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Abstract

Metabolomic and genomic markers in plants have helped diagnose evolutionary pressures and resulting modern-day flo-
ristic diversification. Here we use a different set of metrics, 17 biochemical measures made at the whole tissue or bulk
tissue level, to study diversification in resource use and productivity among Pacific mangroves. Three mangrove species
Bruguiera gynmorhiza (BRGY), Rhizphora apiculata (RHAP), and Sonneratia alba (SOAL) were studied across 5 sites
on the island of Kosrae, Federated States of Micronesia with measurements of the following chemical metrics: C, N, P,
K, Na, Mg, Ca, B, S, Mn, Fe, Cu, Zn elements and isotope values &H, 63C, 5PN, and 5**S. Species were remarkably
distinct in chemical profiles, showing significant differences across all metrics. This indicated long-term resource use par-
titioning and optimization, with metrics showing physiology and patch-related differences. The patch-related differences
meant that metrics were not really fixed in species, but represented flexible traits (“flexitraits”) in fingerprinting mangrove
ecology. Effects of tree harvesting could be fingerprinted with the metrics at one of the Kosrae sites. Modeling showed
two results. (1) Conservation efforts to preserve low-nutrient specialists like BRGY probably should involve removal of
competing SOAL and RHAP rather than nutrient reductions. (2) Although mangrove growth rates were most limited by
P, water was a strongly co-limiting factor. This study introduces a new physiological parameter to plant ecology, a water-
to-phosphorus ratio, “normalized 6'3C/P” or “f,;-/P”, that should generally help diagnose how plant N and P nutrient use
can be co-limited by water.

Keywords Mangroves - Phosporus - Nitrogen - Water - Growth - Sediments - Fungi - Optimization - Forestry -
Colimitation - Isotopes - Elementome

Introduction

There is a long-standing ecological interest in controls of
plant biodiversity. Plants respond via their growth dynam-
ics to their physico-chemical environment, but the competi-
tive environment posed by other species is also of great
importance for plant growth (Wan et al. 2009; Wamelink
et al. 2014; Gao et al. 2019). Understanding the role of site
fertility versus competition is increasingly important for
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conservation in a time of global change (Friess et al. 2019;
Rahman et al. 2021). It is important to understand how rare
and specialist species have developed in the past, and might
be supported in the future (Aerts and Chapin 1999). We
undertook a field study of three tropical mangrove species
to find out how species specialized, and what site conditions
might be favourable for growth and long-term sustainability
of specialist species.
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This study used measurements of 17 metrics comprised
of bulk tissue elements and isotopes to compare and contrast
growth strategies of the three species on an isolated Pacific
island, Kosrae in the Federated States of Micronesia. Previ-
ous studies of New World mangroves have shown consid-
erable contrasts between species in N, P and salt relations
for leaf tissues (e.g. Medina et al. 2015), with these mark-
ers indicating plant growth dynamics (Watzka and Medina
2018). Kosrae studies presented an opportunity to see if
similar between-species contrasts occurred in the Pacific,
and how such contrasts might influence plant growth that
result in mixed forests found on this isolated island. Son-
neratia alba (SOAL) historically has dominated forest bio-
mass on Kosrae (Ewel et al. 2003; Hauff et al. 2006), but
currently grows interspersed with two related Rhizophora-
ceae species, Rhizophora apiculata (RHAP) and Bruguiera
gymnorhiza (BRGY). BRGY proved to be a low-nutrient
specialist of interest for possible conservation concerns.

Both resource partitioning and resource optimization
were considered as reasons for differences in metrics across
species and sites. Resource partitioning applies narrowly to
limiting N and P nutrients (Beans 2014), but optimization
applies more broadly to follow-on effects associated with
nutrient use and other aspects of mangrove ecology. An
emergent theme was that just as mangroves can differenti-
ate genetically and morphologically into species, they can
also differentiate in bulk chemical characteristics. Because
of this differentiation, the 17 markers were also considered
in a generalized multivariate context (Penuelas et al. 2019)
to help fingerprint mangrove ecology.

Using chemical metrics as indicators of forest dynamics
is well-established (e.g. Guesewell 2004, Townsend et al.
2007, Lira-Martins et al. 2019). We used nutrients and trace
elements in leaves to estimate both broader site-level suste-
nance of forests, and also species-specific relative growth
rates (RGR) of trees. We considered the mangrove results in
both evolutionary and network terms. Mangrove evolution-
ary origins from upland terrestrial trees date to > 100 million
years ago (He et al. 2022). To help understand concomitant
evolution of chemical metrics, we used a new and simple
statistical approach to assess ancestral, patch and physi-
ological controls applying to metrics measured in modern
day tree leaves. We used correlation analysis to study the
leaf metrics as part of evolved chemical networks, identify-
ing which metrics were likely the most important organizing
nodes in the networks.

Major questions addressed in the study were (1) whether
chemical traits indicated stronger physio-chemical site
controls of forest dynamics or stronger plant competition
controls, and (2) which conditions favoured specialist spe-
cies represented by B. gymnorhiza, a conservative species
(Aerts and Chapin 1999) that proved to have low N and P
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leaf nutrients. We used a new growth model to address how
a conservative species with a low nutrient strategy could
thrive as part of the mixed forests on Kosrae. Most sites
were relatively undisturbed, but tree harvesting was ongo-
ing at one site, Finkol Inland, hence we also tested (3) how
multi-marker fingerprinting characterized human distur-
bance at this site.

Methods and Materials
Study Site

The study was conducted on the island of Kosrae, Feder-
ated States of Micronesia. Kosrae is an isolated western
Pacific island with the nearest neighbour island of Pohn-
pei>500 km distant. Kosrae is a high, volcanic island
1-2 million years old (Rehman et al. 2013). The island is
approximately 10 km in diameter and has a landward fringe
of mangroves along most of its perimeter. These forests con-
tain 10 of the approximately 70 global mangrove species
(Ewel et al. 2003). Rainfall on Kosrae is very high, averag-
ing 5-6 m per year, and is fairly evenly distributed across
the year varying between 300 and 540 mm/month (Merlin
etal. 1993; Krauss et al. 2007). The abundant rain and likely
associated groundwater flows produced mid-salinity condi-
tions in the coastal mangrove swamps, so that more extreme
freshwater or hypersaline conditions were not present at the
study sites.

