes also identified a similar spectral region to be related to condensed tannin concentration [59]. Unfortunately, reflectance in this region is influenced by water absorbance features. Thus, although these regions are suitable for CT determination at the leaf level using field spectroscopy, they will not be applicable for airborne hyperspectral missions. The remaining wavelength regions (1060–1170 nm and 1630–1740 nm) also showed high correlation to tannin concentration. Yet, the reason for this correlation is uncertain. Possibly, different bands in the range 1635–1675 nm can be linked to the first overtone of C-H stretching [55,56,57,60] and, thus, are sensitive to the tannin features of A. longifolia. For the wavelength region 1060–1170 nm, the correlation could not be explained by recent biochemical or spectral studies. The wavelengths selected in this study do not exactly match the wavelengths identified by previous studies, but are in most cases within a close distance to the wavebands described previously. This difference may occur due to the overlap with other similar biochemical signals in selected bonds [56] or to different experimental settings.




5. Conclusion


The non-native and invasive Acacia longifolia had a lower condensed tannin concentration than native shrub species and can be classified as a low tannin content species, according to the scheme of Furstenburg and van Hoven [18]. Based on tannin concentration-related wavelength regions, we successfully discriminated A. longifolia individuals from other Acacia and native plant species. We identified two spectral regions linked to tannin concentration, i.e., the range of 1360–1450 nm and the range of 1630–1740 nm, which are promising for detecting A. longifolia in the studied dune ecosystems based on leaf spectral information. Future studies are required to test the suitability of these two spectral regions in combination with additionally remote sensing methods (e.g., LIDAR) for mapping A. longifolia using hyperspectral remote sensing data.
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