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Abstract

Background and aims

Nickel (Ni) hyperaccumulators are a group of plants able to store elevated amounts of this element
in their leaves. Some studies indicate that hyperaccumulation may be associated with traits
favouring fast resource capture or with traits favouring nutrient and water conservation, but there is
no evidence for the role of nickel hyperaccumulation in the leaf economics spectrum. Our study
aims to assess the differences in the leaf economics spectrum between Ni hyperaccumulators and
non-hyperaccumulators.

Methods

We have conducted a field study involving five hyperaccumulators and ten non-hyperaccumulators
growing on the same ultramafic community in Sabah (Malaysia). We measured two structural and
seven chemical leaf traits and computed a Principal Component Analysis, which was complemented
by a test of the phylogenetic signal of each trait and linear mixed models to assess the influence of
each leaf trait on nickel accumulation.

Results

Our analyses inferred three principal components that reflected the main environmental constraints
that shape the resource acquisition strategies of the studied ultramafic plant community: leaf
economics spectrum, hyperaccumulation and water-use efficiency, and calcium to magnesium
balance. Moreover, the linear mixed models indicated that carbon isotope discrimination and
potassium concentrations had a significant effect on Ni accumulation, suggesting that nickel might
replace partially potassium in its role in plant water balance.

Conclusion

Overall, the data suggest that in the community studied, Ni hyperaccumulation is independent of the
leaf economics spectrum and related to plant water economy. More studies with other

hyperaccumulator plants are needed to confirm these findings.

Keywords: Borneo, functional ecology, scrubland, tropics, ultramafic areas
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Introduction

Hyperaccumulators are plant species able to uptake from soil, transport, and store in their aerial
biomass extremely high concentrations of trace elements over a defined hyperaccumulation
threshold, without suffering phytotoxic effects (Rascio and Navari-Izzo 2011; Reeves et al. 2018;
van der Ent et al. 2013). Hyperaccumulation thresholds are metal(loid) levels two to three orders of
magnitude higher than those in ‘normal’ plants and one order of magnitude higher than non-
hyperaccumulators growing on metal-rich soils (van der Ent et al. 2013). Thus, the threshold
concentration depends on the metal considered and varies from 100 pg g (0.01% in dry weight-
DW) for cadmium (Cd) to 10,000 pg g* (1% DW) for manganese (Mn).

To date, more than 700 metal(loid) hyperaccumulator plant species have been described (Kramer
2010; van der Ent et al. 2013; Rascio and Navari-Izzo 2011; Reeves et al. 2018), of which three-
quarters are nickel (Ni) hyperaccumulators; that is, plants which Ni concentration in their leaves is
higher than 1000 pg g™, or 0.1% biomass DW. The high percentage of Ni hyperaccumulators has
been explained by the large number of Ni-enriched soils derived from ultramafic rocks worldwide
(Baker et al. 2000; Brooks 1987). Nickel hyperaccumulators are mainly found in Eudicots, with
some orders (Buxales, Oxalidales, Mapighiales, and Brassicales) having a high percentage of
hyperaccumulating species (Jaffré et al. 2013).

Several theories have been proposed to explain the role of metal hyperaccumulation and its
evolutionary significance: metal tolerance/disposal (i.e. hyperaccumulation is a tolerance
mechanism that allows sequestration of metals in tissues and its disposal from plant body by the
shedding of those high metal tissues), inadvertent uptake (i.e. hyperaccumulation is an inadvertent
consequence of other processes such as efficient nutrient uptake), drought resistance (i.e.
hyperaccumulated metal can reduce cuticular transpiration or it has a role in osmotic adjustment),
interference with neighboring plants and defence against herbivores and/or pathogens (Boyd 2004;
Kazakou et al. 2008; Pollard et al. 2014; Rascio and Navari-Izzo 2011). To date, the role of metal
hyperaccumulation in interference -‘elemental allelopathy’- (Adamidis et al. 2016; El Mehdawi and
Pilon-Smits 2012) and defence against natural enemies (Boyd 2007; El Mehdawi and Pilon-Smits
2012; Fones et al. 2013) have obtained direct and indirect support in different hyperaccumulators.
In contrast, the influence of hyperaccumulation on the response to drought has been found in only
one species (Bhatia et al. 2005), and indications of inadvertent uptake have been found in two
hyperaccumulators from the Brassicaceae family (Meindl et al. 2021).

Plant functional traits are morpho-physio-phenological traits which affect fitness indirectly via their
effects on growth, reproduction, and survival (Garnier et al. 2004; Garnier and Navas 2013). For
example, the specific leaf area (SLA) is positively related to growth rate (Cornelissen et al. 2003),