Sample Collection and Analysis

Samples that included leaves, bark, sediment and porewa-
ters were analysed for chemical markers, with data for all
samples listed in Tables S1-S4. Samples were collected in
February 2002 at the southern end of Kosrae, at two sites
in the Finkol watershed (Finkol Interior and Finkol River-
ine) and three sites in the adjacent Utwe watershed (Utwe
Fringe, Utwe Riverine and Utwe Interior). The fringe, riv-
erine and inland designations indicate forests with differ-
ent hydrogeomorphic classifications (Ewel et al. 1998a, b).
along a gradient from the sea (fringe), and tidal channels
(riverine) to landward inland sites (also designated interior
or basin sites). Three replicate samples were collected at the
Finkol Riverine site, with replicate plots about 200 m from
one another. In total, there were 7 sets of samples from 5
sites, i.e., there were 3 plot replicates from the Finkol Riv-
erine site plus samples from the 4 additional sites. More
details on these Kosrae sites are available in previous stud-
ies (Ewel et al. 1998a, b; Demopoulos et al. 2008; Fry et al.
2009).
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Leaf composite samples were collected to characterize
site averages. For each mangrove species, samples were
obtained from 5 individual trees, with three leaves per tree
composited per species, so that a total of 15 leaves were
composited per species per site or plot. The leaf samples
were obtained with a pole from the forest canopy open to
the sun at 3—-5 m heights. Leaves were mature green sun
leaves, not larger thinner shade leaves, and were free of
visible insect damage. Leaves were placed in plastic bags
in the field, rinsed briefly in the laboratory with deionized
water, dried at 60°C, dissected to remove midribs, then later
ground to fine powders in stainless steel capsules. Trace ele-
ments were analysed using atomic absorption (Kalra 1998)
at the University of Hawaii Manoa. Stable HCNS isotopes
were analysed at Environment Canada, the University of
Hawaii, and the University of Calgary using elemental anal-
yser-isotope ratio mass spectrometry (EA-IRMS). H iso-
tope samples were prepared using the desktop equilibration
method (Wassenaar and Hobson 2003). Details of bark, soil
and porewater preparation and analyses are given in Tables
S2-S4.

Data Analysis

Normalizations. Because mangrove species differences
were relatively large, smaller site differences were often
hard to discern. To examine site differences, we used a sim-
ple normalization procedure to convert data from each spe-
cies to a common scale:

normalized value = measured value —species mean + over-
all mean.

This normalization did not change the variance structure
of the data, but allowed collapsing results across 3 species
into an averaged species. Site analyses use this normalized
data. The normalization process could also be adapted for
species, factoring out site variations prior to species assess-
ments. This was done in two cases, with the significance
testing shown as superscripted numbers in Fig. 2A and as an
initial step in the connectance analysis (Fig. 4). Otherwise
species evaluations were based on measured data without
any normalization.

Controls analysis, We used a novel statistical approach
to study how three factors interacted to control the man-
grove chemical metrics. The three controlling factors were
ancestry (or shared inheritance resulting in no differentia-
tion across species), patch dynamics and physiology. We
partitioned effects of these factors using standard deviations
(SD) and F values from ANOVA. Statistically, SD records
the dispersion and overall breadth of resource use, while
F values record the separation and specialization of spe-
cies within that resource use spectrum. Conceptually, use
of more and more resources across patches should increase

SD calculated across the species and sites for each met-
ric. Patches measured by SD were considered broadly to
include differences horizontally across the mangrove forest
floor, between surface and depth, and across time.

In contrast to SD that recorded patchiness, the F values
from ANOVA recorded species overlap vs. specialization
(the species separation) within a resource use spectrum.
When these overall SD and F measures are combined in an
(x,y) plot, a triangle can be fit empirically closely around
the data, with triangle apices representing the three controls
(see Fig. 3A). Standard mixing algebra (Fry 2006) allowed
estimates of contributions from each of the apex controls
to each metric. To ensure consistency and before calculat-
ing SD and F, isotope data were first converted to fractional
values (see below), then all data were expressed in relative
units vs. mean= 100 (Fig. 2).

Connectance analysis. We used correlation analysis to
estimate which metrics were most centrally connected and
influential across the multi-metric profiles. The profiles
were recalculated as z scores across all samples, then cor-
relation (r) matrices (e.g. the P profile vs. profiles of the
other metrics) were constructed. The r values were squared
and averaged, with higher 1 expected for variables like P
that have a central role in mangrove ecology. Although cor-
relation does not equal causation and important non-linear
relationships could be missed, this analysis of correlation
matrices is included as one of the simpler ways to overview
the diverse multivariate data.

RGR analysis. We developed a relative growth rate
(RGR) model for Kosrae mangroves based on conceptual
and empirical considerations. Conceptually, nutrients and
water are needed for mangrove growth, so we developed a
colimitation model involving these factors. Empirically, two
of the Kosrae species had N/P values in the range character-
istic of N and P colimitation (see Results), so N and P were
included in the model. Field dendrometer studies (Cole
and Devoe 1998; Krauss et al. 2007) indicated about equal
growth for BRGY (1x) and RHAP (1-1.1x) but substantially
faster growth of SOAL, with an average 1.6x average faster
growth of SOAL vs. BRGY documented in extensive age-
adjusted dendrometer measurements (Fig. 5 in Krauss et al.
2007). The 1x, 1.1x and 1.6x RGR field values were used
to fit the various versions of the RGR model that averaged
effects of N, P and water, with water supply estimated from
5'3C measurements (Fry and Cormier 2011):

RGR = (c1x fx + cox fp + e fwarer) [ (1 + c2 + ¢3)

The fractional fy, fp and fy,rgr values represent no-growth
(f=0) to optimal growth (f=1) conditions for N, P and
water, and the ¢, ¢, and c; values are constants in the 0 to
1 range that weight and together average the importance of
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the 3 factors. The f values were intermediate between 2 end
members, associated with low growth (LG) and high growth
(HG), and calculated as:

| = (sample — LG)/(HG — LG)

End member LG and HG values for P and N taken from
a previous mangrove study (Fry and Cormier 2011) were
respectively 10 and 60 mmol/kg for P, 300 and 1800 mmol/
kg for N. A similar equation was used to estimate leaf water
supply from 6'3C, calculating fractional contributions of
two source end-members, with —32%o and —22%o values
for End Member 1 & 2 (EM1, EM2):

f = (measured6 — (SEMQ)/((SEMl — (SEMQ)

Recalculation of isotope data as fractional f values. Mea-
surements in this study are often expressed in relative units
vs. a mean value of 100. Calculating relative values vs. 100
was straightforward for concentration measurements, but
for stable isotope measurements, calculations required con-
version of & values into f values, as done above for §"°C.

