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Abstract

Aims Manganese (Mn) is toxic to plants at high concen-
trations with recent evidence indicating slowed tropical-
tree growth by high soil Mn concentrations. However,
little information exists about the physiological effects
of high Mn on tropical trees. We investigated physio-
logical responses and toxicity effects of Mn in several
tropical tree species. Given potential physiological in-
teractions between Mn and phosphorus (P), we also
hypothesised that P could be used to detoxify Mn.
Methods We conducted two controlled-growth experi-
ments on seedlings of five tree species from Panama.
The first experiment tested the effects of increasing
concentrations of soil Mn; the second examined whether
P availability mitigates Mn toxicity.

Results Severe Mn toxicity occurred at 5 mM Mn, with
toxicity symptoms in some species at 1.5 mM Mn.
Responses to Mn toxicity were species-specific and
depended on P supply. One species intolerant of high
Mn responded by using P for detoxification; others
either tolerated or detoxified Mn by another mechanism.
Conclusions We conclude that Mn can be toxic to trop-
ical tree species and Mn toxicity increases P demand in
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some species. Other species are broadly tolerant of high
Mn, suggesting that Mn tolerance might contribute to
differences in species distributions and growth of trop-
ical trees.

Keywords Mycorrhizal symbioses - Phosphatase
activity - Phosphorus - Relative growth rate

Introduction

Manganese (Mn) is an essential micronutrient for plants,
playing a key role in physiological processes such as
photosynthesis, but it can become toxic at high concen-
trations (Foy et al. 1978; El-Jaoual and Cox 1998).
Toxicity manifests in a variety of ways, including re-
duction in growth, leaf chlorosis and spots on leaves (El-
Jaoual and Cox 1998; Millaleo et al. 2010). Manganese
availability is enhanced in acidic soils (Marschner 1995)
and toxic concentrations of Mn occur widely in strongly
weathered tropical soils, which are often acidic. Mn
toxicity can be further exacerbated in soils developed
on parent materials that are rich in Mn, such as Hawaiian
basalts (e.g., Hue et al. 2001).

In general, plants resist Mn toxicity by avoiding
uptake of Mn or by employing mechanisms to tolerate
it (limit its toxicity) if taken up in high quantities.
Several tolerance mechanisms are known, including
sequestration of Mn in the cell apoplast, complexation
with organic acids, and export of excess Mn ions to the
cell surface (Millaleo et al. 2010). Cellular reserves of
phosphorus (P) may also be used to bind free Mn ions,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-020-04603-3&domain=pdf
https://doi.org/10.1007/s11104-020-04603-3

344

Plant Soil (2020) 453:343-354

thereby preventing them from interfering with cellular
processes (Duci¢ and Polle 2007). A small proportion of
species are broadly tolerant of Mn, however, with some
‘hyperaccumulator’ species accumulating high concen-
trations (> 10,000 pg g "), even in photosynthetic tis-
sues, without suffering toxicity (Fernando et al. 2006,
2010; Yu et al. 2019).

Detoxification of Mn by complexation with P may
lead to the depletion of P reserves, resulting in altered
physiological responses to alleviate the scarcity of avail-
able P. When a greater P supply is needed, an increase in
phosphatase production by roots can facilitate greater
uptake of P from the soil (Richardson et al. 2007).
Similarly, greater mycorrhizal colonisation can increase
P supply to the plant due to the enhanced capability of
mycorrhizal fungi to acquire P (Smith and Read 2008).
Alternatively, some plants are also able to tolerate lower
leaf P concentrations thereby reducing the need for
increased P uptake (Denton et al. 2007). Use of P to
detoxify Mn has been observed in experiments on two
varieties of Douglas fir species (Du¢i¢ and Polle 2007).
One variety tolerated high Mn concentrations by bind-
ing phosphate to Mn and then compartmentalising the
granules, mainly in the vacuoles and apoplast of root
cells. This resulted in less available P in the plant when
the soil P supply was plentiful, although there was
limited toxicity when P supply was limited (suggestive
of an additional tolerance mechanism). Mycorrhizal
fungi can also provide some protection against metal
toxicity (Bothe et al. 2010). For example, colonisation
of soybean roots by mycorrhizal fungi can boost growth
under high Mn conditions (Cardoso et al. 2017). How-
ever, the effect of mycorrhizas on the response to Mn in
tropical tree species remains undocumented.

