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Abstract: Understanding the stoichiometry of nitrogen (N) and phosphorus (P) plays a pivotal role
in the ecological restoration of degraded landscapes. Here, the N and P limitation and stoichiometry
of dominant tree species in mine-disturbed ultramafic areas in the Southern Philippines are reported.
Field surveys revealed that out of a total of 1491 trees/shrubs recorded from all quadrats, comprising
22 native and 9 non-native species, there were six tree species (native: Alstonia macrophylla Wallich.,
Buchanania arborescens Blume., Syzygium sp., and non-native: Casuarina equisetifolia L., Terminalia
catappa L. and Acacia mangium Wild.) that were found dominant, having >10% relative abundance.
Significant differences (p < 0.01) in the leaf N and leaf P content among these species were observed,
where C. equisetifolia (due to N fixation ability) and T. catappa had the highest values, respectively.
These did not, however, translate to statistical differences in the leaf N:P ratios either in individual
species or when grouped by origin (native or non-native). Interestingly, all dominant tree species
revealed very low leaf N:P ratios (<4), suggesting that N rather than P limits the productivity in
mine-disturbed ultramafic areas, which is also confirmed by low levels of leaf N (<2.0%). Results
further revealed a poor correlation between leaf N and leaf N:P ratios (r = 0.13; p = 0.60), while leaf P
(r = 0.49; p < 0.05) revealed otherwise, reinforcing that P is not a limiting factor as also shown in high
levels of leaf P (>0.20%). Despite the N-limitation, B. arborescens, C. equisetifolia, and T. catappa had the
highest leaf N and P content, suggesting their higher suitability for revegetation of the sites. These
findings warrant further verification taking into account the plant physiology, phenology, and soil
nutrient availability in natural, degraded, and rehabilitated ultramafic environments.

Keywords: NP stoichiometry; revegetation; ultramafic soils; nitrogen; phosphorus

1. Introduction

Globally, ultramafic regoliths occur at very high distributions across regions in Asia,
particularly in the southeast [1]. Tropical ultramafic soils are characterized as highly
weathered due to high temperature and rainfall intensity, which consequently case the
development of peridotite [2–5], serpentinite bedrock, and laterites [6]. Soils derived from
this parent material are known for having high concentrations of manganese and nickel,
poor nutrient content, and major cation imbalances that can significantly limit plant growth
and productivity [1,7].

Hinatuan Mining Corporation (HMC) operates its Taganaan Nickel Project in Hinatuan
Island, Taganaan Surigao del Norte, Philippines covering 773.7 hectares within the Surigao
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Mineral Reservation. While in operation, HMC also began progressive rehabilitation
of excavated areas by planting native and non-native tree species sourced within the
island. However, due to the extremely poor physicochemical properties of ultramafic soils
in the rehabilitation areas, the growth and development success of planted trees were
minimal. Moreover, high levels of phytotoxic elements, such as nickel [8–10], ranging
from 0.89% to 1.5% add more stress to the newly planted seedlings (HMC 2016). However,
previous reports suggested that ultramafic soils have a better response to fertilization
with nitrogen [11,12] and phosphorus [13–15]. Such positive responses to macronutrient
fertilization could be temporary and must be quantified in terms of economic feasibility
and sustainability of the vegetation growth in the rehabilitated ultramafic areas. Other
studies reported that the infertility and paucity of vegetation in ultramafic areas are due to
inherently excessive amounts of toxic metals [16,17]. Hence, a combination of rehabilitation
strategies is required to achieve revegetation success.

Given the inherently poor soil nutrients (i.e., negligible levels of plant-available forms
of N) in mined ultramafic areas in Hinatuan Island, Surigao Del Norte, Philippines and the
investment in revegetation activities, there is a need to explore options that can support
efficient, effective, and sustainable rehabilitation initiatives for HMC. Land rehabilitation
initiatives include the planting of native and non-native tree species in ultramafic areas
affected by mining activities in a trial-and-error strategy with the goal of re-greening the
mined areas. Such strategy renders limited success due to poor growth of most tree species
used for revegetation. Thus, a rapid assessment tool that would assist in selecting the
most suitable trees species for disturbed ultramafic areas is necessary. One rapid and
effective strategy for characterizing plant productivity is the use of leaf nitrogen (N) and
leaf phosphorus (P) stoichiometric ratios of the plants growing at the site [18,19]. This is
mainly because plant tissues’ macronutrients status and stoichiometry are descriptors of
plant productivity, richness [20], and even of the ecological processes in varied environ-
ments [21–24].

