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Restoring degraded tropical lands is important for biodiversity protection and human
livelihoods. Newly planted tree seedlings are often challenged by drought brought
about by climate change. Here, we explored how nitrogen sources used for plant
growth affected the water use of tropical tree seedlings under water limitation. We
found that the application of the amino acid arginine reduced water use in the stud-
ied seedlings under water limitation, compared with the conventional ammonium
nitrate fertiliser. Alternative sources of nitrogen should be considered for tree seed-

ling production in nurseries as this could enhance drought resilience traits and

e Restoration via tree planting is impacted by climate change-induced water scar-
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city. Nitrogen (N) supply modulates the morphology and physiology of plants and
impacts water use. We compared the responses of rainforest tree seedlings Acacia
mangium and Alphitonia petriei grown with inorganic N (Osmocote™, ammonium
nitrate) or organic N (Argrow™, liquid arginine), hypothesising that organic N con-
fers drought resilience by increasing water use efficiency (WUE).

Seedlings were grown in a glasshouse for 12 weeks with organic or inorganic N in
well-watered conditions, and then half the seedlings were subjected to water limi-

tation for a further 4 weeks.

e A. mangium grew equally well on all N sources, but water limitation reduced bio-

mass production. In contrast, N sources but not water regimes influenced biomass
production in A. petriei. Under water limitation, arginine-supplied A. petriei had
higher WUE and more depleted leaf §'3C than inorganic N-supplied plants.

Our results suggest that organic N in the form of arginine can regulate stomatal
conductance in A. petriei to convey drought resilience in seedlings. The generality
of these findings should be explored to evaluate if organic N is a feasible source

for generating drought-resilient seedlings for restoration plantings.
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1 | INTRODUCTION

Tropical forests and forest restoration projects are impacted by cli-
mate change through increased temperatures (Breshears et al., 2021;
IPCC, 2018) and drought frequency and severity (Bauman et al., 2022;
Chadwick et al., 2016). Improving the survival rate of tropical tree
seedlings is key to meeting restoration goals in the United Nation's
Decade on Ecosystem Restoration (UN Environment, 2019). The pro-
jected increases in temperature and water scarcity are a risk to resto-
ration success unless seedlings are primed for harsh conditions. For
example, by planting drought-resilient genotypes and seedlings with
enhanced root-to-shoot ratio (Axelsson et al, 2020; Gregorio
etal,, 2017; O'Brien et al., 2014).

Most research on the effects of drought on the survival of trees
focuses on carbon relations and hydraulic safety while discounting the
role of nutrients (Gessler et al., 2017; Goldstein et al., 2013) in confer-
ring drought survival or contributing to mortality. Yet, there is evi-
dence that the over-application of nitrogen (N) fertiliser increases the
drought sensitivity of tree seedlings by inducing high shoot-to-root
ratios, resulting in the inability of seedlings to meet their water
demands (Dziedek et al., 2016; Hill & Ex, 2020). Similarly, a recent
meta-analysis of trees discovered that N addition increased the diam-
eter of vessels, boosted hydraulic conductance, reduced leaf water
potential and induced a higher risk of embolisms (Zhang et al., 2018).
These responses suggest that trade-offs between carbon gain and
hydraulic function are modulated by N supply, reiterating that over-
fertilisation with inorganic N can put plants at increased risk of stress
under drought (Zhang et al., 2018). Given these effects of N, generat-
ing resilient tropical tree seedlings by manipulating N is in the interest
of seedling producers and restoration practitioners. Our study
addresses the paucity of knowledge on the ecophysiology of tropical
tree seedlings and the interactions between N source and water
availability.

Most studies on N and water relations focus on herbaceous
plants and compare inorganic N sources (ammonium and nitrate),
which can elicit contrasting responses in plant water relations depend-
ing on the species (Ding et al., 2018; Tyerman et al., 2017). For exam-
ple, nitrate supply increased water uptake by 29% compared with
ammonium supply in Phaseolus vulgaris, an ammonium-sensitive spe-
cies (Guo et al., 2007). By contrast, water uptake increased approxi-
mately twofold in rice plants grown with ammonium compared with
nitrate-grown plants, because of higher aquaporin gene expression in
the former (Ding et al., 2016). Under water limitation, ammonium
nutrition resulted in a ~30% increase in water uptake of rice and a
concomitant increase in biomass compared with nitrate nutrition (Li
et al., 2009). How N sources affect water use in tree seedlings is not
well understood. Ammonium fertilisation increased the shoot hydrau-

lic conductivity of Pinus taeda seedlings by ~60% compared with

nitrate supply, with reduced conductivity observed during drought in
plants supplied with ammonium (Faustino et al., 2015). Although bio-
mass production was higher with ammonium nutrition, preferred by
P. taeda, this also translated to a more pronounced growth impairment
in drought (Faustino et al., 2015). These examples illustrate that the
relationship between N source and water use is likely to impact the
resilience of trees, which in turn will affect the survival of tree seed-
lings in restoration.

In recent years, organic N (e.g., amino acids, peptides and pro-
teins) has received attention as an alternative N source for plants
(Cambui et al., 2011; Franklin et al., 2017; Paungfoo-Lonhienne
et al., 2012; Soper et al., 2011; Zhang et al., 2019). Organic N can
enhance the resilience of tree seedlings through increased root and
ectomycorrhizal biomass, improved N use efficiency and drought
acclimation (Franklin et al., 2017; Gruffman et al., 2012; Sigala
et al., 2020). For example, organic N fertilisation of Pinus ponderosa
seedlings increased proline concentrations in needles during drought
by 80% relative to pre-drought conditions in a glasshouse setting, ver-
sus 69% and 27% with nitrate or ammonium, respectively (Sigala
et al., 2020). Proline accumulates during abiotic stress and is an osmo-
protectant, suggesting that organic N supply may improve drought
acclimation in tree seedlings (Sigala et al, 2020; Szabados &
Savouré, 2010).