The majority of Mn toxicity studies have been con-
ducted on herbaceous crop species (El-Jaoual and Cox
1998), with few studies investigating Mn toxicity effects
in tropical trees. Manganese toxicity effects are thought
to limit tree growth and rubber production in Hevea
brasiliensis plantations in Vietnam (Nguyen et al.
2018) and Mn may negatively impact survival of teak
(Tectona grandis) plantations in Tropical Australia
(Wehr et al. 2017). Recent modelling of the growth of
tree species in response to heterogeneity of soil nutrients
at the Barro Colorado Island (BCI) forest dynamics plot
(Zemunik et al. 2018), indicated a negative tree growth
response to elevated soil Mn concentrations. Indeed,
soils of the BCI plot are developed on mafic parent
material (characteristically dark igneous rocks rich in
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iron and magnesium) and have relatively high Mn con-
centrations, so the reduction in growth is consistent with
a response to Mn toxicity.

In this study, we investigated physiological re-
sponses and effects of Mn toxicity on a selection of
tropical trees. Because of the paucity of information
about Mn toxicity in tropical trees, we first sought to
determine a threshold, or range of concentrations, at
which Mn can produce demonstrable growth effects
(i.e. reductions in growth rates or even mortality), on a
representative suite of tropical tree species. Plants were
grown in controlled conditions from seed with a wide
range of Mn treatments to quantify Mn concentrations at
which toxicity effects manifest. We then assessed one
tolerance mechanism — the use of P to detoxify Mn — by
examining the interactive effects of both P and Mn on
tropical tree seedlings. Because of its demonstrated role
in detoxifying Mn, we hypothesised that P would be
used to detoxify Mn in some species.

Materials and methods

We conducted two controlled-growth experiments, each
on seedlings of four tree species found in central Pana-
ma. The first experiment tested the effects of increasing
soil concentrations of Mn on the growth and survival of
the seedlings, with the expectation that toxicity symp-
toms would be evident at one, or more, concentrations
of Mn. The second experiment investigated a possible
interaction of soil P concentrations with toxic concen-
trations of Mn, to determine if species used P to detoxify
Mn.

Mn-addition experiment

Seeds from four tree species found in central Panama,
Cordia alliodora (Ruiz & Pav.) Oken (Boraginaceae),
Luehea seemannii Triana & Planch. (Malvaceae),
Matayba scrobiculata Radlk. (Sapindaceae) and
Tabebuia rosea (Bertol.) Bertero ex A.DC.
(Bignoniaceae), were collected from Barro Colorado
Island (BCI, 9° 10’ N, 79° 50° W), and the Smithsonian
Tropical Research Institute’s laboratories at Santa
Cruz, Gamboa (9° 7> N, 79° 42° W), and
Panama City (8° 58° N, 79° 45> W). These species
were selected based on availability of seeds, while also
attempting to include species that occur within the BCI
forests-dynamics plot. Seeds were sown in May 2016
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and began germinating in June 2016. Three seeds per
pot were sown and the seedlings were thinned to one
per pot at the beginning of the experimental treatments
to enable the treatments to start with seedlings of
approximately the same size (within each species).
The pots (1.642 1 Short One Mini-Treepots, Stuewe
& Sons, Oregon) contained a mixture of 95% (by
volume) washed sand with an inoculant of 5% forest
soil obtained from a single location in central Panama.
The soil volume in the pot was anticipated to be suffi-
cient to prevent growth constraints due to pot size
limitations (Poorter et al. 2012), and the absence of
size limitation was confirmed after harvesting (based
on dry biomass and ample free soil in the pots).