Both leaf N and P are the key nutrients that govern plant growth and productivity
of terrestrial ecosystems due to their (N and P) fundamental roles in plant metabolism
and cellular activity [25,26]. While N is responsible or has a direct effect on plant carbon
assimilation, P constitutes the required element for energy metabolism, the growth of
new tissues, the division of cells, and many other functions (e.g., phospholipids, sugar
phosphates, and ribosomes) [27]. Thus, the deficiency of either N or P or both can negatively
affect plant growth and development [28,29]. Some studies have shown that leaves of
plants growing in P-deficient soils had high N:P ratios [30,31], which indeed reflects
a P-limited environment. Another study found that correcting P deficiency in highly
alkaline soils has resulted in leaf N:P ratios of several native plants that reflect both N
and P limitation [18,19]. The average leaf N:P ratios of terrestrial and aquatic plants is
12–13 [32], which also corresponds to the findings of Koerselman and Meuleman [33] and
Aerts and Chapin [34] in their studies of wetland plants, suggesting that an N:P ratio of
<15 indicates N limitation and that P limitation is suggested by a >15 N:P ratio. Thus, leaf
N:P ratios may provide meaningful information for understanding which key nutrient
governs vegetation productivity at the site and could assist in the selection of the most
suitable tree species for rehabilitation. Indeed, there are a number of studies suggesting that
leaf N:P ratios can better reflect nutrient limitations in freshwater and marine, terrestrial [32],
semi-arid grassland [35], highly alkaline [36,37], tropical forest [38], and mature Eucalyptus
forest [27] environments. There is limited information, however, on what governs leaf
N:P stoichiometry of the dominant tree species in ultramafic landscapes, particularly in
those areas affected by mining activities, and thus, there is also limited information on
preventing application of ecological stoichiometry in rehabilitating degraded ultramafic
soils. Targeting the dominant tree species is crucial, as it has been suggested in several
reports that it could be used as indicator for selecting the most suitable plant species
for revegetation or reforestation [39–41] and for restoring ecosystem functions of given
sites [42,43].
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Thus, this study hypothesized that leaf N:P ratios could indicate the key limiting
nutrients that influence the productivity or abundance of the dominant tree species in
ultramafic areas affected by mining activities in Hinatuan Island, Surigao Del Sur Norte,
Philippines. Specifically, this study aimed to understand which key nutrients (N and P)
limit the productivity of dominant tree species in mine-disturbed ultramafic areas.

2. Materials and Methods
2.1. Study Area Profile and Climatic Conditions

The Taganaan Nickel Mining Project of the Hinatuan Mining Corporation has been in
operation in Hinatuan Island, Surigao del Norte, Philippines since 1981. Hinatuan Island
is one of the 11 islands under the political or administrative jurisdiction of the Taganaan
Municipality in Surigao Del Norte located about 24 km east of Surigao City. Hinatuan
Island has a generally lower elevation, ranging from 10 to 50 masl, comprising around
88% of the total land area. It has a population of 39,842, and an approximate total land
area of 1275.00 hectares, with around 773.77 hectares covered by an approved Mineral
Production Sharing Agreement (MPSA 246-2007-XIII) executed by and between HMC
and the Philippine Government in 2007 (Hinatuan Mining Corporation, Taganaan Nickel
Project, 2016). Sarmiento [44] reported that the vegetation types of ultramafic Hinatuan
Island were generally represented by mangrove in the coastal areas and by secondary
growth forest, grasslands, and farmlands on the inland side of the island, in an ultramafic
soil environment.

Generally, HMC has the following average values for the following climatic condi-
tions: annual rainfall of 304 ± 51 (mm), Temperature of 27.84 ± 0.27 (◦C), Dew Point of
24.64 ± 0.12 (◦C), Vapor Pressure of 30.93 ± 0.21, Wind Speed of 2.25 ± 0.13 (mps) and
Relative Humidity of 83.25 ± 0.83(%).