The combined morphological and physiological responses of trop-
ical tree seedlings to N sources and water remain unknown. Yet,
understanding this is important to improve restoration outcomes and
boost seedling survival rates in degraded landscapes that lack an ade-
quate supply of water and nutrients. Tailoring the N nutrition of seed-
lings in the nursery to meet specific site conditions could enhance
their ability to survive in restoration plantings. We chose the amino
acid arginine as the organic N source as it has been used with positive
results in studies with boreal trees and N,-fixing species (Gruffman
et al., 2012; Sigala et al., 2020; Zhang et al., 2019) but has yet to be
tested on tropical tree species. Specifically, we studied the interaction
between N source (inorganic and organic) and water use in two
Australian early succession rainforest species (Acacia mangium [Willd.])
and Alphitonia petriei [Braid & C.T.White]) under controlled glasshouse
conditions. A. mangium is an N,-fixing species that improves soil fertil-
ity and nutrient cycling of degraded lands and is widely planted in
tropical countries for restoration and forest plantations (Koutika &
Richardson, 2019). A. petriei is a non-fixing species that is used for res-
toration in Australia (Doust et al., 2008).

We investigated if the N source alters seedling morphological
(total biomass, root/shoot ratio, total leaf area, specific leaf area, stem
density and nodule dry mass) and physiological traits (xylem water
potential, water use efficiency (WUE), leaf 813C ratio and total N
uptake) and if this causes distinct patterns in water use when grown

with two water supply regimes. We chose a well-watered (80%-90%
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water holding capacity) and a mild water deficit treatment (40%-50%
water holding capacity) to investigate the physiological responses of
seedlings rather than survival mechanisms under severe water limita-
tion. We tested the hypothesis that organic N supply enhances
drought resilience via beneficial morphological (i.e., increased stem
density and root/shoot ratio and reduced specific leaf area) and physi-

ological traits (i.e., increased WUE) in the studied tree species.

2 | MATERIALS AND METHODS

Seeds of A. mangium and A. petriei (AustraHort, Cleveland,
Queensland) were pre-treated with boiling water and sown into 2-L
pots containing a mixture of peat and sand (40/60 v/v) on 11 August
2020. Five nutrient treatments were used, including two inorganic N
sources (Osmocote™ Exact 5-6 months [ICL Specialty Fertilisers] and
ammonium nitrate), two organic N sources (Argrow® [Arevo] and argi-
nine) and a control (N withheld) (Table 1). Elemental ratios were set by
the Osmocote™ treatment, and regardless of N source, all seedlings
received a standard rate of nutrients containing 450-mg N, 270-mg P,
360-mg K and 60-mg Mg. These ratios were equalised across N treat-
ments with liquid fertiliser. All treatments received 0.5 g/L of micro-
nutrients containing iron (15%), manganese (2.5%), boron (0.2%),
copper (1%), molybdenum (0.04%) and zinc (1%) (Micromax, ICL Spe-
cialty Fertilisers). In the liqguid ammonium nitrate and arginine treat-
ments, fertiliser (100 mL) was applied weekly for 12 weeks from
11 September 2020 and after that bi-weekly for 2 weeks, totalling
16 applications. Depending on the N source, the fertiliser solution
was composed of either 10-mM NH4NO3 or 5-mM arginine, 5.5-mM
KH,PO,4 and K;HPO4, 3-mM K,SO,4 and 1.5-mM MgSO,. Fertiliser
solutions containing arginine were standardised to pH 5.8-6 with HCI
before application. Seedlings were grown in well-watered (90% water
holding capacity) conditions for 12 weeks. During this period, each
pot was weighed every 2 days to determine water loss and subse-
quently replenished with deionised water to reach well-watered
conditions. On 16 December 2020, water limitation treatment
commenced (~45%-50% WHC) and lasted 4 weeks. All pots were
weighed every day to maintain moisture conditions according to
water treatments. Ten seedlings per species were used in each nutri-
ent and water regime treatment, which totalled 200 seedlings. The
study used a randomised complete block design with replicates nested
in four separate blocks. Seedlings were grown in a naturally lit glass-
house facility at The University of Queensland from August 2020 to
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January 2021. The average temperature in the glasshouse during the
study period was 27°C. Seedlings of A. mangium were not inoculated

with Rhizobia for this study but formed nodules.

2.1 | Harvest, measurements and nutrient analysis

Seedlings were harvested from 11 to 14 January 2021, and morpho-
logical (total biomass, root/shoot ratio, stem density and specific leaf
area) and physiological traits (WUE, leaf 613C ratio and total N uptake)
were quantified (Table 2). Xylem water potential readings were taken
from cut stems with leaves intact from 9 to 11 a.m. each day using a
pressure bomb (Model 3005, Soilmoisture Equipment Corp., USA).
Seedlings were separated into leaves, stems and roots. The leaf area
of each seedling was measured using a leaf area meter (LI-3100 Area
Meter, LI-COR inc., USA). Leaves, stems, roots and nodules were
oven-dried at 60°C for 72 h and weighed. Dried leaf, stem and root
samples were ground using a ball mill (MM400, Retsch, Germany) and
analysed for C/N content and 13C isotope signatures at the Chemistry
Centre, Department of Environment and Science, Queensland. The
standards used for *3C follow the International Atomic Energy Agency

reference material for laboratories.

TABLE 2 Morphological and physiological traits quantified for
Acacia mangium and Alphitonia petriei.

Measurements Calculations

Leaves (g) + Stems (g) + Roots (g) + *
(+ Nodules (g))

Total biomass (g)

Root/shoot ratio
(g/g)
Stem density (g/cm?)