i.e. high SLA equates to a larger light-intercepting leaf area for a given investment in leaf mass,
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which allows faster growth. Another example is carbon isotope discrimination (A), a parameter
determined by the Rubisco activity and the diffusion of CO, from the atmosphere into the leaf,
which is in turn influenced by stomatal conductance (Lambers et al. 2008). Thus, A is used as a
proxy of water use efficiency in C3 plants (Farquhar et al. 1989). The observation of a strong
correlation among different leaf functional traits led to the description of a global “leaf economics
spectrum” (Wright et al. 2004). This spectrum ranges from conservative (i.e. species with long-
lived leaves with low specific leaf area, low leaf nitrogen -N- and phosphorus -P- concentrations,
and low photosynthetic capacity) to acquisitive strategies (i.e. species with short-lived leaves with
high specific leaf area, high N and P and high photosynthetic capacity). Further studies have
extended the concept of economic spectrum to other plant organs (roots, stems, diaspores) and
related it to stress factors such as drought (Diaz et al. 2016; Reich 2014). Thus, the key traits
involved in carbon, nutrient and water economics vary in coordinated ways both within and among
plant individuals, and acquisitive (i.e. fast) strategies are favoured in resource-rich environments,
whereas the more conservative (i.e. slow) strategy is best suited to resource-poor sites (Reich 2014).
Metal hyperaccumulation can be also considered a functional trait (Lange et al. 2017), with known
effects in defence and competition (see above). However, the relationship between
hyperaccumulation and leaf economics spectrum has not yet been explored. Different studies on the
physiology of Zn, Cd, and Ni hyperaccumulation indicate that this trait is the result of the
exaggeration of basic mechanisms involved in metal homeostasis, such as the overexpression of
IREG/Ferroportin transporter (normally involved in the efflux of Fe to the vacuole) in Ni
hyperaccumulators or the gene duplication and overexpression of the HMA4 gene, which increases
xylem Zn loading and induces the overexpression of several ZIP genes, normally induced by Zn-
deficiency, in Arabidopsis halleri (L.) O'Kane & Al-Shehbaz and possibly in other Zn
hyperaccumulators (Garcia de la Torre et al. 2021; Merlot et al. 2018). Moreover, it has been
observed that manganese (Mn) accumulation is correlated to efficient mechanisms of soil P
mobilisation and absorption (Lambers et al. 2015), as happens in the Mn-hyperaccumulator
Phytolacca americana L. (DeGroote et al. 2018). Overall, these findings suggest a possible relation
between metal hyperaccumulation and efficient nutrient mobilisation or uptake (i.e. inadvertent
uptake). If this relation exists, we could expect that in nutrient-poor ultramafic areas non-
hyperaccumulators would have a conservative (i.e. “slow”) strategy whereas hyperaccumulators
would show higher nutrient concentrations and a more acquisitive (i.e. “faster”) strategy. To explore
the links between Ni-hyperaccumulation and leaf economics spectrum, we have quantified and
compared two structural and seven chemical leaf traits in fifteen plant species (five Ni
hyperaccumulators and ten non-hyperaccumulators) from the same ultramafic plant community

(Bukit Lompoyou, Sabah, Malaysian Borneo). The presence of several hyperaccumulators in the
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same area allowed us to reduce the effect of environmental heterogeneity on our comparisons

between groups of species and we also applied a correction to eliminate possible phylogenetic bias.

Material and methods
Sampling site

Sabah (N of Borneo, Malaysia) hosts extensive ultramafic areas (3500 km?, around 5% of its land
surface, Proctor et al. 1988) where about 30 Ni hyperaccumulators have been described (van der
Ent et al. 2019, 2015a). This study has been carried out near the summit area of an ultramafic hill
(Bukit Lompoyou) bordering Kinabalu Park (Sabah, Malaysia) (coordinates N 06°06’°53"" E
116°44°55°’, around 700 m asl). Bukit Lompoyou has been burnt at least once as a result of an
uncontrolled forest fire in the late 2000s. Prior to burning, the site had already been heavily
disturbed by logging. Currently, the site has a short and open scrub community (dominated by
shrubs 1-3 m tall) with the presence of several Ni hyperaccumulators. In fact, this area is the type
locality for the hyperaccumulator Actephila alanbakeri Welzen & Ent (van der Ent et al. 2015b).
The studied area has a S-SW aspect and steep slopes (around 30%). Soils (Hypermagnesian
Cambisols) are shallow and quite heavily eroded, with frequent exposed bedrock and saprolite (van
der Ent et al. 2017). The climate is tropical with a mean annual temperature of 23 °C with low
variation (< 3 °C) throughout the year. The annual rainfall around Kinabalu Park is evenly
distributed throughout the year and is approximately 2500 mm, although two less humid periods in
February and August are typical (Aiba and Kitayama 1999; Kitayama et al. 1998 and Malaysian
meteorological department). In spite of this benign climate, shallow soils and steep slopes make

local conditions xeric.
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Figure 1: Studied site. A, regional map. B, local map. Dark grey areas mark Malaysia in the regional map, and natural

Parks of Sabah in the local map. Red circle marks the area of study (Lompoyou Hill) in the North of Borneo, East

border of Kinabalu Park. C, general overview of studied area (July 2016). Invasive Chromolaena odorata is present in

high density in the foreground (oil-palm estate on ultramafic soil) whereas the undisturbed primary forests of Kinabalu

Park can be seen in the background.
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Sample collection

A linear transect was established along the Kinabalu Park boundary near the summit area of

Lompoyou Hill (Bukit Lompoyou) (Figure 1). Ten non-hyperaccumulator (NH) species were

selected along that transect, plus five known Ni hyperaccumulators (H, van der Ent et al. 2015a)

growing in the same area, giving a total of 15 sampled species that are dominant in this site (Table

1). All the 15 species are Dicot shrubs/small trees with C; photosynthesis (measured §"°C values

between -33 and -25%o, see results). Fourteen species are native to Borneo, whereas the NH

Chromolaena odorata (L.) R.M.King & H.Rob. (Asteraceae), commonly present in degraded areas

on different kind of substrates in Sabah, is a Neotropical shrub that currently is widespread in

tropical Asia and Africa (Van Gils et al. 2004). For each species, six plants fully exposed to sunlight

were selected and branches with leaves were collected, totalling 90 sampled individuals. Upon

sampling, branches were kept in closed plastic bags and transported to Sabah Parks Herbarium

(SNP), where they were processed the same day of sampling. A soil sample (fresh weight around

300 g) was collected from the A horizon beneath the canopy of each sampled plant. Soil samples

from each species were mixed together to obtain a composite soil sample per species, totalling 15

composite soil samples.