Four concentrations of Mn were used as treatments —
0.005, 0.05, 0.5, 5.0 mM — plus a control without added
Mn, giving five treatments in total (labelled C, 2, 3, 4, 5
in the Figures). The Mn was delivered as MnSO, and
the range of concentrations was chosen to include high
concentrations (e.g., 5 mM) that would likely induce
toxicity symptoms, based on studies of other tree species
(e.g., a hydroponic set-up on Douglas fir species found
toxicity at >2.5 mM Mn, Duéi¢ and Polle 2007). To
ensure complete nutrition for the seedlings, a modified
Johnson’s formulation of macro- and micronutrients
(Table S1) was included in all Mn treatments; each pot
received 200 ml of the solution (sufficient for excess
solution to run freely from the bottom of the pot) twice a
week for the duration of the experiment (up to 48 days).
In between applications of the treatment solutions, pots
were watered with only enough water to hydrate the soil,
but not sufficient to allow any liquid to drain from the
pots. Although the control treatment provided no addi-
tional Mn, the soil had low concentrations of Mn from
the soil inoculant (resulting in a total mean Mehlich-III
extractable Mn concentration of 4.7 mg kg™ ';
Table S2). Furthermore, our observations of plant
growth in the control treatment indicated that the soil
inoculant provided adequate Mn nutrition in the absence
of any supplemental Mn. Pots were positioned within
plastic crates (five per crate), and the crates were placed
on tables under a rain shelter with a glass roof that
allowed free ventilation and also reduced natural photon
flux density (400-700 nm) by 20%. Each crate of five
pots represented a block with all treatments present. The
location of each pot within the crate and the location of
each crate were initially randomised. Then, all crates
were shifted along the tables biweekly, in a round-robin
fashion, to allow each seedling even access to sunlight

over the course of the experiment. Six replicates of each
of the five treatments were used, giving a total of 30
individuals per species.

Seedlings were harvested between 42 and 48 days
after experimental treatments began; smaller-seeded
species with slower initial growth were allowed to grow
for longer durations (up to 48 days) than the faster
growing species. Upon harvesting, all soil was washed
from the roots and seedlings were then transported to the
laboratory for separation into three parts: leaves, stems
and roots. Root samples were used immediately for
phosphatase analysis (see Phosphatase activity assay).
All parts were dried at 60 °C for 3 d and weighed.
Element concentrations of the various plant parts were
determined by digestion in concentrated (70%) nitric
acid at 180 °C under pressure in PTFE vessels, with
detection by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES) on an Optima 7300 DV
(Perkin Elmer, Inc, Shelton, CT, USA).

The same portions of roots that were used for phos-
phatase analysis were subsequently used for mycorrhi-
zal analysis. These roots were first cleared in 10% (w/v)
KOH, acidified for at least 1 h in 2% (v/v) HCI and then
stained using 0.05% (w/v) trypan blue in an acidified
glycerol solution. The magnified intersects method
(McGonigle etal. 1990) was used to quantify occupancy
of hyphae, arbuscules and vesicles in root sections,
using 150 root intersections per sample (viewed at
200x magnification).

Phosphatase activity assay

Phosphatase activity was measured from samples of
fresh roots (about 500 mg) using para-nitrophenyl phos-
phate (pNPP) as an analogue substrate for phospho-
monoesterase (Turner et al. 2001). For each seedling,
the root samples were weighed and then placed in a
glass vial with 9 ml of sodium acetate-acetic acid buffer
(pH 5.0). Samples were equilibrated by shaking for
5 min in a water bath at 26 °C (mean soil temperature
in Panamanian forests). The samples were then incubat-
ed for 30 min (at 26 °C) after the addition of 1.0 ml of
50 mM pNPP substrate. The reaction was terminated by
removing 0.5 ml of the incubated solution and adding it
to 4.5 ml of 0.11 M NaOH. The samples were immedi-
ately vortexed and then the absorbance was read on a
spectrophotometer at 405 nm against para-nitrophenol
standards.
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Mn-P factorial experiment

Our second experiment examined whether P availability
modifies the response of tree seedlings to Mn toxicity.
The basic experimental set-up, including soil composi-
tion and growth conditions were the same as for the Mn-
addition experiment. Species were identical to the first
experiment, except that we used Ochroma pyramidale
(Cav. ex Lam.) Urb. (Malvaceae) in lieu of Matayba
scrobiculata because of limited seed availability, and
because M. scrobiculata had larger seeds and more
robust seedlings than the other species used in the initial
Mn-addition experiment. Seeds were sown between
April and May 2017 and harvested 45 days after exper-
imental treatments began.