Root (g)/(Leaves (g) + Stems (g))

Dry weight of main stem (g)/Volume of main

stem (cm®)
Specific leaf area Total leaf area (m?)/Total leaf dry weight (kg)
(m*/kg)
Whole plant water Total dry mass (g)/Total water used (L)
use efficiency (g/L)
8'3C of leaf dry ((*3C/*2C)gampte/ (*C/**Cstandara — 1) x 1000
matter

Total N uptake (g) (N concentration (%) x Total dry mass

(g)) x 1000

*Acacia mangium only.

TABLE 1  Nutrient treatments and rates used in the study to cultivate Acacia mangium and Alphitonia petriei.
Inorganic N Organic N
Control (-N)
Osmocote™ exact Liquid ammonium Argrow® Liquid
NA 5-6 months nitrate (arginine phosphate) arginine
Rates P, K, Mg N, P, K, Mg N, P, K, Mg N, P, K, Mg N, P, K, Mg

(450-mg N, 270-mg P,
360-mg K, 60-mg Mg)

Abbreviation: NA, not applicable.

N supplied weekly N supplied weekly
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2.2 | Statistical analysis

We developed linear mixed-effects models, with replicates nested in
blocks as the random effects, to determine the impact of N source
and water regime on the morphological and physiological traits of
A. mangium and A. petriei. We excluded the control treatment
(N withheld) from the analysis as over 80% of seedlings in this treat-
ment failed to survive. Quantile plots were generated from the models
to assess the distributions of the residuals for the assumption of
normality.

Analysis of variance (ANOVA) was used to determine the signifi-
cance of each fixed effect (i.e., N and water supply treatment) and the
interaction between the N and water treatments in each model. Post
hoc Tukey analyses were conducted to determine differences
between N sources within a water supply regime (well-watered and
water-limited) for each response variable.

All analyses were conducted on R Statistical Computing (version
4.1.3). Mixed-effects models were created using the package ‘nlme’,
post hoc Tukey tests were run using ‘emmeans’ and graphs were cre-
ated using ‘ggplot2’ (R Core Team, 2022).

3 | RESULTS
3.1 | Interaction between N and water on
morphological traits

The influence of N source on total plant biomass was unaffected by
the water regime in A. mangium and A. petriei (Figures 1a and S1 and
Table 3). Individual effects of N source (F341 = 6.05, P =.001) and

water regime (Fy 41 = 69.1, P = < .05) were observed on the total bio-
mass of A. mangium, and an N treatment effect was observed in
A. petriei (F3 41 = 88.9, P = < .05).

In  well-watered conditions, the average total biomass of
A. mangium seedlings was higher (37.1 g + 6.1 SD) than in seedlings
under water limitation (27.6 g+ 6). Within N treatments in well-
watered conditions, seedlings that received Argrow® (40.5 g+ 4.5)
produced more biomass than ammonium nitrate (34 g + 6.7), whereas
seedlings grown with Osmocote™ (38.7 g + 7.4) or arginine (35.1 g
+ 3.3) had similar biomass. In water limitation, seedlings that received
Osmocote™ (32.2 g + 6.7) were larger than seedlings that received
other N sources (ammonium nitrate, 26.7 g + 3.1; Argrow®, 26.9 g
+ 6.7; arginine, 24.7 g + 2.6).

Across water regimes, A. petriei grown with ammonium nitrate
produced the largest average biomass (28.7 g + 3.4). Seedlings that
received Osmocote™ (22.4 g + 5.3) and arginine (24 g + 3.7) had inter-
mediate biomass, whereas seedlings grown on Argrow® (8.07 g + 5)
had the least biomass.

The root/shoot ratios were influenced by N sources in
A. mangium (F341 = 6.95, P=<.05) and A. petriei (F341 = 6.37,
P = < .05) (Figures 1b and S1 and Table 3).

Well-watered A. mangium seedlings that received Osmocote™
(0.28 £ 0.06) had higher root/shoot ratios compared with seedlings
that received ammonium nitrate (0.21 % 0.09), Argrow® (0.2 + 0.03)
and arginine (0.2 +0.04). In water limitation, Osmocote™ (0.27
+0.05) seedlings had higher ratios than Argrow® (0.21 + 0.04)
seedlings.

Under well-watered conditions, root/shoot ratios in A. petriei
seedlings were higher in Argrow® (0.44 + 0.06) and Osmocote™
(0.43 £ 0.08) compared with ammonium nitrate (0.35 + 0.05) and
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FIGURE 1 (a) Total biomass (g) and (b) root/shoot ratio of Acacia mangium (top) and Alphitonia petriei (bottom) seedlings supplied with

inorganic (Osmocote™, ammonium nitrate) or organic N (Argrow®, liquid arginine) under well-watered and water-limited conditions. All plants
were well-watered for 12 weeks before imposing water limitation for 4 weeks. Error bars represent 95% confidence intervals, n = 10.
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TABLE 3 Results from linear mixed-effects models testing the effects of N treatment, water regime and the interaction between N and water
treatments on the morphological and physiological traits of Acacia mangium and Alphitonia petriei seedlings.

Species and traits Effect of N treatment

Acacia mangium

Effect of water regime

Effect of interaction between
N treatment and water regime R?

Total biomass

Root/shoot ratio

Total leaf area

Total N uptake

Nodule dry mass

Whole-plant water use efficiency

Leaf 13C ratio

Alphitonia petriei

Total biomass

Root/shoot ratio

Total leaf area

Total N uptake

Whole-plant water use efficiency

Leaf 3C ratio

Fae1 = 6.05, P =< .05
Fse1=6.95 P =< .05
Fae1=1.29,P=.29
Fazo=27.5P=<.05
Fseo=8.95,P =< .05
Fse1=3.17,P = .03
Fse1=093,P=.43

Fse1=889,P=<.05
Fae1=6.37,P=<.05
Fae1=89.6,P=<.05
F322 = 353,P =< .05
Fse1=433,P=<.05
Fie1=17.0,P=<.05

