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Effects of distinct data processing in the phylogenetic signature of foliar spectra of regenerating plants in Neotropical Forest gaps
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[bookmark: _Hlk67322010]Abstract. Important biochemical traits may be robustly mapped by optical spectroscopy, allowing inferences about phylogenetic conservation in plant species. However, distinct types of data processing might lead to distinct patterns of phylogenetic signal in the foliar spectra. Thus, investigate the standard analytical approaches in order to understand their influence over the phylogenetic signal is essential. In this context, this study investigates how untransformed and transformed foliar-spectral data affects the phylogenetic signal of plant species located in regenerating forest gaps. Spectroscopic measurements from the adaxial surface of leaf samples were taken under standard light and temperature conditions for 53 regenerating plant species with a field spectroradiometer. Then, the average spectral signature for each specie was considered under two types of data processing: untransformed (raw reflectance spectra) and transformed (normalization by first derivative). Examined spectral regions for untransformed and transformed wavelengths were VIS (visible region: 400–700 nm), NIR (near infrared region: 701–1349 nm), SWIR-1 (short-wave infrared region part one: 1551–1849 nm) and SWIR-2 (short-wave infrared region part two: 2051–2450). Evolutionary conservation was evaluated through Blomberg (K) and Pagel (λ) metrics, which were calculated for all 1649 bands considering the average specie’s spectra. Thus, the percentage of wavelength with significant phylogenetic signal (K and λ) was quantified in both types of spectral processing. Significant phylogenetic signal was found for transformed spectra in NIR and SWIR-1 regions, along with reduced portions in SWIR-2. For untransformed spectra, there was significant signal mainly in SWIR-2. In conclusion, main results indicate that normalization by first derivative performs better in disentangling overlapping wavelengths. Thus, the transformed spectra can highlight the phylogenetic signal of plant features that are underemphasized in untransformed foliar spectra.
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1. Introduction

Plant assemblages are structured according to several abiotic and biotic factors that directly influence the species’ functional traits (e.g., biochemistry, anatomy, morphology), whose interaction is capable of driving communities with high (over-dispersed) or low (clustered) phylogenetic diversity (Webb et al. 2002; Cavender-Bares et al. 2009). Evolutionary conservation of species’ traits, which is demonstrated by the presence of phylogenetic signal, correlates to assembly of phylogenetically clustered or over-dispersed communities 1,3. Many important ecophysiological plant traits (e.g. N, Cellulose, Tannin, Lignin) might be potentially conserved along evolution in phylogenetically close clades, which determine the species potential to adapt and succeed in the underlying environmental conditions (Ackerly et al. 2000; Ackerly 2009). Such biochemical/physiological traits may be robustly mapped by optical spectroscopic imaging (Curran 1989; Doughty et al. 2011).
Applications from the last decade demonstrate that optical spectroscopy is a promissory, accurate and quick tool to track plant functional characteristics and their plasticity. It allows robust measurements of foliar reflectance and absorption features, which are produced by electronic process and chemical bonds in leaf biochemistry (Madritch et al. 2014; Singh et al. 2015). Innovative studies (Cavender-Bares et al. 2016; McManus et al. 2016; Diniz et al. 2021b) show that the combination of remote and proximal sensing with community phylogenetic information, allows to investigate the evolutionary conservation of biochemical foliar traits (e.g. evolutionary conservation of N, Cellulose, Lignin). Those characteristics are related with distinct regions of the optical spectrum, what enable to identify the respective wavelengths that constitute the spectral-phylogenetic signature/signal of each feature (i.e., from visible to short-wave infrared regions – VSWIR).
[bookmark: _Hlk86246017]The combined application of remote sensing techniques, such as imaging spectroscopy, and phylogenetic data, can be an important allied in ecological investigations, since it enables to understand evolutionary patterns of the vegetation spectral signatures at different scales, e.g. landscapes and ecosystems (Schweiger et al. 2018; Diniz et al. 2021b). Even highly diverse and complex communities, such as, Neotropical forests, can benefit from collecting vast amounts of plant spectral properties at broader scales (Amaral et al. 2018; Schweiger et al. 2018), which allows inferences about community functioning according to observed levels of phylogenetic conservation of ecophysiological features registered in spectral signatures.
Despite the potential and robustness of using foliar spectra signatures to infer about the concentrations of biochemical and physiological plant traits, the raw (non-normalized) spectra usually contains high-frequency noise along the spectrum(Rinnan et al. 2009; Beal and Eamon 2010; González-Fernández et al. 2019), which can bias and limit conclusive interpretations regarding ecological patterns. Thus, when testing for phylogenetic signal in biological traits, e.g. leaf biochemistry inferred by spectra, it is recommended to standardize the trait values with a suitable transformation technique(Pavoine and Ricotta 2013). Derivative transformations like first and higher order are commonly used to smooth spectral data and correct baseline effects, thus better discriminating overlapping and differences between spectrum bands, while keeping reflectance peaks in the same place as in the original reflectance spectra(Norris and Williams 1984; Rinnan et al. 2009; Silalahi et al. 2018). Despite of being a key factor in applying image spectroscopy for phylogenetic analysis, the impact of data processing (i.e., raw or transformed spectra) on phylogenetic signal is still not addressed. Neglect its effect may lead to biased interpretations and conclusions about evolutionary conservation across spectrum. 
Therefore, understanding how spectral data processing may affect the outcomes of phylogenetic signals of wavelengths is of major importance, especially for plant communities under regenerating stage. In the varied luminosity conditions inherent from gap-phase, the plant photosynthetic plasticity required to succeed in such environments is expected to be markedly expressed in its spectral signature (Chazdon et al. 1996; Cavender-Bares et al. 2016). Thus, data processing may highlight or underestimate spectral differences among taxa. In this study, we aimed to investigate how raw (untransformed) and first derivative (transformed) data affects the phylogenetic signal outcomes, concerning the reflected foliar spectra from plant species located in regenerant forest gaps. The null hypothesis states that both raw and transformed spectra does not change the overall trends of phylogenetic signal of wavelengths across spectral regions. 