2.2. Vegetation Survey

The surveyed sites were identified by local guides and a forester/taxonomist from
Caraga State University, who were familiar with the vegetation cover in Hinatuan Island.
The 2-week tree assessment survey was conducted by first establishing quadrats, set up with
a distance of 200–250 m from each other depending upon the prevailing vegetation cover.
Due to sparse vegetation, a total of 18 quadrats measuring 300 m2 (15 m × 20 m), were
laid out for the assessment of the abundance of tree/shrubs species wihtin the Hinatuan
Island (09◦48′20′ ′ N 125◦ 42′55′ ′ E) (Figure 1). In order to capture a good representation of
plant samples, the study randomly covered sites classified as second growth forests (but
that are close or adjacent to mining activities) for the survey and leaf sampling program.
All the trees/shrubs within the quadrats were marked, counted, recorded and tabulated
regardless of age, plant height, or canopy diameter. The dominant tree/shrub species were
determined or calculated using the relative abundance, which is defined as the ratio of
plant abundance in all quadrats to the abundance of all species [45,46].

2.3. Sample Collection and Preparation of Soils and Leaf of Selected Trees Species

Soil samples were collected from various quadrats established for the leaf-sampling
program. These were collected using a soil auger at 0–30 cm depth. A composite of
5 samples from quadrats or sampling areas from the undisturbed areas, eastern side,
western side, and upper side of the Hinatuan Island (Figure 1). Collected samples were
placed in a plastic bag and sealed for safe transport and handling. These were then air-dried
and sieved at 2 mm for chemical analyses.

After identifying the most dominant tree species, the top three native and non-native
species with high relative abundance were targeted for the leaf sampling program. Green,
fully expanded leaves were taken from all targeted matured tree species (height > 15 feet).
A composite sample of leaves was taken from 5 plants of the same species to represent
a replicate or sample (i.e., 1 leaf sample/replicate = combined leaves from 5 trees of the
same species randomly collected from the quadrats). The collected composite samples
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were put in a clean paper bag, labelled, sealed, and placed and sealed in a safe plastic
bucket container. All collected leaf samples of the predominant native and non-native trees
were brought to the Caraga State University laboratory. Prior to chemical extraction, leaf
samples were washed thoroughly with distilled water in order to remove contaminants.
Samples were then air-dried at room temperature for 1 day and oven-dried at 60 degrees
up to the constant weight. These were ground using a mortar and pestle. The mortar and
pestle were washed thoroughly with deionized water and dried with a paper towel after
every processing of leaf sample. Ground leaf samples were properly labeled and were sent
to the nearest plant tissue laboratory at the Department of Agriculture, Taguibo, Butuan
City, Philippines for nitrogen and phosphorus analyses.
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mining activities in Hinatuan Island, Tagana-an, Surigao del Norte, Philippines (Google Earth, 2020).

2.4. Soil and Herbage Chemical Analysis

All soil and herbage samples were analyzed for total N using the Kjeldahl digestion
method, while the total P was determined by digesting the samples with HNO3 and HClO4
acids, followed by the Vanadomolybdate method. Soil pH was measured in 1:5 water
extract, and OM was determined via the Walkley–Black method a described by Nelson and
Sommers [46].

2.5. Statistical Analysis

All the tree species across each site were tabulated and analyzed using descriptive
statistics to find the percent relative abundance. Leaf N and P data were analyzed using
a one-way analysis of variance, and the mean differences were calculated at 5% level of
significance using the Tukey HSD all-pairwise comparison test using the SigmaPlot 10.0
software. Furthermore, a Pearson correlation analysis was also carried out using the above
statistical software.

3. Results
3.1. Concentration of N,P and Selected Soil Parameters of the Study Sites

Generally, the study sites had soil pH near neutral and, the total concentrations of
N and P were very low (Table 1). The levels of OM and N in undisturbed area were
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significantly higher than the mined disturbed areas suggesting that N was strongly affected
by the mined activities compared to the levels of P that did not show significant variations.
This is also reinforced by the N:P ratio of undisturbed areas, which tend to show limitation
of both N and P, while the disturbed areas are likely to be limited by N. These results indicate
that N statuses of the mine-disturbed areas are critical for the successful revegetation or
rehabilitation of tree species.