Table 1: List of sampled species. In several cases, identification was possible only to genus level. For each species,
plant family (following APG IV) is included. Type refers to hyperaccumulator (H) or non-hyperaccumulator (NH)

status.
CODE Species/Genus Family (APG IV) Type
ACAL Actephila alanbakeri Welzen & Ent Phyllanthaceae H
ALSP Alstonia sp. R.Br. Apocynaceae NH
ARSP Ardisia sp. Sw. Primulaceae NH
CHOD Chromolaena odorata (L.) R.M.King & H.Rob. Asteraceae NH
CRSP Croton sp. L. Euphorbiaceae NH
DEFR Decaspermum fruticosum J.R.Forst. & G.Forst. Myrtaceae NH
EMRU | Emblica rufuschaneyi (Welzen, R.W.Bouman & Ent) R.W.Bouman Phyllanthaceae H
MAKI Macaranga kinabaluensis Airy Shaw Euphorbiaceae NH
MESP Melastoma sp. L. Melastomataceae NH
PTSP Pterospermum sp. Schreb. Malvaceae NH
RILI Rinorea linearifolia Latiff Violaceae H
SASP Sapium sp. Jacq. Euphorbiaceae NH
TISP Timonius sp. Rumph. ex DC. Rubiaceae NH
WAPI Walsura pinnata Hassk. Meliaceae H
XYLU Xylosma luzonensis Clos Salicaceae H
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Analysis of soil and plant samples

Soils were dried at 40° C until constant weight and sieved (< 2 mm). Water retention data were
determined on a pressure plate apparatus for two water potentials (-10 kPa & -15800 kPa) according
to the methods described by Bruand et al. (1996). The available water storage (AWS), i.e. water
disposable for plant growth , was calculated using the following equation: AWS=(Wfc-Wwp),
where AWS represents the available water storage (g 100 g™'), Wfc is the water content at field
capacity (g 100 g™') (water potential: - 10 hPa), Wwp is the water content at permanent wilting point
(g 100 g) (water potential: - 15800 hPa). Soil pH was measured in H,O, after 60 min shaking,
using a 1:5 (v/v) ratio. Cation Exchange Capacity (CEC) was determined colorimetrically after
treatment of the soil with a solution of cobalt hexamine trichloride 0.05 N, following the standard
method AFNOR NF X31-130 (AFNOR, 1999). Exchangeable concentrations of Ca™, K*, Mg** and
Ni*? in the soil were determined on the filtered soil-cobalt hexamine extracts by ICP-AES (Liberty
II, Varian). For most of the soil samples concentrations of exchangeable Na" were below the limit
of quantification, so this cation was not evaluated. Soil available phosphorus (Olsen-P) was
extracted with a solution of NaHCOj; and quantified by reaction with ascorbic acid, following the
standard method AFNOR NF ISO 11263 (AFNOR, 1995). Soil nickel availability was evaluated
after extraction with DTPA-TEA (0.005 M DTPA with 0.01 M CaCl, and 0.1 M triethanolamine
(TEA) at pH 7.3; ratio 1:2 soil:extracting solution w/v, 2h shaking) (Lindsay and Norvell 1978).
Soil subsamples were ground in a ceramic mortar and 0.5 g of dry ground soil was digested in 2 mL
of concentrated HNOj3 and 6 mL of concentrated (37%) HCI on a hot plate at 105°C. The final
solutions were filtered (0.45 pm DigiFILTER, SCP science, Canada) and brought to volume (50
mL) with deionised water. Pseudo-total soil concentrations of Al, Ca, Co, Cu, Cr, Fe, K, Mg, Mn,
Ni, P, S and Zn were determined by analysis of the digests with ICP-AES (Liberty II, Varian). Total
soil C and N concentrations were estimated by combustion of dry ground soil subsamples in a
CHNS analyser (Vario Micro Cube, Elementar, Germany). All soil analyses were performed in
triplicate for each composite soil sample.

The bags containing the branches were opened at the laboratory on the same day they were
sampled. There, three healthy fully expanded leaves were collected per plant and kept overnight
between water damp papers in sealed bags at 5°C in the dark to obtain a standard turgor (Wilson et
al. 1999). Then, each leaf, including the petiole, was blotted with tissue paper to remove surface
water andweighed to obtain leaf fresh weight (FW). Then, the leaf was placed below a layer of
glassand photographed with a digital camera. The camera was placed on a fixed support to
guarantee its orthogonal position with respect to the leaves. In some cases (e.g. curved leaf midrib),
the leaf was cut in several fragments to ensure the correct estimation of leaf area. All leaf