Stable isotope end members were chosen to represent
the potentially wide variation in values that might occur for
mangroves on Kosrae, and values for EM1 and EM2 were
respectively — 117 and —40%o for 6°H, —32 and —22%o for
6"3C, -2 and 5% for 5"°N, and - 25 and +21%. for 5**S. The
0*H end members represent lowest leaf values for mangroves
in Malaysia (Then et al. 2021) and highest bark values mea-
sured in this study (Table S2). The 6'°N end members were
taken as —2%o for N-fixation nitrogen and 5%o for marine
nitrate + organic N (Montoya et al. 2019). The 5**S end
members are —25%o representing lowest values estimated
by 3% (see below) for sulfidic sulfur across Kosrae sites and
+21%o for seawater sulfate (Jorgensen 2021).

These f values are also tied to resource use, such that
higher f values meant more water use by mangroves for H
and C isotopes, more nitrogen fixation for N isotopes, and
more sulfide uptake by mangroves for S isotopes. The cal-
culated isotope f fractional values are given as £y, fi5¢, fisn,
and fy,5 for H, C, N and S isotopes, respectively.

Calculation of **¢ and source contributions to leaf S.
5*4S values were also converted to site-specific estimates of
sulfide isotope fractionation vs. +21%o seawater sulfate, >*¢
= **Squrpate =0 Ssurppe (Jorgensen 2021). Sulfide iso-
tope values at each site were estimated as the 5°*S intercept
(Fry et al. 1991) in regression plots of (1/leaf S concentra-
tion, leaf 0*4S). Data from all three species were combined
in each of these site regressions. Sulfide and sulfate source
contributions to leaf S were calculated from leaf isotope val-
ues via the two-source isotope mixing equation given above
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for f, using the site-specific sulfide values and +21%o sulfate
as EM1 and EM2 respectively.

Multivariate analyses. Multivariate techniques were
utilized to explore how chemical markers were partitioned
between species and sites using the software Primer 6
(Clarke and Gorley 2006). Principal Component Analysis
(PCA) was used to examine the separation of the samples by
species and site, based on chemical markers. Because spe-
cies effects were relatively large, a similarity percentages
(SIMPER) analysis was used to narrow down the number
of markers to those best separating sites (discarding mark-
ers with <8% contribution to separation of site pairs). This
reduced set of markers (N, P, S, &°H, 6"3C, §"N, 5348, K,
Mg, Na, Fe, Zn, Cu) was then used in PCA evaluations of
species and site differences.

Values given with errors are means + standard error of the
mean, unless otherwise noted.

Results

Leaves had the most distinctive chemical metrics and anal-
ysis of leaf data was therefore emphasized. We used four
approaches to overview the leaf results: (1) PCA analysis,
(2) t-tests, (3) controls analysis and (4) connectance analy-
sis. We then considered (5) more detailed bivariate analyses
of plant redox, water and nutrient variables that formed the
basis of (6) a model of relative growth rates (RGR). Finally
we considered (7) salts (cations + B), and (8) a chemometric
case study of human disturbance at a mangrove site.

PCA Analysis

Species were distinct in PCA plots (Fig. 1 A) and sites were
moderately well separated (Fig. 1B). These PCA analy-
ses show that the leaf metrics had a dual nature, recording
aspects of both species and sites.

t Tests

Univariate analyses with t tests showed that all markers
exhibited one or more significant differences between the 3
species, and that 80% of all possible differences were sig-
nificant (Fig. 2A). Significant differences across individual
sites were much rarer (about 7%). However, when sites
were aggregated into two groups, a lower N,P nutrient group
(Utwe Fringe and Finkol Riverine) vs. a higher N,P nutri-
ent group (Utwe Riverine + Utwe Inland + Finkol Inland),
group-level significant differences were common (about
45%; Fig. 2B). These two groups reflected the hydrogeo-
morphic fringe, riverine and inland groupings. Fringe and
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Fig. 1 PCA separation of (A) species and (B) sites based on leaf metrics. In panel B, points labeled A,B, and C denote data for three plot replicates

taken at the Finkol Riverine site

inland stations were in two opposite groups, with riverine
stations intermediate and in both groups.

The three species means in Fig. 2A generally separated
by a factor of 4 or less, from 50 to 200, while the pooled
site means in Fig. 2B varied much more narrowly, by about
1.5x, from 80 to 120. Also, these chemometric separations
between means could be quantified by the F statistic from
ANOVA, which averaged 33 for species metrics (Fig. 2A)
and 10 for site metrics (Fig. 2B); average F across individ-
ual sites was lower, 3.6. This meant that species were much
better separated than sites by 3-9x, and sites were relatively
uniform. Soil and porewater analyses also showed relatively
uniform site conditions like those in Fig. 2B (Fig. S1, Tables
S3 and S4). Tables S5 and S6 give species averages and
grouped site averages corresponding to normalized data
shown in Fig. 2.

Controls Analysis

We used SD and F values from ANOVA to estimate how
ancestry, patchiness, and physiology interact to control each
metric. Figure 3 A shows the original data with 3 sources as
the apices of the triangle mixing their influences for each
metric. Calculated contributions can be summarized in a
ternary plot (Fig. 3B), with details for each metric given
in Fig. 3C. The overall average finding (Fig. 3C) was that
contributions of ancestry predominated (53%), patch contri-
butions were subordinate (32%) and physiological contribu-
tions were least influential (14%).