Four treatments were used in a two-way factorial
design: two concentrations of P (0 and 0.2 mM) and
two concentrations of Mn (0 and 1500 uM). The P
addition treatment (0.2 mM, denoted as P+ in the figures
and tables) represented a concentration providing ade-
quate P nutrition (Table S1). The concentration of Mn
chosen for the Mn addition treatment (1500 uM, indi-
cated by Mn+) was determined from the Mn-addition
experiment to be sufficient to induce toxicity but not
high enough to kill seedlings during the experiment.
Once again, six replicates were used for each species
and treatment. We did not quantify mycorrhizal coloni-
sation data in the Mn-P experiment.

Data analyses

We computed various descriptive statistics and per-
formed all other analyses using the R statistical software
platform (R Development Core Team 2019). Relative
growth rates (RGR) were calculated according to the
formula RGR = (InW¢— [nW)) / At, where W¢and W;
are the final and initial dry masses, respectively, and At
is the duration (days) between initial and final measure-
ments. Net assimilation rates were calculated using the
formula of Williams (1946): NAR = [(W¢— W,).(InLs—
mL)V[(Le—L;) / At], where L¢ and L; are the final and
initial leaf areas, respectively. Confidence intervals were
calculated with the ‘Effects’ package (Fox 2003), using
generalised least squares models as implemented by the
‘gls’ function from the ‘nlme’ package (Pinheiro et al.
2019), together with the use of variance functions to
minimise heteroscedasticity of the residuals.

To compare the growth effects of Mn on the seed-
lings in our experiments with those of trees in their
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natural habitat, we used data from the BCI forest dy-
namics plot recorded in the 2005 and 2010 plot cen-
suses. Growth rates were calculated as the difference in
diameter at breast height, as used in many studies of this
plot (e.g., Zemunik et al. 2018). One of the five species
used in our experiments, M. scrobiculata, was not re-
corded in the plot censuses. Curves from general addi-
tive models (Wood 2004) were also plotted as a means
of estimating the trends in growth of these species,
except for O. pyramidale, for which a curve across such
a low number of individuals (seven) would be of limited
interpretive benefit; for all of the other species, the BCI
plot contained > 100 individuals. We also used an un-
published dataset of mean leaf element concentrations
of each tree species in the BCI plot to assess whether any
of our experimental species were Mn hyperaccumulator
species, based on a threshold of 10,000 ug g ' (Van der
Ent et al. 2013).

Results
Mn Experiment

Plant health was negatively affected by Mn > 0.5 mM,
with the highest concentration of 5 mM causing ne-
crosis and chlorosis in all species, and necrosis for
many individuals of some species, notably
C. alliodora (Fig. 1 and Fig. S1). Matayba
scrobiculata was the least affected by Mn, with its
harvested biomass not significantly changing (at the
P =0.05 level) across treatments, although it showed
visual signs of toxicity (i.e., chlorosis). Species with
smaller seeds and seedlings (C. alliodora and
L. seemannii) were affected most strongly, with some
individuals suffering almost total necrosis by the end
of the experiment (Fig. 2a).

The distribution of Mn in the tissues of those species
when given what proved to be a toxic Mn concentration
(treatment 5) was almost exclusively in the aboveground
parts due to necrosis of the roots. For other species less
severely affected (M. scrobiculata and T. rosea), distri-
bution of Mn was approximately the same in roots,
stems and leaves (Fig. 2b). At non-toxic Mn concentra-
tions (treatments C, 2, 3) T. rosea concentrated substan-
tially more Mn in its roots than aboveground parts (20
times more than in its stems and 7 times more than in its
leaves). This allocation pattern was accentuated at the
stressful, but non-lethal, treatment 4 (0.5 mM), in which
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Fig. 1 Representative selection of plants near the end of the Mn-
addition experiment showing the effects of the various Mn
treatments. The species shown are Cordia alliodora (a), Luehea
seemannii (b), Tabebuia rosea (¢) and Matayba scrobiculata (d),

roots of 7. rosea contained 25 times more Mn than the
stems and 15 times more than the leaves.

Phosphatase activity was fairly uniform within each
species across the Mn treatments, although there was an
increase (not significant at the P=0.05 level, P=0.13)
at the highest Mn concentration for 7. rosea and a
declining trend for both M. scrobiculata and
C. alliodora (Fig. S2).