2 Material and methods

2.1 Data collection and spectral processing
[bookmark: _Hlk86244184]Spectroscopic measurements were carried out in the adaxial surface of leaf samples from 53 regenerating plant species existing in the ground of forest gaps from two protected seasonal semi-deciduous montane forests (Mata da Biologia - site 1 and Mata do Paraíso - site 2), both located in Viçosa county (20°45′14″S, 42°45′53″W). This region, known as “Zona da Mata Mineira”, is inserted in the Atlantic Forest domain, Minas Gerais State, Southeast Brazil. The measurements were taken under standard light and temperature conditions by using an ASD FieldSpec 4 spectroradiometer equipped with Plant Probe and Leaf Clip accessories (ASD Inc., Boulder, CO, USA). The average spectral signature from five leaves per individual was adopted as the spectral signature value for each specie. For more detail and information about study site, specific settings of sample collection and spectroscopic measurements, see Diniz, et al.  (Diniz et al. 2021b).
The averaged spectra per specie was considered as untransformed reflectance, while the transformed spectra were achieved by normalization of first derivative. We used the Derivative Gap functionality from ASD Fieldspec 4, whose algorithm employees a specified gap distance to take the differences instead of adjacent data points when transforming raw spectra by the first derivative. For further details about the theoretical backbone of derivative approximation and mathematical equations that this algorithm is based on, see Morrey (Morrey 1968). It was considered the spectrum (untransformed and transformed) spanning from 400 nm to 2450 nm wavelength region, removing low signal-to-noise regions (350–399 nm and 2451–2500 nm) and wavelengths between 1350–1550 nm as well as 1850–2050 nm in order to avoid noise generated by water absorption, common in those regions. Thus, data accounted for 1649 nm-channels. Therefore, the examined spectral regions were: VIS (visible region: 400–700 nm), NIR (near infrared region: 701–1349 nm), SWIR-1 (short-wave infrared region part one: 1551–1849 nm) and SWIR-2 (short-wave infrared region part two: 2051–2450). Averaged untransformed reflectance spectra (Fig. 1a) and first derivative transformed spectra (Fig. 1b), concerning the 53 sampled species in both forest gaps/sites are presented in Fig. 1.  To access the complete species data of average leaf spectra (transformed and untransformed), please see Diniz, et al.  (Diniz et al. 2021b).
[image: ]
[bookmark: _Hlk86244066]Fig. 1. Averaged untransformed (a) and transformed (b) reflected foliar spectra of all 53 regenerating plant species sampled in Semideciduous Atlantic Forest gaps located in Southeast Brazil.