Fie1 = 69.1,P =< .05 Faer=219,P=.1 0.58
Fier =2.51,P=.12 Faer=0.63,P=.6 0.26
Fie1 = 128,P =< .05 Fag1=4.13,P =01 0.66
Fiz =489,P=< .05 Fazz = 9.64,P =< 05 081
Figo = 23.7,P =< .05 Fago = 2.01,P = 12 0.53
Fie1 = 33.8,P=<.05 Fse1 =092, P = 44 042
Fie1 = 19.6,P = < .05 Fae1 = 1.53,P = .22 0.26
Fie1 = 0.04,P = 84 Fae1=204,P =12 078
Fie1=0.24,P = 63 Fse1 = 1.03, P = .39 0.25
Fier = 3.39,P = .07 Fae1 = 3.61,P = 02 0.79
Fi2p = 4.46,P = 05 Fs22 = 6.74,P = 002 097
Fie1 = 229,P =< .05 Fse1 = 4.53, P = .006 041
Fier=12.6,P=< 05 Fae1 = 2.50, P = .07 0.49

Note: Results in the black text represent significant effects (P = < .05).

arginine (0.34 + 0.05). In water limitation, root/shoot ratio did not dif-
fer amongst N sources (0.36-0.43).

A weak interaction between N source and water supply in
the total leaf area was observed in A. mangium (F341 =4.13,
P=.01) and A. petriei (Fz¢1 =3.61, P=.02) (Figure 2a and
Table 3).

Well-watered A. mangium had a higher total leaf area
(1989 cm? + 288) than water-limited seedlings (1364 cm? + 250)
(Figure 2a and Table 3). In well-watered seedlings, total leaf area was
similar between N sources (Argrow®, 2127 cm? + 186; arginine,
2031 cm? + 234; Osmocote™, 1933 cm? + 348; ammonium nitrate,
1867 cm? + 326). In water limitation, seedlings that received Osmo-
cote™ (1554 cm? + 301) had a higher total leaf area than seedlings
grown on arginine (1260 cm? + 117), whereas the total leaf area was
similar in the other N sources (ammonium nitrate, 1355 cm? + 173;
Argrow®, 1285 cm? + 276).

Well-watered seedlings of A. petriei that received ammonium
nitrate (1792 cm? + 218) or arginine (1647 cm? + 317) had more total
leaf area than seedlings that received Osmocote™ (1272 cm? + 336)
or Argrow® (395 cm? + 230) (Figure 2a and Table 3). In water limita-
tion, seedlings that received ammonium nitrate (1614 cm? + 223) had
the highest total leaf area, whereas arginine (1361 cm? + 167) and
Osmocote™ (1172 cm? + 250) resulted in an intermediate total leaf
area, and Argrow® (611 cm? + 299) seedlings had the lowest total
leaf area.

Shoot water potential, specific leaf area and stem density were
influenced by the water regime in both A. mangium and A. petriei

(Figures S2-4). Both species showed reduced shoot water potential

(27.5% and 52.7% decrease in A. mangium and A. petriei, respectively),
reduced specific leaf area (4.63% and 9.6% decrease in A. mangium
and A. petriei, respectively) and increased stem density (18.5% and
7.21% increase in A. mangium and A. petriei, respectively) under water

limitation.

3.2 |
uptake

Effect of N source and water supply on N

N source and water supply had an interactive effect on the total plant
N uptake in A. mangium (F32, = 9.64, P= <.05) and A. petriei
(F322 = 6.74, P = < .05) (Figure 2b and Table 3).

Well-watered A. mangium that received Argrow® had the
highest total N uptake (768 mg+ 44 SD) followed by arginine
(590 mg + 54) and Osmocote™ (540 mg + 28), whereas seedlings
grown on ammonium nitrate (465 mg + 64) had the lowest uptake.
In water limitation, Argrow® (542 mgz 50)- and Osmocote™
(528 mg + 115)-grown plants had higher total N uptake compared
with ammonium nitrate (424 mg + 39)- and arginine (390 mg + 30)-
supplied seedlings.

In well-watered conditions, N uptake was higher in A. petriei
supplied with ammonium nitrate (311 mg + 12) and arginine (288 mg
+ 13) than in seedlings given Osmocote™ (228 mg + 21) and Argrow®
(48.6 mg * 19). Similarly, in water limitation, seedlings supplied with
ammonium nitrate had the highest N uptake (292 mg + 9.4), followed
by arginine (246 mg + 15), Osmocote™ (211 mg * 27) and Argrow®
(77 mg £ 19).
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3.3 | Influence of N and water on nodule dry mass
in A. mangium

Nodule dry mass of A. mangium seedlings (Figures 3 and S5 and
Table 3) was influenced by N source (F340 = 7.87, P=<.05) and
water regime (Fq 60 = 22.9, P = < .05). Seedlings had a higher average
nodule dry mass in the well-watered (1.66 g) than water-limited
(1.14 g) treatment.

In well-watered conditions, Argrow® (2.19 g) resulted in higher
nodule dry mass compared with Osmocote™ (1.39 g) and ammonium
nitrate (1.34 g), whereas arginine (1.69 g) treated seedlings had inter-
mediate dry mass. In water limitation, Argrow® (1.45 g) treated seed-
lings had higher nodule dry mass compared with ammonium nitrate
(0.86 g) seedlings.

34 | N effects on WUE under water limitation
Whole-plant WUE in A. mangium (Figure 4 and Table 3) was influ-
enced by N source, albeit weakly (F34; = 3.17, P =.03) and water
regime (F141 = 33.8, P =<.05). Whole-plant WUE was higher in
water-limited (5.23 g/L) compared with well-watered (4.5 g/L)
A. mangium plants.

An interaction between N source and water regime (F3 41 = 4.71,
P =.005) on whole-plant WUE was observed in A. petriei (Figure 4
and Table 3). In water-limited seedlings, WUE was higher (7.07 g/L)
compared with well-watered (5.78 g/L) plants. Seedlings supplied with
Argrow® (8.1 g/L) and arginine (7.9 g/L) had higher whole-plant WUE

s People Planet P’jjﬂﬁ

in the water-limited treatments compared with seedlings that received

Osmocote™ (5.8 g/L) and ammonium nitrate (6.5 g/L).