photographs included a ruler to allow the estimation of leaf area. Leaf area was obtained from the
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digital photographs using ImageJ software (Schneider et al. 2012). After weighing and
photographing, each leaf was cleaned with tap water, rinsed with deionised water and put in a paper
envelope. The leaves were kept in an oven (60°C) until constant weight and leaf dry weight (DW)
was obtained. The specific leaf area (SLA) was calculated as the ratio between leaf area and dry leaf
mass, including petiole. Leaf dry matter content (LDMC) was computed as the ratio of the leaf dry
weight divided by its fresh weight. Then, the three samples from each plant were put together and
finely ground using a ball mill. Subsamples (0.5 g) of dry and ground tissues were digested at 95°C
in 2.5 mL of concentrated HNO; and 5 mL of H,O, (30%). The final solutions were filtered (0.45
pm DigiFILTER) and diluted up to 25 mL with deionised water. The foliar concentrations of the
elements Ca, K, Mg, Ni, and P were measured by ICP-AES (Liberty II, Varian). Leaf C and N
concentrations and C isotope signatures (§"*C) were quantified in dry ground by combustion in a
Thermo Scientific EA IsoLink IRMS System at CRPG laboratory (Nancy, France). Carbon isotope
discrimination (A) was computed using the formula: A= (8, - &,) * (1 + §,)" (Farquhar et al. 1989);
where &, is the isotopic signature of air (approximately — 8 %o) and 8, is the measured isotopic

signature of the plant.

Statistical analyses

To assess soil variability underneath hyperaccumulators and non-hyperaccumulators, the
differences between the collected soils were explored by one-way ANOVAs with Type
(hyperaccumulator and non-hyperaccumulators) as a fixed factor. The leaf traits (SLA, LDMC,
foliar concentrations of Ca, K, Mg, N, Ni, and P, and A) were analysed by Principal Components
Analysis (PCA). The PCA was based on a correlation matrix of the logi, transformed variables.
This approach is equivalent to using standardized data and is considered appropriate for data with
different measurement scales (Diaz et al., 2016). We kept the Principal Components (PCs) with
eigenvalues higher than 1. We analysed the plants’ scores on those PCs by nested ANOV As
(nANOV As) with Type (hyperaccumulator or non-hyperaccumulator) as a fixed factor and Species
within Type as a random factor. One-way ANOVAs, PCA and nANOV As were obtained with SPSS
(v. 15.0, SPSS Inc., Chicago, IL, USA).

Although Ni hyperaccumulators are scattered along the Eudicot clade there are some phylogenetic
patterns (e.g. two thirds belong to the COM clade (Celastrales, Oxalidales and Malpighiales) (Jaffré
et al. 2013) that need to be considered in the analyses. Therefore, we constructed a phylogeny of the
15 species included in our study using the function phylo.maker() from the R package
V.PhyloMaker (version 0.1.0; Jin and Qian 2019) based on a mega-tree (GBOTB.extended.tre,
provided in the package V.PhyloMaker), containing 10,587 genera and 74,533 vascular plant
species. The phylo.maker() function in V.PhyloMaker makes phylogenetic hypotheses in three

10
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scenarios (Jin and Qian 2019), and we chose scenario 3 (the tip for a new genus is bound to the 1/2
of the family branch and the new tip of an existing genus is bound to the basal node of a given
genus), which is robust enough to be used in studies of community ecology (Qian and Jin 2016).
Then, we used this phylogeny to evaluate the phylogenetic signal (Pagel’s A) of every trait, testing if
the signal is significantly different than O with the phylosig() function (phytools package, v. 1.9-16;
Revell 2012) in R (version 3.6.3; R Core Team 2020).

The impact of individual traits on Ni accumulation in leaves was analysed using linear mixed effect
models (function Imer(), Package ImerTest, v. 3.1-3; Kuznetsova et al. 2020). All variables were
log-transformed and set as fixed factors, with Ni as the response variable and the species as random
factors. To test whether phylogenetic structure had a significant impact on Ni and trait relationships,
species’ families and clades were further added to the model as clustered random factors. An
ANOVA determined whether the phylogenetic structure significantly improves the fit of the data,
based on the model residual sum of squares (function anova). Subsequently, a model selection,
based on AIC criteria (function step(), Package AICcmodavg, v. 2.3-1; Mazerolle 2020), determined
the best combination of traits to explain Ni accumulation. A non-significant difference (P > 0.05)
between models indicates that the simpler model should be kept. Similarly, a model selection
process was further repeated on the hyperaccumulator and non-hyperaccumulator groups, since Ni
leaf accumulation is distinctly distributed into two bell shapes (Fig. S1), suggesting a potentially
distinct model within each group.

All analyses were performed in R (version 3.6.3; R Core Team 2020) using the R Studio

environment (version 2023.090+463; Posit team, 2023).

Results
Soils

Sampled soils were slightly acidic (pH = 6.72) and had typical ultramafic conditions, such as very
low concentrations of essential nutrients, high iron concentration and high concentration of trace
elements Ni, Cr and Co. Thus, the average pseudo-total concentrations of P and K were 211 and
254 mg kg, respectively; the average pseudo-total Fe concentration was around 117 g kg™; and the
average pseudo-total concentrations of Ni, Cr and Co were 2561, 4534 and 490 mg kg™,
respectively (table S1). Moreover, exchangeable and DTPA-extractable Ni concentrations were
relatively high (0.11 cmol. kg™ and 271 mg kg™, respectively). Although the pseudo-total Mg
concentration was much higher than the pseudo-total Ca concentration (Ca:Mg ratio of 0.26), the
molar ratio of exchangeable Ca and Mg was 1.71 (i.e. almost two mols of Ca per mol of Mg), a

value that is not typical of ultramafic soils. None of the soil parameters was significantly different

11
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between samples collected beneath hyperaccumulators and non-hyperaccumulators, indicating that
the different amounts of Ni or other elements measured in plants are due to different plant strategies

rather than soil conditions.