2.2 Phylogenetic tree reconstruction and signal
The phylogenetic tree was constructed from the species pool (53 regenerating species) concerning both study sites. Thus, we pruned the mega-tree GBOTB pruning to our species list under phylogenetic hypothesis of scenario 3 by using the function phylo.maker, which is available in V.PhyloMaker package (Jin and Qian 2019) for R programing language version 3.6.1 (R Development Core Team 2019). The extraction of genus or family-level largest cluster's root and basal node information was created through the mega-tree by using build.nodes.1 function (Jin and Qian 2019). Then, all 1649 bands processed by splice correction and first derivative were tested according to Blomberg’s K (Blomberg et al. 2003) and Pagel’s Lambda (λ) metrics (Pagel 1999; Freckleton et al. 2002) for phylogenetic signal against the hypothesis of signal absence or congruence with stochasticity in character evolution (i.e. trait) under Brownian Motion Evolution (BM) model. According to BM, a trait evolves in small amount during a given evolutionary interval and in random manner 4. Thus, tests for phylogenetic signal of traits can be interpreted as indicators for homologous (similar trait values share a common ancestry, i.e. evolutionary divergence) or homoplastic (similar trait values area share independently in separate lineages, i.e. convergence) trait conservatism in evolutionary lineages (Stearns and Hoekstra 2005; Losos 2008). 
K and λ were calculated using phyloSignal function from phylosignal R package with 10,000 randomizations (Keck F, Rimet F, Bouchez A 2016). Those metrics display complementary role when testing phylogenetic signal, i.e. Blomberg's K is accurate in capturing small changes in the phylogenetic trait distribution that are not related to BM strength, while Pagel's λ is robust for assessing random trait distribution under BM (Münkemüller et al. 2012). For further details about formulas and statistics behind both metrics, please see Blomberg et al. (Blomberg et al. 2003) and Freckleton et al. (Freckleton et al. 2002). 
Regarding metric values,  K = 0 indicates absence of phylogenetic signal; K = 1, trait distribution perfectly conforms to BM; K < 1 indicates fewer trait similarities among closely related species than what would be expected under BM, i.e. phylogenetic conservation of convergent (homoplastic) traits; K > 1 indicates greater phylogenetic signal among closely related species than what would be expected under BM, i.e. phylogenetic conservation of homologous (divergent) traits (Blomberg et al. 2003). The λ metric that maximizes the likelihood of trait data (e.g., foliar spectra) given a BM is interpreted as λ = 0, indicating no signal; whereas λ =1 suggests conformity to BM. Conversely, values between 0 and 1, i.e. λ < 1, indicate less phylogenetic signal than expected and values > 1 indicate more signal than expected under BM, although λ is not always defined for values greater than one once off-diagonal elements in the variance-covariance matrix cannot be larger than the diagonal elements, thus restricting λ’s upper limit (Pagel 1999; Freckleton et al. 2002).  We accounted for the percentages of phylogenetic signal (evaluated considering the distinct values =0, =1, >1 and < 1 of K and λ) in untransformed and transformed spectra, through quantifying the wavelengths within each spectral region with significant signal. To calculate the overall percentage of significant phylogenetic signal per spectral region, we compared their significant K and λ number of wavelengths to the total 1649 wavelengths.


3 Results

Overall, untransformed (reflectance) and transformed (1º derivative) spectra revealed close phylogenetic signal trends (K and λ) in all analyzed spectral regions (VIS, NIR, SWIR-1 and SWIR-2; Table 1). According to significant values lower than 1, found for K and λ metrics (Table 1), the major percentage of phylogenetic signature in untransformed and transformed spectra suggested homoplasy, i.e., evolutionary convergence, indicating shared wavelengths among more distant phylogenetic relatives than what would be expected under Brownian Motion Evolution. In short, reflected wavelengths indicate an overall trend to evolutionary convergence regardless the type of spectra processing (untransformed or transformed).
While the lowest percentage of phylogenetic signal (K and λ) was found in the NIR region of untransformed spectra, both spectra (untransformed and transformed) evidenced low and high percentage for VIS (400–700 nm) and SWIR 1-2 (1551–1849 nm; 2051–2450 nm), respectively (Table 1). NIR presented intermediate portions of phylogenetic signatures in the transformed spectra, but no significance when analyzing the untransformed one (Table 1). This and the significant phylogenetic signal found in SWIR-2 for K, among close relatives (99% of significance), and λ, among distant relatives (100%) (Table 1), constituted the major distinction between phylogenetic tests conducted under splice corrected (untransformed) compared to the 1ª derivative normalized (transformed) spectral data. Wavelengths from all analyzed spectral regions that demonstrate the most significant phylogenetic signal according K and λ metrics are shown in the table 2. To assess the full phylogenetic signal outcomes from transformed and untransformed spectra for both metrics (K and λ), please see Diniz et al. (Diniz et al. 2021a).