Table 1. Selected background soil data of the study area.

Areas Soil pHw
OM
(%)

Total N
(%)

Total P
(%) N:P

Eastern Area 7.56 ± 0.12a 1.48 ± 0.15b 0.078 ± 0.02b 0.02 ± 0.00 3.9
Western Area 7.62 ± 0.23a 0.67 ± 0.02b 0.072 ± 0.01b 0.09 ± 0.02 0.8
Upper Middle 7.88 ± 0.02a 1.75 ± 0.48b 0.16 ± 0.02ab 0.05 ± 0.01 3.2

Undisturbed Area 6.52 ± 0.04b 5.57 ± 0.20a 0.25 ± 0.01a 0.02 ± 0.01 12.5
ANOVA (p value) 0.05 0.001 0.05 ns

3.2. Relative Abundance of Native and Non-Native Trees

A total of 851 and 640 trees were recorded for native and non-native species, respec-
tively, from all quadrats. Out of the total number of trees recorded, there were 22 native
species and 9 non-native species that were found in all sampling quadrats. The top-three
dominant native species were Syzygium sp. (22.4%), Alstonia macrophylla (22.0%), and
Buchanania arborescens (16.4%); and the non-native tree species were Casuarina equisetifolia
(33.6%), Terminalia catappa (20.3%), and Acacia mangium (18.13%). The rest of the recorded
tree species had less than 10.0% relative abundance regardless of whether these were native
or non-native tree species (Figure 2).

3.3. Variations in Leaf N and Leaf P Content of Native and Non-Native Trees

When all trees were grouped according to plant origin, the results revealed that the
non-native species had higher leaf N and leaf P content than the native species, which was
statistically significant (p < 0.05) (Table 2).

Table 2. Analysis of variance for leaf N, leaf P, and leaf N:P ratio of dominant native vs. non-native
tree species in ultramafic areas affected by mining activities in Hinatuan Island, Taganaan, Surigao
Del Norte, Philippines.

By Origin Leaf Nutrient Content and Ratio

N (%) P (%) N:P

Native (n = 9) 1.24 ± 0.16b 0.44 ± 0.07b 3.0 ± 0.28a
Non-native (n = 9) 1.75 ± 0.11a 0.73 ± 0.05a 2.50 ± 0.27a
ANOVA (p value) 0.022 0.0050 0.2350

N = nitrogen, P = phosphorus.

Results also revealed that among the study species, the non-native C. equisetifolia had
the highest leaf N content but was significantly (p < 0.05) different only from the native
species such as the Syzygium sp. and A. macrophylla but not from B. arborescens (Table 3).
For leaf P content, the non-native T. catappa (0.83 ± 0.12) and C. equisetifolia (0.80 ± 0.06)
revealed the highest (p < 0.05) P content, followed by B. arborescens (0.62± 0.15), A. mangium
(0.57 ± 0.06), A. macrophylla (0.43 ± 0.43), and Syzygium sp. (0.26 ± 0.05).
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Table 3. Analysis of variance for leaf N, leaf P, and leaf N:P ratios of the top-three dominant tree
species from native and non-native origin in ultramafic areas affected by mining activities in Hinatuan
Island, Taganaan, Surigao Del Norte, Philippines.

Dominant Tree
Species

N (%)
n = 3

P (%)
n = 3

N:P
n = 3

Alstonia macrophylla 1.12 ± 0.05bc 0.43 ± 0.43b 2.6 ± 0.20a
Buchanania arborescens 1.86 ± 0.07a 0.62 ± 0.15ab 3.34 ± 0.73a

Syzygium sp. 0.75 ± 0.00c 0.26 ± 0.05b 3.00 ± 0.49a
Casuarina equisetifolia 1.91 ± 0.15a 0.80 ± 0.06a 2.41 ± 0.14a
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Table 3. Cont.

Dominant Tree
Species

N (%)
n = 3

P (%)
n = 3

N:P
n = 3

Acacia mangium 1.62 ± 0.33ab 0.57 ± 0.06ab 2.92 ± 0.77a
Terminalia catappa 1.73 ± 0.00ab 0.83 ± 0.12a 2.20 ± 0.35a

ANOVA (p value) 0.0011 0.0077 0.6518
N = nitrogen, P = phosphorus.