Tabebuia rosea had substantial colonisation of my-
corrhizal fungi resulting in arbuscules, with significantly
more arbuscules under the second-highest Mn treatment
(Fig. S3 and S4). Occurrences of both arbuscules and
hyphae reduced at the highest Mn treatment, when the
plants were heavily stressed (near death). Luehea
seemannii was colonised by mycorrhizal hyphae about
half as much as 7. rosea, and had few arbuscules.
Myecorrhizal colonisation was very low or absent in the

with each seedling in the block of five receiving either no addi-
tional Mn (C) or one of the four Mn-addition treatments (2-5); *
indicates treatment 5 (5 mM Mn)

other species. Endophytic or dark septate fungal hyphae
were not observed in any species.

Mn-P experiment

In general, the high Mn treatment (Mn+) did not elicit
chlorosis in the leaves of the seedlings (Fig. S5). How-
ever, the absence of supplied P (PO treatment) was a
severe growth constraint for most species (Fig. 3 and
Fig. S5). Both T. rosea and C. alliodora showed a
marked increase in growth rate with supplied P (P+
treatments). Applied Mn (Mn+) also provided a growth
stimulus for 7. rosea, while the interaction of P and Mn
caused a significant reduction in growth for C. alliodora
(Table S3). With adequate P nutrition and high Mn (P+
Mn+ treatment), absolute and relative growth of
C. alliodora declined significantly (relative growth rate
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a Cordia alliodora Luehea seemannii Matayba scrobiculata Tabebuia rosea
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Fig. 2 Mean dry masses of leaves, stems and roots (a) and Mn
concentrations in response to the Mn treatments (b). Note that
values are plotted in (b) with a log scale for the y-axis; and that no
Luehea seemannii plants had sufficient root material to obtain an
Mn concentration. Error bars are 95% confidence intervals. The

declined from 83.5 to 64.5 mg g ' d”', Table 1), al-
though growth was substantially reduced without the
addition of P, irrespective of applied Mn (mean relative
growth of about 41 mg g ' d™ ). Growth of the other
species was not significantly affected by the Mn treat-
ments when given the same concentration of P. There
were declining growth and net assimilation rate trends
for all species, except T. rosea, but the trends were not
significant (at the P=0.05 level, Table 1).

Root phosphatase activity of C. alliodora and
O. pyramidale declined significantly when given ade-
quate P supply (P+ treatment). For C. alliodora, mean
activity declined from about 38 mmol pNP g ' h™ ' at
low P to 23 mmol pNP g~ ' h™ ! when the P supply was
adequate but without additional Mn (P+ Mn0 treat-
ment); its phosphatase activity had a non-significant

@ Springer

C 2 3 4 5 C 2 3
Treatment

lowest applied Mn concentration was 5 uM (Treatment: 2) in-
creasing 10-fold with each treatment to a maximum of 5 mM (5),
with 0 added Mn as a control (C); there were six replicates per
treatment

increase to 34 mmol pNP g~ ' h™ ' under the P+ Mn+
treatment. Ochroma pyramidale had the greatest drop in
phosphatase activity due to the supply of P, with activity
dropping to a mean of about 11 mmol pNP g ' h™!
under the P+ treatments, about a three-fold decrease in
activity relative to when additional P was not supplied.
Both T. rosea and L. seemannii had no significant
change in phosphatase activity across the treatments,
although 7. rosea exhibited a consistent, non-
significant (P=0.13) increase in phosphatase activity
in response to high Mn (Table S3).

Species-specific effects of the high Mn treatment can
be seen by comparing the relative growth rate, phospha-
tase activity and leaf element concentrations when the
seedlings were supplied with adequate P (Fig. 4). All
species accumulated large concentrations of Mn in their
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Fig. 3 Mean dry masses of
leaves, stems and roots of the
seedlings in response to P and Mn
treatments. Error bars are 95%
confidence intervals. Six
replicates were used per
treatment. Letters represent
groups according to Tukey HSD
post-hoc tests (P <0.05)
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C. alliodora and T. rosea had increasing trends of
phosphatase activity with high Mn, but concentrations
of P reduced in the leaves of C. alliodora, while