The interpretations of Fig. 4 seemed reasonable when
individual variables were considered, as illustrated by four

examples. (1) For variables such as leaf carbon that repre-
sent use of a common unlimited resource (CO, in air in the
case of leaf C), there was little patch-associated SD along
the x-axis (Fig. 4B), but strong physiological specialization
in F values along the y-axis. This leaf C specialization likely
reflects leaf construction from different mixtures of lignitic
and cellulosic carbon (Benner et al. 1987; Xing et al. 2021).
Also, N and f|;- showed relatively little patch-associated
variation (Fig. 4B), perhaps indicating N and water were
relatively abundant. (2) Mn is a sediment variable that could
logically be associated with both horizontal and vertical
sediment patches; Mn had the highest SD along the x-axis
(Fig. 3B) and was the most patch-associated variable. (3) P
and S both plot in the same central portion of Fig. 3B not
far from Mn. This indicates that P and S are responding in
the same controls, uptake from sediment patches. (4) The
last example is a new ratio identified in this study, f;-/P
or the ratio of water to P. This ratio had the highest physi-
ological control (Fig. 3B,C), and of all variables, best sepa-
rated both species and sites (Tables S5, S6). This variable
likely reflects optimization of water use during plant growth
(Cowan and Farquhar 1977). Overall, Fig. 3 showed that the
mangrove species are mostly similar in their metric chem-
istry with shared or undifferentiated common ancestry, but
diverged significantly in patch use and, to a lesser degree,
in physiology.

Connectance Analysis

To estimate which metrics were most centrally connected
and influential we used average r* values from correlation
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Fig. 2 Leaf chemical metrics for species (A) and grouped sites (B),
with all data expressed as averages relative to overall mean for all spe-
cies=100. Here and throughout the study, species data is measured,
while site data has been normalized for species effects (see Methods).
Values along the x-axis give number of significant differences among

analysis. There were 4 main results. (1) Average r* values
were about 3x higher for species than sites, 0.38 vs. 0.14
(Fig. 4). (2) For species, RGR, P and water (indicated by B
in this analysis) were the strongest organizing variables at
1.4x average connectance; thus 1.4x the 0.38 average =0.54
for r* so that average abs(r) for P and water across spe-
cies=0.73. (3) For sites, N and P were strongest organiz-
ing variables at 1.7x and 1.8x, respectively; N and P were
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-<-Higher N,P Sites

means (p<0.05) by Tukey’s HSD t test, with 3 differences possible in
(A) and one difference possible in (B). Superscripts for numbers in A)
indicate number of significant differences present when species data
were first normalized for site effects prior to significance testing (see
Methods)

also the most critical site variables in the SIMPER analysis
of Fig. 1B. (4) Most variables could be fitted into a “back-
ground” group, consistent with a broadly distributed and dif-
fuse network of interactions. Overall, while N, P and water
seemed to coordinate and control the chemical network and
profiles, diffuse controls likely associated with patchiness
were acting to counter these organizing effects (Fig. 4).
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Fig. 3 Partitioning controls of chemical metrics into three classes,
ancestral (undifferentiated), patch, and physiology. (A) Concepts and
data used in partitioning; y-axis F is from ANOVA separating species;
x-axis STDEV represents the overall variation for each metric. (B)

Bivariate Analyses of Plant Redox, Water and
Nutrient Variables

There were several variables that helped orient a model for
mangrove productivity, and it was instructive to consider
those related to redox conditions in soils (Fig. 5), water
(Fig. 6) and nutrients (Fig. 7). For redox variables (Fig. 5),
several indicators consistently indicated that SOAL had rel-
atively oxidized rhizosphere conditions, RHAP was oppo-
site with much more reduced conditions and BRGY was
intermediate. For example, uptake of sulfide-derived sulfur

Ternary diagram shows partitioning of metrics; highlighted metrics are
discussed in text. (C) Results tabulated for each metric. Arrows indi-
cate variables highlighted in panel B

was indicated by increased leaf S contents with lower 9°*S
values (Fig. 5A). RHAP had highest 69 + 2% sulfide-derived
S in leaves, SOAL lowest at 47 +4% and BRGY intermedi-
ate at 62+3%, as estimated by two-source mixing of sul-
fide-derived sulfur and sulfate-derived sulfur.

Cu and Zn, typically trapped as sulfides in deeper sedi-
ments, can become more available in oxidized conditions,
and were highest in SOAL (Fig. 5B,C). Mn becomes mobile
under reducing conditions, and RHAP had highest Mn con-
centrations (Fig. 5D), consistent with accessing Mn from
reducing sediments. Overall, leaves sampled from the three
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Fig.4 Connectance nodes for mangrove leaf chemical networks, based
on 1 correlation matrices for (A) species and (B) sites. Especially N,
P, water supply, and to a lesser degree sediment redox, act together to
focus networks around organizing nodes. Other factors such as patchi-

species indicated a consistent pattern of root interactions
with soil redox conditions.

0'3C and 6°H were isotopic indicators of plant water use
(Fig. 6A). They showed highest (least negative) values in
SOAL and lowest (most negative) values in BRGY, with
RHAP intermediate. While these isotopic indicators have
been narrowly linked to stomatal opening and water use effi-
ciency, their co-variation is also consistent with a broader
interpretation of increased water supply to leaves (Fry and
Cormier 2011). It was striking that the order of these water
variables was SOAL-RHAP-BRGY (S-R-B) in Fig. 6 rather
than the SOAL- BRGY-RHAP (S-B-R) order for redox vari-
ables in Fig. 5, so that plant water strategies were not tightly
linked to redox conditions. Variations in ’°N were relatively
slight, <2%o, but followed the trends shown in Fig. 6A for
C and H isotopes. Measurements of B showed parallel pat-
terns to the isotopic indicators, with more B associated with
lower 0'3C (Fig. 6C). For these reasons, 5'°N and B were
considered as possible water indicators.

Mangrove species also differed greatly in how they used
NPK nutrients. Graphs of K, N and water vs. P showed
unique aspects of mangrove resource use strategies (Fig. 7).
For K, SOAL and RHAP took up respectively about 8x and
4x more K than P on a mole-for-mole basis, while BRGY
took up about equal quantities (Fig. 7A). Use of more K
than P meant that K/P ratios showed an upward trend in
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pointing towards the central network are organizing forces, while the
brown background arrows represent the average resistance effects in
the chemical networks

plots of K/P vs. P (Fig. 7B). Overall, K uptake was very cor-
related with P uptake across the species (Fig. 7A).