Phylogenetic clustering

The dendrogram showed some phylogenetic clustering of the hyperaccumulators. Four of them (A.
alanbakeri, E. rufuschaneyi, R. linearifolia and X. luzonensis) were grouped in a single clade, sister
to the Euphorbiaceae species Croton sp., M. kinabaluensis, and Sapium sp. (Figure 2), both of them
within the Order Malpighiales. The other hyperaccumulator (W. pinnata, Order Sapindales) was
sister to the non-hyperaccumulator Pterospermum sp. (Order Malvales). Still, no significant
phylogenetic signal (Pagel’s A) was detected in the Ni accumulation trait (A = 0.74, P = 0.21).

Neither were signals detected for nutrient accumulation (N, P, K, Ca, or Mg) or A (Table S2).

However, specific leaf area (A = 1.64, P = 0.02) had a significant phylogenetic signal and LDMC a
tendency (A = 1.23, P = 0.06).

Gentianales

P

CHOD Asterales

Figure 2: Radial dendrogram showing the phylogenetic relationships between the 15 plant species included in this
study and to which Order they belong. The presented relationships were used to assess the presence of phylogenetic

signal on the leaf traits. Nickel hyperaccumulators are marked in beld type. For plant codes, see table 1.

12
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Plant traits

Ni foliar concentrations in non-hyperaccumulators were around 37.5 pg g, with the exception of
Sasium sp., which had Ni concentrations around 200 pg g™ (Table 2). The average Ni concentration
in hyperaccumulators was 9500 pg g, with values ranging from 1000 pg g™ in Walsura pinnata to
40,000 pg g'in one individual of Emblica (Phyllanthus) rufuschaneyi. This last species was the
strongest hyperaccumulator in our dataset, with average foliar Ni concentrations around 24,000 pg

g (Table 2).

With the exception of Ni, the other foliar traits had overlapping ranges in hyperaccumulators and
non-hyperaccumulators (Table 2). The average values of LDMC and SLA were around 400 mg g™
and 10 mm’mg’, respectively. Carbon isotope discrimination ranged from 18.4 %o to around 25 %o
both in hyperaccumulator and non-hyperaccumulator species (Table 2). The mean foliar
concentrations of Ca, N, and K were around or higher than 1 wt% of dry leaf biomass. The highest
foliar Ca concentrations were in the non-hyperaccumulator Melastoma sp. (average 34 mg g™),
whereas the highest foliar Mg was in the non-hyperaccumulator Chromolaena odorata (average
above 10 mg g*) (Table 2). The average foliar concentration of K in two hyperaccumulators

(Actephila alanbakeri and Walsura pinnata) was greater than 20 mg g™ (Table 2).

Table 2: Average attributes of nine leaf traits in 15 plant species (five Ni hyperaccumulators -H-, and ten Non-
hyperaccumulators -NH-) from the ultramafic area of Bukit Lompoyou. For plant codes, see table 1. LDMC, leaf dry
matter content; SLA, specific leaf area; A, carbon isotope discrimination; N, P, K, Ca, Mg and Ni are the foliar

concentrations of each of those elements.

Species  Type  PMC (Snl;ﬁ?z A (%) N P K Ca Mg Ni
(mgg™) e (mggh) (mgg’) (mgg’) (mgg’) (mgg") (ngg’)
ACAL H 302 924 2056 367 086 254 172 23 8178
ALSP  NH 265 1275 2159 255 079 175 154 4.9 17
ARSP  NH 396 833 2413 170 054 100 259 1.3 11
CHOD  NH 254 2239 2513 320 101 114 146 102 36
CRSP  NH 439 84 2176 205 065 126 116 43 5
DEFR NH 446 7.48 24.48 14.2 0.44 6.3 11.3 2.7 21
EMRU H 404 1158 2313 220 085 120 9.3 24 24,000
MAKI  NH 451 797 2125 118 036 3.9 6.3 1.3 31
MESP  NH 446 734 2259 140 039 4.5 34.3 2.2 17
PTSP NH 500 726 1943 160 054 7.9 14.2 3.1 14
RILI H 420 657 1992 173 069 121 14.3 30 7,850
SASP NH 448 946 2084 182 061 3.7 4.8 6.8 206
TISP NH 338 1717 2383 200 050 136 146 3.8 18
WAPI H 440 705 216 197 069 206 113 1.8 1,897
XYLU H 476 10.71 24.14 20.3 0.57 13.9 22.7 2.6 5,510
219+ 232+ 073+ 168+ 149z 9500 +
Mean + SD for H 408 +65 9.0 £2.2 18 77 012 6.0 53 24+04 8520
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109 + 225+ 19.0 + 0.58 £ 153 + 375+

Mean + SD for NH 398484 ) oy 60 oo 9247 TpLT 41x27 OL0
Mean value in TRY 16.6 - 17.4 1.23 8.4 9.1 2.6 -
database

Mean value for
evergreen - - - 17.3 1.3 8.8 11.6 3.7 -
angiosperms’

336 ' Kattge et al. (2011)
337 2 Vergutz et al. (2012)

338

339 The PCA inferred three PCs explaining 76% of total variation in leaf dataset (Table 3). The first PC
340 (PCl1, 41% of variation) had positive correlations with specific leaf area and foliar concentrations of
341 N, P, K and Mg; and a negative correlation with LDMC (Table 3). Thus, PC1 can be interpreted as
342 the leaf economy spectrum. The second PC (PC2, 19% of total variation) had a positive correlation
343 with Ni concentration and a negative correlation with carbon isotope discrimination (A) (Table 3).
344 Given that A is used as a proxy of water use efficiency in C3 plants, we interpreted that the PC2
345 represents hyperaccumulation and water use efficiency. The third principal component (PC3, 16%
346 of variance) had a positive correlation with Ca and a negative correlation with Mg concentrations
347 (Table 3). It can be interpreted as the equilibrium in Ca:Mg ratio, a highly important parameter in
348 ultramafic areas.