3.5 | Relationship between leaf §'°C, N and water

supply

A. mangium had more depleted &3C isotope ratio (F161 = 19.6,
P = < .05) in water-limited (—30.4 %o) than in well-watered (—31.5
%o) conditions (Figures 5 and Sé and Table 3), but effects of N source
on leaf 8*3C (F3 4, = 0.93, P = .43) were not observed.

Leaf 6*°C isotope ratio of A. petriei (Figures 5 and Sé and Table 3)
was influenced by the N source (Fz41 = 17.0, P = <.05) and water
supply (F1e1 = 12.6, P = < .05). In well-watered conditions, Argrow®-
supplied plants had less depleted 63C (—28.9 %o) than the other N
treatments (average —27.6 %o). In the water-limited treatment,
Argrow® (—28.6 %o) and Osmocote™ (—27.6 %o) seedlings had less
depleted foliar §*3C than ammonium nitrate (—26.9 %o) and arginine
(—26.4 %o) plants.

4 | DISCUSSION

We studied the relationship between N source (inorganic vs. organic
N) and water supply (well-watered vs. water-limited) on the morpho-
logical and physiological traits of tropical tree seedlings. The tightly
coupled interactions between N, carbon and water impact physiologi-

cal processes but are often not studied together (Araus et al., 2020;
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Error bars represent 95% confidence intervals, n = 10.
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Gessler et al., 2017; Salazar-Tortosa et al., 2018). We provide evi-
dence that, in response to N source and water supply, N,-fixing
A. mangium altered its N uptake, whereas non-fixing A. petriei
improved its WUE. These findings indicate that the applications of
organic N could boost the resilience and survival of some species
when they are transplanted as seedlings from the nursery to restora-
tion sites with limiting resources for plant growth.

4.1 | Influence of N source and water on
morphological traits

N source had minor effects on the biomass accumulation of
A. mangium, and the growth of seedlings was supplemented by N, fix-
ation. The ability to use organic N for growth has been observed in
numerous species ranging from crops to trees (Alfosea-Simoén
et al., 2020; Enggrob et al., 2019; Franklin et al., 2017; Hill &
Jones, 2018; Zhang et al., 2019). A. petriei showed a preference for
liquid ammonium nitrate (inorganic N) as total biomass was up to 23%
larger compared with other N sources. Contrary to A. mangium,
A. petriei could not use Argrow® effectively for growth but grew well
on liquid arginine, an organic N source, suggesting that slow-release

®

Argrow® is incompatible with this species. Poor growth with Argrow®

has been reported in some Eucalyptus species (Torgny Nasholm,

Swedish Agricultural University, pers. comm. June 2021), but the cau-
salities remain unknown. Microbial competition for amino acids could
have exacerbated N depletion (Hill & Jones, 2018) as Argrow® was
supplied once at the start of the experiment and liquid arginine was
applied regularly. Nonetheless, our results confirm that A. mangium
and A. petriei can use N derived from the supply of organic N.

Reduced water availability had consequential effects on the bio-
mass and leaf area of A. mangium, indicating that water limitation
impacted the growth rate of seedlings by reducing the investment into
leaves for photosynthesis and a corresponding reduction in biomass.
This has been corroborated in multiple tree species where water limi-
tation decreases plant performance (Adams et al., 2017). By contrast,
A. petriei used a conservative growth strategy under water limitation
as biomass and leaf area were similar to well-watered seedlings but
trait differences (e.g., low shoot water potential, low specific leaf area
and high stem density) were observed in water-limited seedlings,
indicative of reducing water loss and protecting against embolisms in
low moisture conditions similar to other tropical species
(Markesteijn & Poorter, 2009).

Higher root/shoot ratios have been reported in conifers grown
with organic versus inorganic N (Gruffman et al., 2012). However, we
did not observe this in the studied species as root/shoot ratios were
mostly similar across N sources and water regimes. However, ontoge-

netic effects and fertiliser availability in the substrate could have
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contributed to the minor variation observed in our seedlings
(Maskova & Herben, 2018).

4.2 | Advantages of organic N under water
limitation

Under water limitation, stomatal conductance was reduced in
A. mangium as indicated by depleted foliar 813C (Cernusak, 2020), but
N sources did not influence WUE or stomatal conductance in this spe-
cies. Our results contrast with N,-fixing Casuarina equisetifolia that
increased whole-plant WUE and reduced stomatal conductance when
supplied with ammonium compared with nitrate in well-watered and
drought conditions (Martinez-Carrasco et al, 1998). Further,
ammonium-supplied C. equisetifolia had higher biomass, which was
attributed to an increased rate of carbon assimilation relative to diffu-
sive  conductance and hence lower
(Cernusak, 2020; Martinez-Carrasco et al., 1998).
Arginine supply increased the WUE of A. petriei by 30% and

transpiration  rates

reduced stomatal conductance as indicated by more depleted 6°C
compared with inorganic N under water limitation. Similarly,
P. ponderosa seedlings grown with organic N and exposed to drought
had increased intrinsic WUE ~14 days sooner compared with seed-
lings supplied with inorganic N, indicating that organic N may confer
resilience under short periods of drought (Sigala et al., 2020). Reduced
water use of A. petriei supplied with arginine could be linked to indi-
rect effects such as a 17% decrease in the leaf area of water-limited
compared with well-watered seedlings. In contrast, lower reductions
in leaf area were observed in plants supplied with inorganic N (~9%),
suggesting that arginine application more effectively regulates transpi-
ration and WUE in A. petriei.