[bookmark: _Hlk86244781]Table 1. Percentage of wavelengths showing significant phylogenetic signal (calculated using Blomberg's K and Pagel's λ metrics) in each region of untransformed (values outside brackets) and transformed (1ª derivative, values between brackets) foliar spectra. The first derivative outcomes correspond to values reported by Diniz et al. (Diniz et al. 2021b). 
	Metric
	VIS 
(400-700nm)
	NIR
 (701-1349nm)
	SWIR-1 
(1551-1849nm)
	SWIR-2 
(2051-2450nm)

	% K total
	3.33 [3.33]
	1.07 [30.92]
	29.66 [54.66]
	100 [30.42]

	%K>1
	0 [0]
	0 [2.92]
	0 [7.66]
	99 [2.49]

	%K<1
	3.33 [3.33]
	1.07 [28]
	29.66 [47]
	1 [27.93]

	% K-all spectra
	0.6 [0.6]
	0.42 [12.18]
	5.39 [9.93]
	24.24 [7.39]

	% λ total
	0 [0.33]
	0 [26.46]
	34 [40.33]
	100 [27.68]

	% λ>1
	0 [0]
	0 [0.61]
	0 [0]
	0 [0.49]

	% λ<1
	0 [0.33]
	0 [25.84]
	34 [40.33]
	100 [27.18]

	% λ -all spectra
	0 [0.06]
	0 [10.4]
	6.17 [7.33]
	24.25 [6.71]


% K total: total percentage of wavelengths with significant phylogenetic signal derived using Blomberg's K; %K > 1 and %K < 1 are, respectively, the percentage of wavelengths with significant K > 1 and K < 1; %K-all-spectra: percentage of wavelengths with a significant phylogenetic signal in relation to the total number of wavelengths (1649) in the spectra. % λ total: total percentage of wavelengths with significant phylogenetic signal derived using Pagel's λ. % λ > 1 and % λ < 1 are, respectively, the percentage of wavelengths with significant λ > 1 and λ < 1; % λ-all-spectra: percentage of wavelengths with significant phylogenetic signal in relation to the total number of wavelengths.


Table 2. Wavelengths across spectral regions showing the highest significance of phylogenetic signal according to K and λ metrics.
	Metric
	VIS
(nm)
	NIR
(nm)
	SWIR-1
(nm)
	SWIR-2
(nm)

	Untransformed
	
	
	
	

	K 
	439 
	711-719
	1567-1849
	2051-2450

	
	
	
	
	

	λ
	439 
	711-719
	1567-1849
	2051-2450

	Transformed
	
	
	
	

	K 
	551 
	931-933
	1731-1826
	2435-2449

	
	
	940-943
	
	

	λ
	551 
	931-933
	1731-1826
	2435-2449

	
	
	940-943
	
	