Increased N uptake accompanied P uptake, resulting
in positive slopes in plots of N vs. P (Fig. 6C). However,
uptake of N was not as fast as for P, so that in N/P ratios
declined as P increased (Fig. 7D). The N/Py;op or data for
BRGY and RHAP were in the 30-35 range, about 2x the
Redfield ratio of 16, while N/P ratios for SOAL approxi-
mated this ratio at higher P. The shape of the N/P response
for especially SOAL is consistent with increased growth
rates occurring at higher P in tropical trees (Cernusak et
al. 2010), while growth rates for BRGY and RHAP were
slower and in the range of N and P colimitation for tropical
trees (Townsend et al. 2007). Ratio plots of N/P and water/P
followed similar decreasing trajectories (Fig. 7D, F), so that
N and water became relatively less abundant at higher P.
This is expected in co-limitation situations, and growth rate
modeling was oriented around resource co-limitation with a
central focus on P effects.

Model of Relative Growth Rates (RGR)

To better quantify RGR effects shown in Fig. 7D, we empir-
ically fitted RGR models based on N, P and water. The mod-
els always included P as the main forcing variable acting
to increase RGR while N and water acted to dampen the
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P-alone response (Fig. 8). These dampening effects indicate
that water and N can strongly co-limit the RGR responses.
Water increased relatively little as P increased, accounting
for the strong co-limiting effect of water (Fig. 8). In con-
trast, N increased nearly as fast as P and had much less
dampening effect when included in the model. The effects
of water co-limitation were 4x stronger than those of N co-
limitation (Fig. 8). Inclusion of N was not actually required
in the models but water was required to achieve the fit crite-
rion SOAL=1.6x BRGY.

Empirical fitting showed a range of successful models
with the form RGR = [(c;*f + ¢, *fp + ¢3* f130)/(c; + ¢, +¢4)],
where ¢, could vary between 0 and 1, ¢, was set at 1, ¢,
= (0.62-0.19%c;) and f};- was the water contribution,
fwarer- All models of this form achieved the fit criterion
SOAL=1.6x BRGY, and differed only somewhat in RGR
estimates for RHAP that were slightly higher than that for
BRGY, in the 1.03x to 1.15x range. Because model output
was similar across the range of models, we chose the mid-
dle-of-the-range model (model ¢ in Fig. 8) with all three
variables for our subsequent use, RGR = [(0.5*fy + 1*f, +
0.5*farer)/2-

lation of sulfidic sulfur in mangrove leaves. In panel D), points near
the x-axis accompanied by * indicate samples with anomalies from the
Finkol Inland site; these samples had anomalously low Mn and moder-
ate S (RHAP) or anomalously high S (SOAL and BRGY).

Using this model, species RGR averaged 100, 110, and
162 for respectively BRGY, RHAP and SOAL, and these
differences were significant (p<0.05, Tukey’s HSD t test)
for BRGY or RHAP vs. SOAL, but not for BRGY vs. RHAP.
Site averages expressed in relative terms ranged from 100 at
Utwe Fringe to 153 at Finkol Inland. There were few signifi-
cant differences among sites, with only the two lowest RGR
sites (Utwe Fringe and Finkol Riverine A) significantly dif-
ferent (p<0.05, Tukey’s HSD t test) than the highest RGR
site (Finkol Inland). However, when sites were aggregated
into groups of Fig. 2B, the two aggregated groups did differ
significantly (p <0.05, Tukey’s HSD t test), with the higher
nutrient group having 1.25x higher RGR than the other
grouped sites.

We used the RGR model to test if the low-nutrient spe-
cialist BRGY would have higher RGR than other species
at lower nutrient sites. Figure 9 shows that all species
decreased in RGR at lower nutrient sites, but SOAL always
had highest RGR, and BRGY was tied with RHAP at lower
nutrient sites.
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Salts (Cations +B)

Leaf cation concentrations for K, Ca and Mg (Fig. 10A)
were broadly similar to those of upland terrestrial trees
(Lira-Martins et al. 2019), with the exception that leaves
had>10x higher Na contents presumably from seawater
that is rich in Na (Fig. 10B). Across species and sites, cat-
ion sums were similar at 1500-2500 mmol per kg dry wt
(Fig. 10A), and when expressed on a leaf water basis, cat-
ions were concentrated in leaves by 0.8-2.5x vs. seawater
(Fig. 10B). Although leaf cation concentrations were high,
rivalling those of N and C and much greater than those of
trace elements like Fe, Mn, Cu and Zn (Table S5), most cat-
ions accumulate in vacuoles so that leaf water is low in salts
(Medina et al. 2015).

Cation distributions differed markedly between the man-
grove species, partly due to strong association of K with P
(Fig. 7A, B). Especially SOAL took up large amounts of K
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in association with P, and showed a corresponding decrease
in other cations such as Ca and Mg (Fig. 10). Thus, spe-
cializations for P affected cation distributions. Cation dis-
tributions were also more associated with patches than with
physiology (Fig. 4), consistent with an important influence
of patch-associated P on leaf cation distributions. Other
important influences for cations may be tree strategies for
water desalination (Reef and Lovelock 2015) and leaf con-
struction (Xing et al. 2021).

It was also remarkable that even though salinity, expressed
in practical salinity units with seawater =35, approximately
doubled from 16 at Finkol Inland to 30 at Utwe Fringe (Fig.
S1, Table S4), there was little or no concomitant change in
cation concentrations. Species all showed muted responses
across this salinity gradient, so that mangrove total cation
concentrations increased only 13% in BRGY, showed no
change in RHAP, and actually declined (< 10%) in SOAL.
Mangroves thus showed they could adjust to the mild Kos-
rae salinity variation by maintaining high and fairly steady
cation concentrations. Lastly, because cations were present
in high concentrations in mangrove leaves, there was no
question of resource scarcity or partitioning, but the many
detailed ways cation concentrations varied between species
(Fig. 10) was instead strong evidence for resource optimiza-
tion for these salts.

A Chemometric Case Study of Human Disturbance at
a Mangrove Site

Fingerprinting human tree-harvesting disturbance of man-
grove systems was tested at Finkol Inland. The decomposi-
tion of stumps and roots affected rhizosphere dynamics and
changed plant leaf chemistry. PCA analysis showed this site
was quite distinct from other sites, though still closest to the
other inland reference site, Utwe Inland (Fig. 1B). We used
more detailed multi-metric fingerprints (Fig. 11) to examine
reasons for the PCA results.