Inorganic N supply in A. petriei lowered WUE and potentially
exacerbated N-induced transpiration. Generally, soil inorganic N avail-
ability concomitantly increases water uptake in plants by increasing
root hydraulic conductivity through increased aquaporin expression
and results in higher transpiration rates (Araus et al., 2020). High sto-
matal conductance would be disadvantageous in long periods of water
scarcity as larger shoots increase transpiration and water demand
(Araus et al., 2020). This could have detrimental effects on seedlings
planted at water-limited sites as it may hinder their ability to develop
drought avoidance mechanisms under prolonged stress (Claeys &
Inzé, 2013).

4.3 | N availability can control water use under
water limitation

Under water limitation, A. petriei supplied with Argrow® had high
WUE but stomatal conductance was not reduced. Argrow®-supplied
seedlings were N deprived as evidenced by low N uptake and biomass
compared with seedlings grown on other N sources. This suggests
that seedlings were more limited by soil N than water for growth.

A. petriei potentially decreased root hydraulic conductivity under

iBig

water limitation as N, particularly nitrate (after arginine transforma-

People P

tion), became less mobile in the soil and more limiting to the plants
(Kreuzwieser & Gessler, 2010; Nasholm et al., 2009; Salazar-Tortosa
et al., 2018). Although plants tend to decrease stomatal conductance
under low N and water conditions (Araus et al., 2020), this could have
been viewed as a larger cost to N-deprived Argrow® seedlings that
elected to maintain transpiration to increase N uptake for stoichio-
metric balance and physiological processes (Salazar-Tortosa
etal., 2018).

44 | Effect of N source on total N uptake and
nodulation

N was provided via N, fixation to A. mangium as N uptake was on
average up to 31% higher than N supplied across treatments. This was
pronounced in well-watered Argrow®-supplied seedlings that accumu-
lated ~70% more N than supplied. Limited availability of Argrow®,
and therefore N in the growth substrate, would have promoted nodu-
lation (Ferguson et al., 2019). Investigation is required to determine if
arginine promotes nodulation by stimulating nitrogenase activity as
observed in nodules of herbaceous legumes inoculated with Bradyrhi-
zobium diazoefficiens and  Sinorhizobium meliloti (Flores-Tinoco
et al., 2020). In our study, although the organic N-supplied A. mangium
seedlings had higher N uptake and nodulation than inorganic N, this
did not translate into increased biomass, likely because of the carbon
cost of biological N, fixation (Sachs et al., 2018). The ability to acquire
and store N is however beneficial for seedlings that are planted in
degraded sites to overcome N deficiency (Lamb, 2018).

Under water limitation, organic N-supplied A. mangium displayed
a greater reduction of nodulation and N uptake but maintained higher
nodulation than inorganic N-supplied seedlings. Water limitation likely
constrained N, fixation in all seedlings regardless of the N source
because of a reduction in carbohydrate supply with decreased photo-
synthesis (Parvin et al., 2020). Further, water-limited seedlings poten-
tially downregulated fixation and N export from nodules because of a
lower N demand from shoots (Parvin et al., 2020).

In A. petriei, total N uptake generally mirrored total biomass in
both water regimes with the highest uptake observed in seedlings
supplied with ammonium nitrate. High stores of inorganic N could be
disadvantageous to plants exposed to drought as stomata may remain
open to capture CO, for nitrate assimilation (Araus et al., 2020; Guo
et al., 2007). Further, excessive N accumulation in plants can increase
susceptibility to herbivores (Bobbink et al., 2010). Conversely, seed-
lings benefit from high N reserves when planted in N-deficient sites
to promote field growth (Grossnickle & MacDonald, 2018).

4.5 | Implications for restoration using seedlings
grown with organic N

Successful restoration plantings depend on the survival rates of tree

seedlings, which are often challenged by limiting soil moisture and
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nutrients in degraded land (Gregorio et al., 2017). Here, we have
shown that N sources affect the water use and WUE of tropical tree
seedlings. This is critical in water-limited environments as plants sup-
plied with inorganic N tended to use more water than their organic
N-supplied counterparts. Large-scale nursery production would incur
lower costs from reduced water requirements of seedlings grown on
organic N. Although we are aware that the use of products like
Argrow® and arginine may not be feasible in low- and middle-income
countries that lack access to these organic N sources, our research
nonetheless shows that organic N sources should be considered
where possible for restoration plantings. A cost-benefit analysis could
determine if enhanced seedling survival from the use of organic N
fertilisers outweighs the cost of its application. Future research should
be targeted at the use of other organic N sources especially if they

are cost-effective and can be sourced locally.

AUTHOR CONTRIBUTIONS

Vithya Krishnan, Nicole Robinson, Jennifer Firn and Susanne Schmidt
designed the experiment. Vithya Krishnan conducted the experiment,
analysed the data and led the writing of the manuscript. Nicole
Robinson and Susanne Schmidt contributed to data collection. Nicole
Robinson and Jennifer Firn assisted with data analysis. Vithya
Krishnan, Nicole Robinson, Jennifer Firn, John Herbohn and Susanne
Schmidt contributed to the writing and revision of the manuscript.

ACKNOWLEDGEMENTS

This research was supported by The University of Queensland
research training scholarship awarded to VK and by the
Australian Centre for International Agricultural Research project:
ASEM/2016/103 Enhancing Livelihoods Through Forest and Land-
scape Restoration led by JH. We thank Aidan Chin, Taleta Bailey,
Anoma Ranagalage, Harshi Gamage, Michael Walsh, Ryan Zujic and
Nicole Carter for assistance with data collection.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
All data that support the findings of this study are available upon

request from the corresponding author.

ORCID
Vithya Krishnan
Nicole Robinson

https://orcid.org/0000-0002-6786-5178

https://orcid.org/0000-0001-6285-6179
https://orcid.org/0000-0001-6026-8912
https://orcid.org/0000-0001-5701-4882

https://orcid.org/0000-0001-8369-1238

Jennifer Firn
John Herbohn

Susanne Schmidt

REFERENCES

Adams, H. D., Zeppel, M. J. B., Anderegg, W. R. L., Hartmann, H.,
Landh3usser, S. M., Tissue, D. T., Huxman, T. E.,, Hudson, P. J,
Franz, T. E., Allen, C. D., Anderegg, L. D. L., Barron-Gafford, G. A,,
Beerling, D. J., Breshears, D. D., Brodribb, T. J., Bugmann, H.