349

350  Table 3: PCA analysis of leaf traits. Variation explained by three principal components (PC1 to PC3) and loadings of

351  leaf traits on those PCs. PCA was computed on a correlation matrix of log-transformed variables. Traits with high

352  correlation with PCs (i.e. loadings > 0.5 or loadings < - 0.5) are marked in bold type.

PC1 PC2 PC3
Variation explained (%) 41 19 16

Eigenvalue 3.73 1.75 1.41

Variable (trait) Loadings
Specific Leaf Area (SLA) 0.78 -0.49 -0.03
Leaf Dry Matter Content (LDMC) -0.85 0.21 -0.05
Leaf Carbon Isotope Discrimination (A) 0.27 - 0.60 0.48
Leaf Calcium concentration (Ca) 0.09 - 0.07 0.84
Leaf Potassium concentration (K) 0.69 0.48 0.33
Leaf Magnesium concentration (Mg) 0.51 -0.40 -0.56
Leaf Nitrogen concentration (N) 0.90 0.21 -0.02
Leaf Nickel concentration (INi) 0.20 0.74 0.03
Leaf Phosphorus concentration (P) 0.85 0.33 -0.19

353
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Figure 3: Species’ scores on the three principal components (PCs) inferred by PCA analysis of nine leaf traits. Each dot
indicates the average for each species and the whiskers mark the standard deviation (SD). Ni-hyperaccumulators are
indicated by filled dots and non-hyperaccumulators by empty dots. The F’s for the nested ANOV As testing the effect of
Type (Frvee) and of Species nested within Type (Fsprver)) are indicated. Species are arranged by type and then

alphabetically. For species codes see table 1.

The results of nested ANOV As indicated that the scores in PC2 (hyperaccumulation and water use
efficiency) were different for hyperaccumulator and non-hyperaccumulator plants
(hyperaccumulators had higher scores on PC2 than non-hyperaccumulators), whereas the scores in

PC1 (leaf economics spectrum) and PC3 (Ca:Mg balance) were similar between groups of species

(Fig. 3).

The linear mixed-effect models used to assess which traits influenced Ni accumulation in leaves
showed congruent results with PC2, indicating that Ni foliar concentration was significantly
affected by A (P < 0.05, Table S3). Adding clustering due to family or order to the model did not
change or improve data fit within the models, indicating a non-significant impact of phylogenetic
structure on trait relationships. A model selection analysis identified A and foliar K as the best traits
combination to explain Ni foliar accumulation, performing similarly to the full model (all traits
combined) but with less complexity (Table S3). However, none of the models could significantly

explain Ni variance, suggesting that the binomial distribution of Ni leaf accumulation might be too
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376
377
378
379
380
381

382

complex for one model. Therefore, Ni accumulation was modelled separately within
hyperaccumulator and non-hyperaccumulator species. The best model (selected) for
hyperaccumulator species indicates that leaf Ni significantly increases with A (Fig. 4a) and
decreases with K (Fig. 4b), accounting for 27% of the explained variance (Table S3). On the other
side, the best model (selected) for non-hyperaccumulator species indicates that leaf Ni significantly
increases with Mg (Fig. 4c) and decreases with K (Fig. 4b), accounting for 41% of the explained
variance (Table S3).
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384  Figure 4. Biplots of the significant traits that modelled Ni accumulation for hyperaccumulator (H = red) and non-
385 hyperaccumulator (NH = blue) species groups, such as leaf carbon isotope discrimination (C_dis), leaf potassium
386  concentration (K) and leaf magnesium concentration (Mg). The line represents the variables that are significant (P

387  <0.05) in Linear mixed models (LMMs) of each group. Please refer to table S3 for details on LMMs.
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Discussion

In this study, we have explored the relationship between Ni hyperaccumulation and other traits
involved in the leaf economics spectrum. Studies have shown that ultramafic vegetation has
resource-conservative traits (Samojedny Jr et al. 2022) and we hypothesised that if
hyperaccumulation were linked to efficient nutrient capture, hyperaccumulators would have a faster
acquisitive strategy. Contrary to those hypotheses, hyperaccumulators did not show a distinct
strategy on the leaf economics spectrum. Still, the leaf economics spectrum remains the main axis
of variation within the ultramafic plant community (PC1 in Fig.3). Nickel hyperaccumulation was
actually more correlated to the water-use efficiency spectrum inferred by carbon isotope
discrimination (A) (PC2 in Fig.3). Lastly, a third axis of strategy variation reflects the capacity to
regulate Ca and Mg in leaves (PC3 in Fig.3). Those three axes align well with the general
constraints for plant growth on ultramafic soil, apart from metal excess: (1) nutrient acquisition, (2)
water availability, and (3) Ca: Mg ratio (Kazakou et al. 2010; Palm and Van Volkenburgh 2014).
Here, we suggest that those axes reflect the main environmental constraints that shape the resource

acquisition strategies of the studied ultramafic plant community.