Mn values were low in all three species at this site, along
with moderate or anomalously high S (Fig. 11; also see
Fig. 5D, Finkol Inland points identified with *). Mn can be
mobilized in very reducing conditions and then lost via tidal
export, so that low leaf Mn would be consistent with very
reducing conditions in sediments. High leaf S would also
indicate strongly reducing sulfidic conditions. Concentra-
tions of other trace elements Cu, Zn and Fe were moderate
or lowest for all species at this site (Fig. 11), consistent with
more sulfidic conditions and precipitation of these trace
metals. Leaf N and P concentrations were moderately high
or highest at Finkol Inland, as was RGR (Fig. 11). Cation
concentrations at Finkol Inland were also generally high for
SOAL, the species with the most accelerated growth rate
(Fig. 9 asterisks at right, Fig. 11). Isotopic fractionation 3¢
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was however the same 44.8%o at both the reference Utwe
Inland site and the Finkol Inland site, with smaller fraction-
ations of 29.3 to 39.5%o at the other sites. The larger ** at
the two inland sites was consistent with relatively slow sul-
fate reduction rates (Jorgensen 2021), perhaps controlled by
poorer carbon quality in these more mature forests.
Overall, mangroves at Finkol Inland accumulated moder-
ate or highest levels of P and N along with moderate or high
levels of S and lower levels of Mn, Cu, Zn and Fe. Thus,
although human impacts associated with forest thinning at
this site could be detected in altered rhizosphere dynam-
ics involving P, N, S and trace element concentrations,
the overall impact was elevated RGR for remaining man-
grove trees. This elevated RGR response is a very common
outcome of forest thinning practices (Burkhart and Tome
2012), detected here via chemometric fingerprinting.

estimated as f};/P. In panel D, dotted line shows mangrove results fol-
low the RGR trend for tropical trees (Cernusak et al. 2010), i.e., when
N/P decreases with increasing P, RGR is increasing

Discussion

It was remarkable that all the chemical metrics showed the
same result, that the mangrove species diverged signifi-
cantly in their chemical resource use (Fig. 2). Evolutionary
assessments for mangroves show that genomic speciation
has been occurring over several 10s of millions of years (He
et al. 2022). The historical evolution of chemical metrics
in trees is unknown, but it is likely a normal, ongoing pro-
cess that accompanies genetic and morphological diversifi-
cation. Chemical differentiation revolves around resources
all plants need, including those related to solar energy,
nutrients and water. However, differences between species
mainly were in chemical markers for non-limiting resources
and seemed to involve secondary adaptations or optimiza-
tions rather than primary resource specializations or parti-
tioning of limiting resources (Beans 2014). The relatively
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Model Predicted RGR

RGR based on P alone

Fig. 8 Estimates of site average RGR from 4 different models; slopes
of lines for models a-d were respectively 1, 0.83, 0.52 and 0.35. The
RGR model adopted in this study was c) with a slope of 0.52, much
lower than the slope of 1 expected for P alone. The lower slope indi-
cates the RGR response has been reduced to 52% of the P-only model

even level of productivity of 1x-1.5x across Kosrae sites
may have provided a particularly uniform background envi-
ronment for detecting the many chemical optimizations.
Studies at the human-disturbed Finkol Inland site showed
that the optimized metrics were not truly fixed as species
traits, but partly controlled by site and patch dynamics, and
were better considered as flexible, or “flexitraits”. We fur-
ther consider how the resource use results can be useful for
understanding mangrove ecology under four aspects: (1)
RGR and Forest Dominance, (2) P dynamics, Patches, and
f15¢/P, (3) Mixed Forests with Low-Nutrient Specialists, (4)
The “Bulk Biochemical” Multi-Metric Approach.

RGR and Forest Dominance

Previous Kosrae field measurements (Devoe and Cole 1998;
Krauss et al. 2007) and leaf N/P results (Fig. 7D) in this
study both indicated faster growth rates for SOAL than the
other two species. Faster growth should result in SOAL
replacing other species and becoming predominant over
time. This does not occur, so that other factors must be oper-
ating that offset the SOAL growth rate advantage.

Shade tolerance and canopy closure during forest eco-
system development are well-known factors that could off-
set the SOAL growth advantage. SOAL is characterized as
a pioneer species that occupyies high-light environments,
while BRGY is shade tolerant (Fig. 12). RHAP is closely
related to BRGY, and slightly more competitive before
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a) P only

b) P+ N model

c) P+ 0.5*N + 0.5* Water Model

d) P + Water model

due to co-limitation or dampening effects from including N and water
in the model. Equations for the models were (a) RGR=1}; (b) RGR
= (fp + £3)/2; (¢) RGR = (fp + 0.5%f + 0.5%f50)/2; (d) RGR = (fp +
f13c)/2. Site RGR results were normalized to Utwe Fringe=100

canopy closure, but less competitive afterwards (Putz and
Chan 1986). Thus, the slowest growth strategy of BRGY
still allows success in shady mature forests, and coexistence
of three species in a mixed forest is possible because of epi-
sodic gap formation. Putz and Chan (1986) give examples
of insect damage leading to gaps in forests such as those on
Kosrae where storm events are rare.

We selected only sun leaves for this study, and so unfor-
tunately did not have metrics that obviously recorded dif-
ferences in light environments. Instead, many metrics were
directly or indirectly related to P acquisition from soils,
in agreement with assessments that P generally controls
productivity of tropical mangrove forests (Lovelock et al.
2007, Castaiieda-Moya et al. 2013). Based on the metrics,
we developed the following scenarios to summarize our
current understanding of species differences and resource
use, scenarios that can become hypotheses for future testing
(Fig. 12).

Rapid growth in sunny gaps requires rapid nutrient acqui-
sition, likely from surface sediments that are most aerobic
and contain organic P (Gleason et al. 2003). These sediments
are accessed by SOAL, which maintains the most aerobic
rhizosphere, and has fine nutritive roots close to the surface
(Tomlinson 1986). This life strategy has are few disadvan-
tages, but SOAL is likely shade intolerant, so high sunlight
is needed to provide carbon and fuel for P foraging. Mycor-
rhizal associations are common in mangroves (Wang et al.
2010; Yu et al. 2021), and SOAL likely maintains the most
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aerobic rhizosphere needed for fungal activity. Described in
this way, SOAL appears similar to terrestrial trees, consis-
tent with earlier phylogenetic origins of the Myrtales clade
that include SOAL (He et al. 2022).

With SOAL rapidly accessing surface P, RHAP and
BRGY compete by pursuing alternative strategies to obtain
P. RHAP has fine nutritive roots oriented downwards into
sediments (Tomlinson 1986). This species had highest lev-
els of sulfur and Mn indicating a much narrower oxic rhizo-
sphere. Most P acquisition likely occurs in deeper sediments.