4 Discussion 

[bookmark: _Hlk86246384]Our Findings indicated that transformation by first derivative highlights and normalize some wavelengths in NIR and SWIR-1 spectral regions, through reducing some portion of wavelengths with significant phylogenetic signal in SWIR-2 (Diniz et al. 2021b). Among highlighted portions of the spectra, some small ones were associated with spectral slopes of absorption features that are associated to enhancement of several biochemical compounds in plants(Diniz et al. 2021b). This becomes more evident when analyzing the wavelengths with highest phylogenetic signals (Diniz et al. 2021a). Such findings corroborate the premise that trait data (e.g. foliar spectra) transformation should be applied to limit the impact of outliers or noise when testing phylogenetic signal in order to evidence significant signal for trait values that otherwise could be underestimated due statistical type I error (Pavoine and Ricotta 2013). In addition, overestimated phylogenetic signal can be avoided by relating high resolution phylogenies with normalized/transformed trait data (Davies et al. 2012; Münkemüller et al. 2012). The phylogeny used in this study was fully resolved, i.e., bifurcated entirely regarding branch lengths and nodes, thus reinforcing unbiased estimations of phylogenetic signal for both untransformed and transformed foliar spectra.
While the vast majority of wavelengths from SWIR-2 (i.e., about 300 bands) had shown the highest phylogenetic signal in untransformed spectra, smaller portions (~10 to 100 bands) had shown the highest significance across transformed spectra. The transformed spectra also highlighted the high phylogenetic importance of NIR and SWIR-1 spectral regions for the plant’s absorption features (Diniz et al. 2021b). These phylogenetic signals are associated with nitrogen and carbon-rich compounds, rather than spectrally remarkable pigments (e.g. chlorophyll at 680 nm) or water (e.g. 1200 nm) (Kokaly et al. 2003). Moreover, the underemphasized visible spectral region (VIS) corroborates to the importance of C and N molecules in the phylogenetic structure of studied plant communities. For VIS, only wavelengths at 551 nm from transformed spectra showed a significant phylogenetic signal, while untransformed spectra showed significant signal in green-edge region, between 439 and 551 nm. Therefore, although underemphasized, VIS demonstrate important evolutionary conservation associated with Phycoerythrin (Kumar et al. 2002), a protein-pigment complex from the light-harvesting phycobiliprotein family related to photosynthetic efficiency. 
In addition to IR (Infrared) wavelengths that are associated to nitrogen (Curran 1989; Kokaly 2001) and RuBISCO (Davies and Grant 1988), it can be inferred that in forest floor with high variation of illumination conditions, phylogenetic signals from regenerating species leaves seems to be associated with N and C rich compounds, whose role is both structural (e.g. lignin, cellulose) and physiological (e.g., phycoerythrin, rubisco). Thus, analyzing the results from untransformed and transformed spectral data made possible to disentangle the biochemical meaning of phylogenetic signals associated with VSWIR (400-2450 nm) light usage under such environmental condition.
	In summary, results indicate that the normalization by first derivative transformation highlights the phylogenetic signal of spectral features that are underemphasized in the untransformed spectra. This suggests that this transformation better disentangle overlapping wavelengths and, consequently, provide more reliable phylogenetic signal outcomes. Therefore, such transformed spectra should be considered when drawing main interpretations about phylogenetic signal of foliar spectra. However, it is important to notice that in both cases (untransformed and transformed spectra) the highlighted wavelengths are mainly associated to N- and C- bonds present in plant structural and physiological compounds (e.g., lignin, cellulose, and proteins). They also belong to spectral regions (specially SWIR) recognized by high portions of overlapping bends (Curran 1989; Curran et al. 2001; Kokaly et al. 2003, 2009). Thus, we cannot assure that each data processing generated absolutely contrasting results. Further investigations would benefit from being able to predict underlying traits of leaves based on foliar spectra (untransformed and transformed) through supervised models like PLS regression, which is recognized as a model with reduced prediction error when applied on spectra data normalized by first derivative (Silalahi et al. 2018). This, in turn, would enable the selection of the most important wavelengths to each foliar trait, as well as test them for phylogenetic signal considering both data, untransformed and transformed (Schweiger et al. 2018; Silalahi et al. 2018). 

5 Conclusions
	Our findings lead us to conclude that normalizing foliar spectra data by applying robust transformation techniques, such as the first derivative, is a recommendable procedure since it may highlight phylogenetic signal in underemphasized spectral features concomitantly to the standardization of overestimated and overlapped wavelengths.  Thus, the employment of such normalization can assist in reaching higher reliability in the interpretations of phylogenetic conservation of reflected wavelengths across the foliar spectra. Nevertheless, further studies conducted under larger sampling, especially including actual biochemical traits, are necessary to confirm if in fact the accuracy of the normalization provided by first derivative stands out.
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Caption List

Figure 1. Averaged untransformed (a) and transformed (b) reflected foliar spectra of all 53 regenerating plant species sampled in Semideciduous Atlantic Forest gaps located in Southeast Brazil.

Table 1. Percentage of wavelengths showing significant phylogenetic signal (calculated using Blomberg's K and Pagel's λ metrics) in each region of untransformed (values outside brackets) and transformed (1ª derivative, values between brackets) foliar spectra. The first derivative outcomes correspond to values reported by Diniz et al. (Diniz et al. 2021b). 

Table 2. Wavelengths across spectral regions showing the highest significance of phylogenetic signal according to K and λ metrics.
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