Meanwhile, the leaf N:P ratios between native and non-native species were very
low and were not significantly different (Table 2). At a species level, there were also no
significant differences observed for the leaf N:P ratios, and all ratios were less than 4.0
(Table 3).

Interestingly, the leaf N and leaf P contents of all tree species revealed significant
(r = 0.70; p < 0.01) correlations. It was also observed that the leaf N:P ratios’ correlations
with the leaf P content of all species were significant (r = 0.49; p < 0.01) but were not
significant with leaf N (r = 0.13; p = 0.60) content (Figure 3).
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4. Discussion
4.1. Suitable Tree Species for Ultramafic Soils

The dominant tree species seem to have good abilities to adapt to the nutrient-deficient
and phytotoxic environment of ultramafic soils affected by mining activities due to their
dominance at the site, which was 3–6 times higher than the suggested threshold of 5%
relative abundance [45] (Figure 2). This indicates the greater potential of survival when
these tree species are used for the revegetation of degraded ultramafic mined lands, which
corroborates the findings of Hou et al. [46], in a disturbed manganese ore mine. Interestingly,
among these dominant tree species, the non-native C. equisetifolia showed the highest
percentage of abundance (33.6%), which is 33% higher than the dominant native Syzygium
sp. (22.4%) and A. macrophylla (22.0%) (Figure 2). It could be argued that this might be
due to revegetation activities performed on the island several years ago using these tree
species; however, the key nutrient contents in the leaves of C. equisetifolia could prove to be
a more reliable indicator, as it had the highest leaf N and leaf P content compared to the
native tree species (Table 3). As both N and P strongly govern growth and productivity
of plants, it is likely then that C. equisetifolia successfully thrived at the site, which could
explain its abundance in Hinatuan Island. Moreover, C. equisetifolia is a nitrogen-fixing
species, which may have helped this tree species to have better levels of N and P in the
leaf. Previous studies suggested that N-fixing plants are able to tolerate P deficiency due
to their inherent clusters of roots, which can effectively mobilize P [47,48]. The rest of
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the tree species (Syzygium sp., A. macrophylla, B. arborescens, T. catappa, and A. mangium)
revealed a slight difference in relative abundance that ranged from 1% to 5%, which could
indicate the complementarity effect of these native and non-native species in terms of
resource use [49]. Previous studies indicated that under mixed stands, there is efficient
use of resources (i.e., higher light interception) compared to monocultures [50–53], which
corresponds to the scenario observed in all quadrats. This study found that there were 23
other tree species (18 native and 4 non-native) that had less than 5% relative abundance
(Figure 2), which may have contributed to the diversity of the study sites. The specific
mechanisms involved in survival and productivity of the dominant native and non-native
tree species in mine-disturbed ultramafic environments warrant future investigation.

4.2. Nutrient Limitation in Mine-Disturbed Ultramafic Areas

This study found that the dominant tree species of either native or non-native origin
had very low leaf N:P ratios of <4, suggesting that the ultramafic soils, or the study site in
general, is N-limited. This result did not correspond to the general finding that tropical
environments are naturally N-saturated due to N deposition and rapid forest N cycles [54].
One key reason could be due to the absolutely altered soil and vegetation structure of the
whole Hinatuan Island due to mining activities (Figure 1), where high N sources from
vegetation/forest litterfalls have become limited. Such leaf N:P ratios of <4 have also been
observed in Eucalyptus gomphocephala, an Australian native plant grown in bauxite-mined
rehabilitated sites, where soil N availability was almost negligible during the first 5 years of
rehabilitation establishment [18,19]. Among the dominant species in this study, A. mangium
and C. equisetifolia both had N-fixing abilities that could help these two species meet their N
nutritional requirements; however, results still showed that both these N-fixing dominant
trees in the site were still exposed to N limitation. This was reinforced by the very low
total soil N of the study sites, even in the undisturbed areas of Hinatuan Island (Table 1).
Moreover, in an N-limited environment, plants tend to employ various mechanisms (i.e., N
fixation and amino acids uptake) for the acquisition of needed N [55], which could perhaps
partly explain the large gap in relative abundance between the studied dominant species
(15–31%) and the rest of the native and non-native species (e.g., 22 trees species (1–4%) and
other 5 species (5–9%)) (Figure 2) found in all quadrats, indicating that the dominant tree
species found in this study might be more efficient in N utilization.