Table 1 Means (and 95% confidence intervals) for the relative growth rates (RGR) and net assimilation rates (NAR) of the tropical tree
seedlings in response to the treatments of Mn and P

Cordia alliodora

Luehea seemannii

Ochroma pyramidale

Tabebuia rosea

Treatment Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI
RGR (mgg 'd™h

0 417 [31.7,51.6] 94.0 [71.5, 117 108 [97.3, 118] 52.8 [47.4, 58.2]
PO Mn+ 40.8 [30.8, 50.7] 106 [93.1, 120 105 [91.9, 119 59.3 [53.9, 64.7T
P+ Mn0 83.5 [73.6, 93.4] 121 [114, 128" 122 [120, 1241° 73.3 [67.9, 78.7]°
P+ Mn+ 64.5 [54.6, 74.41° 113 [103, 123]* 118 [115, 121]® 76.6 [71.2, 82]°
NAR (gm 2d™ ")

0 321 [2.52,39] 3.89 [2.9, 4.88] 7.48 [5.81,9.15] 3.09 [2.44, 3.74]
PO Mn+ 327 [2.57, 3.96] 447 [3.49, 5.46] 7.65 [6.07, 9.23] 3.55 [2.9, 42
P+ Mn0 6.74 [5.53, 7.96]° 5.40 [4.41, 6.39]* 10.1 [9.37, 10.8]° 436 [3.71, 5.01]*
P+ Mn+ 5.69 [4.66, 6.71]° 4.76 [3.77, 5.75]° 9.50 [8.65, 10.3]™ 4.82 [4.17, 547

Letters represent groups according to Tukey HSD post-hoc tests (P <0.05). Plants under Treatment 0 received no additional Mn (Mn0), nor

P (PO)
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remaining about the same for 7. rosea. Likewise, tissue
mass and relative growth rate decreased for C. alliodora
but remained the same for 7. rosea.

Comparison with the observed growth of trees
in the BCI forests dynamics plot

Three of our experimental tree species occurred in suf-
ficient numbers in the BCI plot censuses to allow mean-
ingful comparisons with the corresponding seedlings in
our experiments. These species had growth responses to
increasing Mn concentrations in the 50-ha plot broadly
consistent with the growth responses and phosphatase
activity of the seedlings in our study (Fig. 5). Cordia
alliodora trees in the plot grew more slowly with
Mehlich-IIT Mn concentrations in excess of about
250 mg Mn kg~ '. Luehea seemannii had no observable
change in growth with varying Mn concentrations and
there was a small downward growth trend for 7. rosea.
None of the experimental species were Mn
hyperaccumulators in the BCI plot (based on a 10,000
ng g ! threshold); however, L. seemannii accumulated
Mn in its leaves at considerably greater concentrations
than the other species (~400 mg Mn kg~ ' versus <
100 mg Mn kg™ ).

Discussion

Our results demonstrate that large amounts of Mn taken
up from the soil can reduce the growth and survival of
tropical tree seedlings. An increase in P use in response
to high Mn soil concentrations suggests a key role of P
in detoxifying Mn for at least one of the species we
tested. Other species, however, appear broadly tolerant
of high Mn concentrations, implicating alternative de-
toxification or tolerance mechanisms.

We first sought to establish the range of applied Mn
concentrations that would cause toxicity in tropical tree
seedlings. Severe toxicity symptoms were elicited from
the regular application of 5 mM Mn, with some species
exhibiting some toxicity symptoms given 0.5 mM Mn.
We therefore surmised that toxic effects would become
manifest within the range of 0.5 to 5 mM, and used an
intermediate concentration of 1.5 mM to test the hypoth-
esis that P might be used to detoxify Mn. Indeed, this
concentration was sufficient to decrease growth and also
increase phosphatase activity in some species. This re-
sult supported our hypothesis but, importantly, the
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effects were species-specific; M. scrobiculata apparent-
ly tolerated high soil Mn concentrations by some mech-
anism other than through the use of P.