Cobb, R. C,, Collins, A. D., Dickman, L. T., ... McDowell, N. G. (2017). A
multi-species synthesis of physiological mechanisms in drought-
induced tree mortality. Nature Ecology & Evolution, 1, 1285-1291.
https://doi.org/10.1038/s41559-017-0248-x

Alfosea-Simén, M., Simén-Grao, S., Zavala-Gonzalez, E. A., Camara-
Zapata, J. M., Simdn, ., Martinez-Nicolas, J. J., Lidén, V., & Garcia-
Sanchez, F. (2020). Physiological, nutritional and metabolomic
responses of tomato plants after the foliar application of amino acids
aspartic acid, glutamic acid and alanine. Frontiers in Plant Science, 11.
https://doi.org/10.3389/fpls.2020.581234

Araus, V., Swift, J., Alvarez, J. M., Henry, A., & Coruzzi, G. M. (2020). A bal-
ancing act: How plants integrate nitrogen and water signals. Journal of
Experimental Botany, 71, 4442-4451. https://doi.org/10.1093/jxb/
eraa054

Axelsson, E. P., Grady, K. C., Lardizabal, M. L., Nair, I. B,, Rinus, D., &
listedt, U. (2020). A pre-adaptive approach for tropical forest restora-
tion during climate change using naturally occurring genetic variation
in response to water limitation. Restoration Ecology, 28, 156-165.
https://doi.org/10.1111/rec.13030

Bauman, D., Fortunel, C., Delhaye, G. Malhi, Y., Cernusak, L. A,
Bentley, L. P., Rifai, S. W., Aguirre-Gutiérrez, J., Menor, I. O.,
Phillips, O. L., McNellis, B. E., Bradford, M., Laurance, S. G. W.
Hutchinson, M. F., Dempsey, R. Santos-Andrade, P. E,
Ninantay-Rivera, H. R., Chambi Paucar, J. R., & McMahon, S. M.
(2022). Tropical tree mortality has increased with rising
atmospheric water stress. Nature, 608, 528-533. https://doi.org/10.
1038/s41586-022-04737-7

Bobbink, R., Hicks, K., Galloway, J., Spranger, T., Alkemade, R,
Ashmore, M., Bustamante, M., Cinderby, S., Davidson, E., &
Dentener, F. (2010). Global assessment of nitrogen deposition effects
on terrestrial plant diversity: A synthesis. Ecological Applications, 20,
30-59. https://doi.org/10.1890/08-1140.1

Breshears, D. D., Fontaine, J. B., Ruthrof, K. X,, Field, J. P., Feng, X,
Burger, J. R, Law, D. J,, Kala, J., & Hardy, G. E. S. J. (2021). Underap-
preciated plant vulnerabilities to heat waves. New Phytologist, 231,
32-39. https://doi.org/10.1111/nph.17348

Cambui, C. A., Svennerstam, H., Gruffman, L., Nordin, A., Ganeteg, U., &
Nasholm, T. (2011). Patterns of plant biomass partitioning depend on
nitrogen source. PLoS ONE, 6, €19211-e19211. https://doi.org/10.
1371/journal.pone.0019211

Cernusak, L. A. (2020). Gas exchange and water-use efficiency in plant
canopies. Plant Biology, 22, 52-67. https://doi.org/10.1111/plb.12939

Chadwick, R., Good, P., Martin, G., & Rowell, D. P. (2016). Large rainfall
changes consistently projected over substantial areas of tropical land.
Nature Climate Change, 6, 177-181. https://doi.org/10.1038/
nclimate2805

Claeys, H., & Inzé, D. (2013). The agony of choice: How plants balance
growth and survival under water-limiting conditions. Plant Physiology,
162,1768-1779. https://doi.org/10.1104/pp.113.220921

Ding, L., Li, Y., Wang, Y., Gao, L., Wang, M., Chaumont, F., Shen, Q., &
Guo, S. (2016). Root ABA accumulation enhances rice seedling
drought tolerance under ammonium supply: Interaction with aquapor-
ins. Frontiers in Plant Science, 7, 1206.

Ding, L., Lu, Z,, Gao, L., Guo, S., & Shen, Q. (2018). Is nitrogen a key deter-
minant of water transport and photosynthesis in higher plants upon
drought stress? Frontiers in Plant Science, 9, 1143. https://doi.org/10.
3389/fpls.2018.01143

Doust, S. J., Erskine, P. D., & Lamb, D. (2008). Restoring rainforest species
by direct seeding: Tree seedling establishment and growth perfor-
mance on degraded land in the wet tropics of Australia. Forest Ecology
and Management, 256, 1178-1188. https://doi.org/10.1016/j.foreco.
2008.06.019

Dziedek, C., von Oheimb, G., Calvo, L., Fichtner, A., Kriebitzsch, W. U.,
Marcos, E., Pitz, W. T., & Hardtle, W. (2016). Does excess nitrogen
supply increase the drought sensitivity of European beech (Fagus

)