Leaf economics spectrum axis

According to the leaf economics spectrum expectations, plant species growing in restrictive
environments such as ultramafic soils should adopt a slow strategy (i.e. low SLA, high LDMC, low
nutrient concentrations, etc.) (Kazakou et al. 2008; Maestri et al. 2010; Reich 2014), as shown in
studies of ultramafic plants in Greece (Adamidis et al. 2014), Italy (Lazzaro et al. 2021), Malaysia
(Quintela-Sabaris et al. 2020), Spain (Hidalgo-Triana et al. 2023), and in a comparison of ultramafic
and non-ultramafic communities from five regions across the world (Samojedny Jr et al. 2022). This
tendency is also observed between ecotypes exposed to metalliferous and non-metalliferous soils
(Wierzbicka and Pielichowska 2004), although some exceptions exist (e.g. Delhaye et al. 2016;
Lange et al. 2017b). Here, we observed a similar tendency in community-level traits, as the average
specific leaf area and LDMC were found on the more conservative side of the leaf economics
spectrum compared to the worldwide average (Table 2) (Kattge et al. 2011). However, despite the
scarcity of nutrients in the soil, the average nutrient foliar concentrations of hyperaccumulators
were above the global average values reported for plants (Kattge et al. 2011) or for evergreen
angiosperms (Vergutz et al. 2012), highlighting the complexity of interpreting leaf economics
spectrum strategies in metallophyte communities.

Indeed, the leaf economics spectrum appears clearly as the main variation factor within our
ultramafic plant community (PC1 = 41%, Fig.4), which is in accordance with the observation that

other plant communities from metal-rich soils maintain a substantial functional diversity (Delhaye
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et al. 2020, 2024). Moreover, our results showed that Ni contributed to PC2 which is orthogonal
(i.e. not-correlated) to PC1(leaf economics spectrum axis), suggesting that other factors different
from Ni accumulation are primarily linked to leaf economics spectrum strategies development
(Reich 2014). Our results also showed the decoupling of the leaf economics spectrum from the
water (PC2) and Ca: Mg acquisition axes (PC3), pointing to macronutrients and soil fertility as the
potential factors primarily affecting the leaf economics spectrum in this ultramafic plant
community. Similarly, several studies of metallophyte communities of Cu-Co hills showed that soil
fertility was the major factor affecting specific leaf area and LDMC of metallophytes, rather than
the plant Cu or Co accumulation (Delhaye et al. 2016, 2019, 2020; Lange et al. 2017b). Moreover,
other phenomena not considered in our study, such as interspecific competition or facilitation (i.e.
creating microenvironments from positive plant-soil feedback of pioneer species) may favour
divergent strategies in the leaf economics spectrum (Delhaye et al. 2024), making more complicated

to identify global patterns of variation in metal-rich environments.

Hyperaccumulation and Water-use efficiency axis

The nANOVA analyses indicated that hyperaccumulators had significantly higher scores than non-
hyperaccumulators in PC2. This PC is a composite factor that opposed Ni accumulation to carbon
isotope discrimination (A), a trait related to water-use efficiency (e.g. Farquhar et al. 1989).
Conversely, LMMs suggested a positive relationship between leaf Ni and A (Table S3). This
contradiction could be explained by the distinct strategies exhibited between hyperaccumulator and
non-hyperaccumulator species on this water-use efficiency spectrum. Indeed, only
hyperaccumulator species harbour a significant and positive relationship between leaf Ni
accumulation and A (P < 0.05). This relationship suggests that, in hyperaccumulators, the higher the
Ni accumulation, the higher the stomatal conductance, which implies higher transpiration and lower
water-use efficiency. Our result is congruent with those obtained by Scartazza et al. (2022), who
found that high Ni doses had a stimulatory effect on stomatal opening and transpiration fluxes in the
strong Ni hyperaccumulator Odontarrhena chalcidica, but not in the weak and medium
hyperaccumulators O. muralis and O. moravensis. Moreover, Ni concentration in hyperaccumulator
species was significantly and negatively modelled by K foliar accumulation, which is also a trait
linked to plant water economy by its direct role in stomatal opening, plant cell turgor, water uptake
and water transportation from roots to shoots (Hasanuzzaman et al. 2018; Johnson et al. 2022). This
result suggests an antagonistic relationship between K and Ni accumulation, where Ni might
partially replace K in its role in plant water balance.

The fact that A and K, two factors linked to plant water economy, were the best explanatory

variables of Ni hyperaccumulation (R? = 0.27), suggests that Ni hyperaccumulation is linked to
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water-use efficiency capacities. The role of Ni in osmoregulation and water-use efficiency was
proposed by Baker and Walker (1990), confirmed in the Australian Ni hyperaccumulator
Stackhousia tryonii (Bhatia et al. 2005), and recent studies support a role of hyperaccumulation in
the tolerance to drought stress: the abovementioned work by Scartazza et al. (2022), and the work
by Delhaye et al. (2024), who found original functional trait combinations in the Ni
hyperaccumulator Odontarrhena lesbiaca which the authors interpreted as possibly being linked to
a higher tolerance to drought. In contrast, Wan et al. (2015) found that increased transpiration was
the main driver of arsenic (As) hyperaccumulation and redistribution in the fern Pteris vittata.
Future studies will be needed to assess whether Ni hyperaccumulation is the driver of transpiration

or the result of enhanced transpiration.