Conversely, the leaf N:P ratios of the dominant tree species suggest that P is not a
limiting nutrient. This is clearly demonstrated in the leaf P content of the dominant tree
species, which were very high, ranging from 0.26% to 0.83% (Table 3). These high leaf P
contents indicate that P supply may be adequate for plant uptake, which is distinct from
other reports highlighting P limitation as being more prevalent under highly weathered
soils [56–58]. Ultramafic soils in Southeast Asia are highly weathered and have been
reported to be inherently low in P [59,60]. The results from this study seem to indicate the
opposite (due to high leaf P content), but this could be due to dust as a potential source
of P from mining activities within the island. Reports suggest that dust-derived inputs of
P are capable of replenishing the total P lost from the soils and have been an important
source of soil P in natural and agricultural ecosystems [61,62]. Hence, such high leaf P
content of the dominant tree species in the study could be temporary and may gradually
shift to P-limited environmental conditions over the long term when the dust deposits
are gone, thus impacting vegetation productivity. The key mechanisms and changes to
vegetation patterns that underpin the shift from N-limited to a P-limited environment
warrant a thorough investigation.

While the leaf N and leaf P contents of the dominant species revealed significant
correlations (r = 0.70; p < 0.01), it was the leaf P that had a strong relationship with leaf
N:P ratios (r = 0.49; p < 0.05) and not the leaf N (r = 0.13; p = 0.60), which confirms the
above argument on the possible saturation of P at the site (i.e., dust-derived inputs of P) as
also being indicated by high leaf P content (Figure 3). Moreover the species C. equisetifolia,
A. mangium, and B. arborescens were revealed to have better leaf N contents against the
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calculated threshold for leaf N content (Figure 4) using the average leaf N:P ratio of 15:1 of
the terrestrial plants at their natural habitat reported by Koerselman and Meuleman [33]
and Aerts and Chapin [34]. Furthermore, C. equisetifolia and T. catappa revealed higher leaf
P contents than the other dominant species, indicating their superiority in P utilization
despite the known phytotoxic elements present in ultramafic soils (Table 3). Lastly, the
results also demonstrate that leaf N:P ratio can clearly indicate the key nutrient limitation
that could affect the growth and productivity of dominant tree vegetation in mine-disturbed
ultramafic soils.
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mangium, and (F) Terminalia catappa. 

  

Figure 4. Comparison of the leaf N and leaf P contents of the dominant tree species with the threshold
of leaf N and leaf P content calculated based on the suggested leaf N:P ratios by Koerselman and
Meuleman (1996) and Aerts and Chapin (1999). Bold letters represent the tree species: (A) Alstonia
macrophylla, (B) Buchanania arborescens, (C) Syzygium sp., (D) Casuarina equisetifolia, (E) Acacia mangium,
and (F) Terminalia catappa.

5. Conclusions

This study demonstrated that leaf N:P ratios can reflect which key nutrients limit the
productivity of vegetation in ultramafic areas affected by mining activities on Hinatuan
Island, Surigao Del Norte, Philippines. It was found that there are native (A. macrophylla, B.
arborescens, Syzygium sp.) and non-native tree (C. equisetifolia, A. mangium, and T. catappa)
species that are capable of adapting to the harsh growing conditions of ultramafic lands,
which all showed high relative abundance. Moreover, the results also demonstrated that
the study sites are N-limited, while P did not indicate any limitations, which could be
due to dust-derived inputs of P from mining activities. Overall results shed light that N is
limiting the vegetation productivity, and dominant tree species such as B. arborescens and C.
equisetifolia are suitable for revegetation of disturbed ultramafic sites. However, preference
for using native trees in revegetating the site shall be considered for the conservation of
those native species adapted to grow in disturbed ultramafic sites. This result warrants
further investigation taking into account plant physiology, phenology, and soil nutrient
availability in natural, degraded, and rehabilitated ultramafic environments.
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