With SOAL targeting surface P and RHAP deeper P,
BRGY uses a third strategy of minimal P acquisition,
bypassing the top/bottom patch dichotomy. BRGY shows
particularly efficient salt exclusion in water uptake (Reef
and Lovelock 2015), and may take up P as part of a slow
desalination sipping strategy that provides abundant water
to this shade-tolerant species. Roots draw water from all
depths, averaging to an intermediate depth P strategy for this
sipping species. This strategy accounts for BRGY having

intermediate S and redox indicators in leaves, between those
for SOAL and RHAP (Fig. 5).

Nitrogen in both RHAP and BRGY is maintained at high
levels, about 2x Redfield ratios (Fig. 7D), probably so that
any P acquired can be rapidly matched with N and used for
biosynthesis. N acquisition strategies appeared distinct in
that significant differences were detected between species
(Fig. 2A), but N acquisition did not appear limiting for the
Kosrae mangroves.

Overall, the P acquisition strategies are distinct among
species and tied to requirements for sun and water. This
coordination between plant strategies for sun, water and
nutrients produces the result that so many metrics are related
to P (Figs. 4 and 7). Species separations involving shade
tolerance are also exhibited in other forests, for example
among three related upland Acer maple species in Japanese
forests (Tanaka et al. 2008), and likely can account for niche
differentiation accompanying speciation (Hutchinson 1961;
Denslow 1987).
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The species differences documented here for 3 common
Pacific mangroves may be much more widely spread among
mangrove species. If the overall specializations on Kosrae
are for P, N and water + low nutrients, there is some evidence
these specializations also exist for New World mangroves
of the Americas. Data gathered here for RHAP are similar
to data for R. mangle, and high Mn in leaves is very char-
acteristic of both species (this study, Lacerda et al. 1986),
likely reflecting use of deeper sediments rich in sulfides and
mobile Mn (Gueiros et al. 2003). The low nutrient content
of BRGY has parallels in the New World white mangrove
(Laguncularia racemosa) which has equal or lower nutrient
contents than red mangroves (Medina et al. 1995; Medina
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and Francisco 1997; He et al. 2021). Finally, the high leaf P
content of SOAL is found in the third important New World
mangrove, Avicennia marina (Medina and Francisco 1997).
The occurrence of similar adaptations in different mangrove
species growing in different biogeographic areas may mean
that the patterns of resource use are relatively old or have
originated several times. The extent to which chemical
adaptations can flex and change can be tested in future labo-
ratory and field studies.

The RGR model used here is reasonable and an exten-
sion of an earlier model for a single mangrove species, Rhi-
zophora mangle, that is closely related in the same family as
the RHAP and BRGY species of this study. The earlier model
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(Fry and Cormier 2011) used water and either N or P as the
forcing variables, rather than a mix of all three. The model
was updated here to be more generally applicable across
three mangrove species, and to reflect RGR calibration data
available from Kosrae (Krauss et al. 2007). The Kosrae
field data for mangrove pole timber and saplings showed
that RHAP and BRGY have very similar RGR (Devoe and
Cole 1998; Hauff et al. 2006). A similar earlier finding was
made for Malaysian mangroves (Putz and Chan 1986), with
RHAP growing faster than BRGY in full sun, but slower
in the shade. The current RGR model closely matched
these field results of similar BRGY and RHAP productivi-
ties. In the future, other relevant variables can be added to
this model, for example, including effects of copper that
stimulates mangrove growth in some cases (Alongi 2017),
or more explicitly considering effects of higher Mn and S

that can depress growth, with highly sulfidic sediments in
poorly drained marshes leading to stunted mangrove growth
(B Fry, personal observation). Tallest mangrove trees with
presumably highest RGR are observed at river mouths
(Ribeiro et al. 2019), so that freshwater inputs effects, iden-
tified here and elsewhere (Hayes et al. 2019), are important
for mangrove growth. Detailed 4'3C and productivity data
recently gathered at Rhizophora sites (Watzka and Medina
2018) also support a strong freshwater effect on mangrove
productivity. Overall, the two preliminary leaf-based RGR
models developed so far (Fry and Cormier 2011, this study)
still lack laboratory verification, but both models indicate
the important field result that freshwater can strongly co-
limit mangrove growth.
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Fig. 12 Conceptual diagram of mangrove species differentiation along
a forest development axis on Kosrae, from sunny gap conditions
to closed canopy shady conditions. Forest development occurs in a
fairly uniform and favorable environment, with all Kosrae sites hav-
ing moderate 16 — 30 salinities (Fig. S1) and similar site productivities
(Figs. 2B and 9). Species compete via different root uptake strategies
for NPK and water, with much of this competition incompletely known

P Dynamics, Patches and f,;/P

It is evident that the mangrove species are balancing many
factors during their growth, but nutrients, water and sunlight
may remain the main axes of competition and resource sep-
aration. For nutrients, especially P was important for Kos-
rae mangroves, and there were several variables related to
P that may be useful in future studies. Three ratio variables
(K/P, N/P and f}5/P) all appeared useful, and surprisingly
cation distributions also appeared affected by P, especially
in SOAL.

It may be that many of the sediment metals are strongly
linked to P and provide additional descriptors of P dynam-
ics; Fig. 2B shows that the higher productivity sites which
were higher in P showed lower leaf Zn, Cu, Fe and Mn,
broadly consistent with more reducing conditions at these
sites. P has been shown to stimulate root growth for Kosrae
mangroves (Cormier et al. 2015) and has been identified as

@ Springer

but dependent on details of rhizosphere oxidation and likely involve-
ment of fungal mycorrhizae (Wang et al. 2010, Yu et al. 2021). Species
differ in relative growth rates (RGR), with N and water dampening and
co-limiting the growth response expected from P alone (Fig. 8). Forest
productivity may be equal across time if tree density increases from
SOAL-dominated gaps to RHAP and BRGY-dominated shady forests

the variable most likely to limit mangrove growth in tropi-
cal forests such as those on Kosrae (Lovelock et al. 2007).
An increasing divergence of species P (Fig. 9) may also be
a good indicator of increased site productivity and RGR.