Our hypothesis that some species would use P to
detoxify Mn was supported by the physiological re-
sponses of C. alliodora; T. rosea also had a more
complex response, discussed below. Cordia alliodora
was clearly stressed by high concentrations of Mn, and
leaf P concentrations fell along with growth rates. Its
negative growth response under conditions of high Mn
and adequate P was due to an interaction of Mn and P,
but the role of phosphatase in alleviating P stress was
equivocal. An increase in root phosphatase activity
would be expected to increase the amount of P available
to the plant under normal soil conditions, however, the
sand used to grow the experimental plants contained
little organic P, which would reduce the efficacy of the
phosphatase. The response of C. alliodora was none-
theless consistent with a high use of P in detoxification
processes, at the detriment of growth and leaf P concen-
trations. The underlying mechanism of how the P would
be used remains an open question, however, as we do
not have observations of compartmentalisation of the
Mn, along with P, in specific cells or plant parts. Indeed,
the reduction in the concentration of P in leaf tissues
might reflect mobilisation of the P to other plant parts.

Some species tolerated high soil Mn concentrations,
but all were affected by the highest concentration tested
(5 mM Mn). The most tolerant, M. scrobiculata, was
relatively slow growing and robust, and had fewer,
coarser roots than the other species in our first experi-
ment. That M. scrobiculata also concentrated Mn in its
tissues does, however, suggest an alternative tolerance
mechanism to exclusion from uptake by the roots, such
as complexation with organic acids (e.g., malate or
citrate, Fernando et al. 2010). Species such as
L. seemannii and O. pyramidale (both Malvaceae) were
also tolerant of high Mn concentrations, although our
first experiment demonstrated that even L. seemannii
succumbs to toxicity at extreme Mn concentrations. We
cannot say how they tolerated those high soil Mn con-
centrations except that the use of P was not important to
that end.

In our first experiment, we observed that 7. rosea
was well colonised by arbuscular mycorrhizal fungi,
which, in theory, would deliver P in return for carbo-
hydrates (Smith and Read 2008). This may, in part,
explain the subdued changes in phosphatase activity
by T. rosea under the Mn-addition treatment. That is,
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Fig. 4 Relative growth rates (a), phosphatase activities (b) and
leaf element concentrations (c¢) in response to either no added Mn
or high Mn treatments (Mn+), when given adequate P nutrition
(P+ treatment). The boxes extend from the first to the third quar-
tiles, with the whiskers extended to no more than 150% of the

if P were being delivered by the mycorrhizas, the need
to increase phosphatase activity to obtain more P by
the roots would have been minimal. Besides P being
used to alleviate Mn toxicity, mycorrhizal fungi may

interquartile range; outliers are represented by dots. Error bars are
95% confidence intervals. Six replicates were used per treatment.
Letters represent groups according to Tukey HSD post-hoc tests
(P<0.05)

also have contributed an overall protective role for
T. rosea. Several mechanisms by which mycorrhizal
fungi provide this protection have been investigated
in crop species, and include taking up available Mn in
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Fig. 5 Observed growth responses of trees in the BCI forest
dynamics plot (Panama) to variations in soil Mn concentrations
(Mehlich-III). Points are the observed growth in dbh from 2005—
2010 for Cordia alliodora (a), Luehea seemannii (b), Tabebuia
rosea (¢) and Ochroma pyramidale (d). General additive models
were fitted to the data (solid lines), except for O. pyramidale, for
which such a fit would have limited interpretive value due to the
small number of observations

preference to the plant doing so, altering plant and
fungal gene expression that confer greater toxic metal
tolerance, and, indirectly, through enhancing popula-
tions of Mn oxidising bacteria in the rhizosphere,
which can reduce the availability of Mn to roots
(Foy et al. 1978; Nogueira et al. 2004; Hildebrandt
et al. 2007). The majority of lowland neotropical trees
associate with arbuscular mycorrhizal fungi (AMF),
but many different AMF taxa can colonise the same
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tree species, and the fungal cohorts may even change
over time (Herre et al. 2005). That, combined with
differing degrees of mycorrhizal colonisation and
changes in the rhizosphere populations of Mn-
oxidising and -reducing bacteria (e.g., Nogueira
et al. 2007), means that it is hardly surprising that
mycorrhizal-mediated tolerance to toxic heavy metal
concentrations would vary across tree species. In
summary, of our experimental species, only 7. rosea
had consistently high colonisation of mycorrhizal
structures and hyphae, and its physiological responses
were consistent with benefit being derived from the
mycorrhizal symbiosis.