Ca:Mg ratio axis

A low soil Ca: Mg ratio is one of the main constraints for plant growth on ultramafic soil (Palm and
Van Volkenburgh 2014). Although the present soil has a ratio of exchangeable Ca: Mg (1.71)
higher than usual in ultramafic soils (0.2 — 0.9; Kierczak et al. 2007), the total amount of Mg
remains consistently higher than Ca (Ca: Mg = 0.26). This poses a risk of Ca deficiency for plants,
as soil Mg can have antagonistic effects on Ca absorption. To avoid this limitation, many ultramafic
plants developed unique adaptations to limit Mg absorption, translocation, or accumulation (Palm
and Van Volkenburgh 2014), or to increase their Mg metabolic needs (Brady et al. 2005), and
higher Ca:Mg ratios have been observed in ultramafic species compared to congeneric non-
ultramafic taxa (O’Dell et al. 2006; Quintela-Sabaris et al. 2017). Therefore, it is not surprising to
find that the third axis of variation (PC3) in our community is based on Ca and Mg in leaves. It
reflects the ability to manage a low Ca: Mg ratio, more precisely, to manage Mg excess in soil. The
accumulation of Mg is a significant component of the PCA (PC1 and PC3), where it correlates
positively to specific leaf area and N, P, K concentrations, and negatively to Ca (antagonist). It
suggests that Mg management might be a key component in the resource acquisition and metal
accumulation strategies of ultramafic plants.

Hyperaccumulators tend to accumulate less Mg (2.4 mg g™) than other non-hyperaccumulator
species (4.1 mg/g), suggesting that they seem able to restrict Mg absorption, translocation, and/or
accumulation in their leaves, in opposition to their Ni hyperaccumulation ability. This adaptation
allows them to have a Ca:Mg ratio in leaves almost twice as large as non-hyperaccumulators (Ca:
Mg respectively of 6.2 and 3.7). The present study does not allow an understanding of the
underlying mechanisms to explain this tendency, but a trade-off might exist between Mg and Ni

accumulation. Some studies support that increasing Ca:Mg in leaves provides better protection
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against metal toxicity (Brady, 2005). Mg excess was also suggested as an antagonist to K and N,
thereby, playing a role in other macronutrient acquisitions (Proctor and Woodell 1975).
Conversely, leaf Mg concentrations increase significantly with Ni in non-hyperaccumulator species
(Table S3), highlighting the different Mg uptake strategies between the two groups. A similar
correlation between Ni and Mg was found in plants from ultramafic soils from northern Morocco
(Ater et al. 2000). Although this correlation does not provide explanations, it suggests that non-
hyperaccumulator species had similar mechanisms to cope with excess of Ni and Mg, as both

elements seem to be either excluded or moderately accumulated simultaneously.

Indirect linkage between Ni hyperaccumulation and nutrient acquisition

Even if hyperaccumulator species did not possess a significantly different strategy on the leaf
economics spectrum, they tend to have higher leaf concentrations of N, P, and K compared to non-
hyperaccumulators (Table 2), implying greater nutrient acquisition capacities. In a recent
experiment comparing the concentrations of several elements in plants growing in nickel-spiked
soils, Meindl et al. (2021) found that Ni hyperaccumulators had higher foliar concentrations of K
compared to non-hyperaccumulators. Scartazza et al. (2022) also found a positive relationship
between Ni concentration and N allocated to leaf photosynthetic components in hyperaccumulators.
The authors interpreted these observations as a support of the inadvertent uptake hypothesis (i.e.
hyperaccumulation is the result of efficient nutrient-scavenging mechanisms in nutrient-poor soils).
Our results point in a similar direction, suggesting an indirect (and so less significant) link between
Ni hyperaccumulation and nutrient acquisition. Considering the possible relationship between
hyperaccumulation and water-use efficiency obtained in this study, we can speculate that increased

transpiration might be the mechanism responsible for higher nutrient uptake tendencies.

Conclusions

This study reveals that Ni hyperaccumulation on Sabah ultramafic soils is not linked to the leaf
economics spectrum as a whole but rather to water use efficiency strategies due to correlation with
carbon isotope discrimination and K, suggesting that water scarcity is the main environmental
constraint that induced hyperaccumulation behaviour. These results support some hypotheses about
the role of Ni hyperaccumulation in drought resistance and osmoregulation (Baker and Walker
1990; Bhatia et al. 2005). However, other studies also have found different traits correlated to
ultramafic tolerance and hyperaccumulation, notably on the leaf economic spectrum (Adamidis et
al. 2014; Delhaye et al. 2024; Lazzaro et al. 2021). This aligned with the many conclusions that
hyperaccumulation arose separately many times in the evolutionary tree of plants, rooted in strong

environmental pressure (Baker et al. 2010) and resulting in different functional strategies (Gervais-

21



530
531
532
533
534
535
536

537
538
539
540
541
542
543
544

545

546

547
548
549
550

551
552
553

554
555

556
557

558
559

560
561

562
563
564
565

566
567
568

Bergeron et al. 2023). Here, traits were proved to be valuable tools to understand the strategies of
hyperaccumulators and to distinguish the environmental factors that might have induced this unique
behaviour. Further experiments are needed to obtain in-depth knowledge on the mechanisms
involved in the relationship between hyperaccumulation, environmental constraints, and functional

traits.
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