While the list of P-related variables was extensive, we
had fewer variables that seemed directly related to water
supply. The stable isotopes of carbon were used as the
leading water indicator in a previous mangrove study (Fry
and Cormier 2011) and this study. Leaf H isotopes, N iso-
topes and B were also considered potential water indicators
in this study, primarily because they correlated with the
better-known C isotope indicator (Fig. 6). Another water-
related parameter is leaf water content measured easily by
weight loss on drying; unfortunately this parameter was not
included in the design of the current study. But in the future,
all these water-related parameters could be measured in
shade leaves and sun leaves, to understand better the often
overlapping effects of water and shade.
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The ratio f};-/P can be interpreted as a parameter that
shows the balance between plant stomatal opening for car-
bon acquisition vs. uptake of a limiting soil nutrient. The
same f;./P patterns of lower (more negative) 6'°C associ-
ated with higher nutrients found for the Kosrae mangroves
have also been observed in Florida Rhizophora and Avicen-
nia mangroves (He et al. 2021) and in Hawaiian upland ohia
trees where N rather than P appeared limiting (Cordell et al.
1999). The underlying ecological pattern is that given an
increase in limiting nutrients, plants will also increase water
supply. This is consistent with modelling studies based on
the premise that water use is optimized to support carbon
gain (Cowan and Farquhar 1977; Lloyd and Farquhar 1994;
Liang et al. 2022). The f;;-/P ratio may prove a very use-
ful indicator of tree productivity; RGR and f};-/P were
both based mostly on leaf P contents and closely correlated
(=0.80-0.91, Fig. S3).

Mixed Forests with Low-Nutrient Specialists

Many rare species grow in low nutrient environments. In
the conservation context of preserving low-nutrient spe-
cialists, it was interesting to test whether BRGY that had a
conservative, low-nutrient strategy (Aerts and Chapin 1999;
Fig. 12) might be favoured by nutrient reductions. Model
results indicated nutrient-related changes in forest composi-
tion would be minimal on Kosrae (Fig. 9), probably because
competition effects are dominant in the mixed forests that
grow in mild climatic conditions. In these conditions, selec-
tive removal or reductions of competitors could be expected
to have more significant effects than nutrient reductions. On
Kosrae these removals and reductions have already started
for RHAP and SOAL, which compete with BRGY. Thus,
at the time of this study in 2002, there was some ongoing
tree harvest of RHAP for poles and firewood that affected
forest composition (Hauff et al. 2006). For SOAL, fruit bats
that pollinated SOAL were hunted for human consumption
(Ewel et al. 2003), so that the decrease of these pollina-
tors may have been decreased SOAL recruitment. These
human harvesting activities had been ongoing for some
time, and an island-wide survey of forests perhaps already
showed a vital outcome, with BRGY ranking first in impor-
tance (Ewel et al. 2003) and second in basal area (Hauff
et al. 2006) among mangroves on the island. Further loss
of SOAL might potentially enhance BRGY dominance on
Kosrae, with high rainfall and relatively low salinities in the
Kosrae mangrove forests also promoting growth of BRGY
that was most specialized towards shady, wetter condi-
tions. These considerations about nutrients, harvesting and
plant specializations are typical of multi-factor information
needed in conservation planning, so using chemical metrics
may help conserve rarer species.

The “Bulk Biochemical” Multi-Metric Approach

The metrics measured in this study were available from
routine laboratory analyses of bulk samples. These bulk
analyses average many biochemical compounds used in
metabolomics approaches to study plant biochemistry and
differentiation. While the bulk approach thus averages and
obscures many interesting metabolomics details, it had
the advantage of showing links from plants to sediment
biogeochemistry.

Mangrove forests generally grow in a wide variety of set-
tings (Ewel et al. 1998a, b, Twilley et al. 1998). and future
study with these bulk biochemical metrics is needed to
show more generally how flexitraits respond to and trace
diverse forest dynamics. Also, more markers for mycor-
rhizal activity and sun exposure need to be developed in
this bulk biochemical approach. Markers may also record
broader aspects of forest ecology including effects of bio-
turbating crabs (Xiao et al. 2022), and Fe and freshwater
supply from uplands (Twilley et al. 1998; Alongi 2017,
Hayes et al. 2019). Combining the bulk biochemical metrics
with more detailed metabolomics and genomics approaches
could prove powerful in tracking mangrove system status
and trends.

Conclusion

The 17 leaf metrics fingerprinted species and site differen-
tiation across 3 mangrove species and 5 sites on the Pacific
island of Kosrae. Kosrae is a high rainfall island with mid-
range salinities at all sites, so that there was a relatively
mild background site variation in physio-chemical factors.
Against this mild background, biotic competition and opti-
mization effects in the 3 mangrove species stood out clearly
in the chemometric fingerprints, with species effects averag-
ing 3-9x larger than site effects. A conceptual model of for-
est development is proposed based on species competition
for sun, water and nutrients, with species dominance shift-
ing based on shade tolerance and access to P.

Metrics showed that one of the mangrove species, BRGY,
was a low nutrient specialist, but RGR modelling showed
that reducing nutrients across sites would not strongly
favor this species. Instead, removal of competing RHAP
and SOAL would be more effective in supporting BRGY
stand development. This conclusion supported the idea that
competition is very important in structuring mangrove for-
ests, at least in places like Kosrae with mild environmental
conditions.

While the fingerprints were most diagnostic of species,
they were also useful in site evaluations, once chemomet-
ric data was normalized for species effects. This partial
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dependence on patches and sites meant that chemometrics
were not really fixed traits within species, but flexible, or
“flexitraits”. A case study at a tree harvesting site showed
many shifts in metrics, and an overall result of enhanced
productivity of remaining trees, a result that is well-known
in forestry practice. The flexitrait fingerprinting approach is
useful for mangrove conservation and management practice
(Khan et al. 2019).

This study also introduces a new plant physiological
parameter, the water-to-phosphorus ratio, f,;-/P. This ratio
was highly regulated and closely correlated with mangrove
growth rates, likely because it reflects balance between
uptake of a limiting nutrient (P in this study) and related
regulation of water and stomatal opening needed for carbon
fixation (Cowan and Farquahr 1977). The RGR modeling
(Fig. 8) and analysis of leaf cations generally indicated a
very strong role for root zone desalination and overall water
supply in co-limiting mangrove productivity. Investigations
using the f};/P ratio could test these co-limitation effects
that may exist for many other plant species.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s13157-
023-01672-9.
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