Our experimental results with tree seedlings mirrored
the observed growth-rate changes, in response to soil
Mn, of those same species as mature trees within the
BCI plot. The correspondence of these growth re-
sponses is significant for two reasons. First, it indicates
that some species (in the form of trees, as opposed to
seedlings) suffer a reduction in growth rate due to high
available soil Mn concentrations. Second, in combina-
tion with the observed leaf Mn concentrations of those
tree species in the BCI plot, it is apparent that some
species that do not suffer growth rate reductions (e.g.,
L. seemannii) appear to tolerate comparatively high
concentrations of Mn in their leaves. Indeed, whilst
L. seemannii had mean leaf Mn concentrations of about
400 mg kg ' in the BCI plot, under our high Mn
experimental treatment (1.5 mM Mn) leaf concentra-
tions of Mn averaged about 6,000 mg kg ', but there
was no negative effect on growth. In our first experi-
ment, however, L. seemannii succumbed to Mn toxicity
at 5 mM Mn, with leaf Mn concentrations of around
16,000 mg kg™ ' in those plants that survived. Although
our experimental species represent only a small subset
of all the tree species in the BCI plot, our results provide
support for the generality of Mn toxicity responses
observed in seedlings being applicable to other life
stages. Looking beyond the BCI plot, the leaf Mn con-
centrations that we observed in the seedlings without
toxicity symptoms are consistent with values reported
for other tropical trees (Drechsel and Zech 1991).

Translation of the concentrations of Mn that we
supplied to our sand-based experimental soil to extract-
able values of Mn found in natural forest soils is prob-
lematic due to a variety of factors, such as different soil
pH and structure, different inherent Mn concentrations
and biological solubilisation of Mn, e.g., exudation of
carboxylates increasing availability of Mn (Lambers
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et al. 2015). However, the growth responses observed
from trees growing under natural conditions in the BCI
forest dynamics plot indicate that those soil Mn concen-
trations — which are relatively high in comparison with
other forest plots — are sufficiently high to elicit toxicity
effects in some species. In the present study, we used a
total of five tree species; by contrast, a recent study
assessed the growth responses of over 200 tree species
growing in the BCI plot, in response to spatial variation
of soil element concentrations (Zemunik et al. 2018).
That study found a widespread association of increasing
soil Mn concentrations with reductions in growth rates.
The study’s model showed a negative effect on growth,
to varying degrees, in response to increasing soil Mn
concentrations in all but one species; there was also a
negative effect due to increasing aluminium concentra-
tions. The negative effect on growth rates was tempered
by increased growth rates in response to increasing soil
P concentrations. Indeed, toxicity effects of Mn may
represent a constraint, albeit often subtle, on the produc-
tivity of tropical forests growing in soils with atypically
high concentrations of Mn.

Investigation into the toxic effects of Mn in tropical
tree species has been rare. The growth and physiological
responses of our experimental species were broadly
consistent with toxicity responses observed in other tree
and crop species, e.g., diminished growth rates with
mild toxicity through to severe chlorosis, and even
death, with severe toxicity (El-Jaoual and Cox 1998).
Likewise, one mechanism of Mn detoxification that we
observed, associated directly or indirectly with in-
creased P uptake, has also been observed in crop species
as well as trees (e.g., Neilsen et al. 1992; Nogueira et al.
2004; Duci¢ and Polle 2007; Rosas et al. 2011). Phos-
phorus does not always ameliorate the effects of high
Mn, however (Blamey et al. 2018), and, indeed, in our
relatively small suite of tree species we observed
species-specific responses to high Mn, including some
that were independent of supplied P. Given the great
richness of tropical tree species, it is likely that a diverse
range of detoxification strategies exist (including
hyperaccumulation, e.g., Fernando et al. 2006), and that
differing Mn tolerances might contribute to differences
in species distributions and growth rates in tropical
forests. More broadly, the incorporation of tree produc-
tivity, mediated both positively and negatively by soil
elements, may contribute to increased precision of glob-
al climate change and carbon flux models. Although
many of these physiological responses remain to be

quantified, our study is an important step towards im-
proving our knowledge of the broader ecosystem impli-
cations of Mn toxicity.
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