85U0|7 SUOWWOD dAeaID 8|qedl|dde ays Aq peusenob aJe saonfe VO @sn JO Sa|nJ 1oy ArIq i 8UIUQ AB]IAA UO (SUORIPUOD-PUR-SWUBHW0D A8 | 1M Ae.q [l |uo//Sdny) SUoRIPUOD pue swie 1 au8es *[20z/20/T0] uo Ariqiiauliuo A8|im ‘Bulupsieg sustels Aq £9e0T eddd/zo0T 0T/io0p/woo A8 Areiq1jut|uo-yduy/:sdny wiouy pepeoumod ‘€ ‘€202 ‘TT922.S2


https://orcid.org/0000-0002-6786-5178
https://orcid.org/0000-0002-6786-5178
https://orcid.org/0000-0001-6285-6179
https://orcid.org/0000-0001-6285-6179
https://orcid.org/0000-0001-6026-8912
https://orcid.org/0000-0001-6026-8912
https://orcid.org/0000-0001-5701-4882
https://orcid.org/0000-0001-5701-4882
https://orcid.org/0000-0001-8369-1238
https://orcid.org/0000-0001-8369-1238
https://doi.org/10.1038/s41559-017-0248-x
https://doi.org/10.3389/fpls.2020.581234
https://doi.org/10.1093/jxb/eraa054
https://doi.org/10.1093/jxb/eraa054
https://doi.org/10.1111/rec.13030
https://doi.org/10.1038/s41586-022-04737-7
https://doi.org/10.1038/s41586-022-04737-7
https://doi.org/10.1890/08-1140.1
https://doi.org/10.1111/nph.17348
https://doi.org/10.1371/journal.pone.0019211
https://doi.org/10.1371/journal.pone.0019211
https://doi.org/10.1111/plb.12939
https://doi.org/10.1038/nclimate2805
https://doi.org/10.1038/nclimate2805
https://doi.org/10.1104/pp.113.220921
https://doi.org/10.3389/fpls.2018.01143
https://doi.org/10.3389/fpls.2018.01143
https://doi.org/10.1016/j.foreco.2008.06.019
https://doi.org/10.1016/j.foreco.2008.06.019

KRISHNAN ET AL.

sylvatica L.) seedlings? Plant Ecology, 217, 393-405. https://doi.org/
10.1007/s11258-016-0581-1

Enggrob, K. L., Jakobsen, C. M., Pedersen, I. F., & Rasmussen, J. (2019).
Newly depolymerized large organic N contributes directly to amino
acid uptake in young maize plants. New Phytologist, 224, 689-699.
https://doi.org/10.1111/nph.16070

Faustino, L. I., Moretti, A. P., & Graciano, C. (2015). Fertilization with
urea, ammonium and nitrate produce different effects on growth,
hydraulic traits and drought tolerance in Pinus taeda seedlings. Tree
Physiology, 35, 1062-1074. https://doi.org/10.1093/treephys/
tpv068

Ferguson, B. J., Mens, C., Hastwell, A. H., Zhang, M., Su, H., Jones, C. H.,
Chu, X., & Gresshoff, P. M. (2019). Legume nodulation: The host con-
trols the party. Plant, Cell & Environment, 42, 41-51. https://doi.org/
10.1111/pce.13348

Flores-Tinoco, C. E., Tschan, F., Fuhrer, T., Margot, C., Sauer, U,
Christen, M., & Christen, B. (2020). Co-catabolism of arginine and suc-
cinate drives symbiotic nitrogen fixation. Molecular Systems Biology,
16, €9419. https://doi.org/10.15252/msb.20199419

Franklin, O., Cambui, C. A., Gruffman, L., Palmroth, S., Oren, R, &
Nasholm, T. (2017). The carbon bonus of organic nitrogen enhances
nitrogen use efficiency of plants. Plant, Cell & Environment, 40, 25-35.
https://doi.org/10.1111/pce.12772

Gessler, A., Schaub, M., & McDowell, N. G. (2017). The role of nutrients in
drought-induced tree mortality and recovery. New Phytologist, 214,
513-520. https://doi.org/10.1111/nph.14340

Goldstein, G., Bucci, S. J., & Scholz, F. G. (2013). Why do trees adjust water
relations and hydraulic architecture in response to nutrient availabil-
ity? Tree Physiology, 33, 238-240. https://doi.org/10.1093/treephys/
tpt007

Gregorio, N., Herbohn, J., Harrison, S., Pasa, A., & Ferraren, A. (2017).
Regulating the quality of seedlings for forest restoration:
Lessons from the national greening program in the Philippines.
Small-Scale Forestry, 16, 83-102. https://doi.org/10.1007/s11842-
016-9344-z

Grossnickle, S. C., & MacDonald, J. E. (2018). Seedling quality: History,
application, and plant attributes. Forests, 9, 283. https://doi.org/10.
3390/f9050283

Gruffman, L., Ishida, T., Nordin, A., & Nisholm, T. (2012). Cultivation
of Norway spruce and Scots pine on organic nitrogen improves
seedling morphology and field performance. Forest Ecology and
Management, 276, 118-124. https://doi.org/10.1016/j.foreco.2012.
03.030

Guo, S., Kaldenhoff, R., Uehlein, N., Sattelmacher, B., & Brueck, H. (2007).
Relationship between water and nitrogen uptake in nitrate-and
ammonium-supplied Phaseolus vulgaris L. plants. Journal of Plant Nutri-
tion and Soil Science, 170, 73-80. https://doi.org/10.1002/jpin.
200625073

Hill, E. M., & Ex, S. (2020). Microsite conditions in a low-elevation
Engelmann spruce forest favor ponderosa pine establishment during
drought conditions. Forest Ecology and Management, 463, 118037.
https://doi.org/10.1016/j.foreco.2020.118037

Hill, P., & Jones, D. L. (2018). Plant-microbe competition: Does injection of
isotopes of C and N into the rhizosphere effectively characterise plant
use of soil N? New Phytologist, 221, 796-806.

IPCC. (2018). Summary for policymakers. In V. Masson-Delmotte, P. Zhai,
H.-O. Pértner, D. Roberts, J. Skea, P. R. Shukla, A. Pirani, W. Mou-
fouma-Okia, C. Péan, R. Pidcock, S. Connors, J. B. R. Matthews, Y.
Chen, X. Zhou, M. I. Gomis, E. Lonnoy, T. Maycock, M. Tignor, & T.
Waterfield (Eds.). Global warming of 1.5°C. An IPCC special report on the
impacts of global warming of 1.5°C above pre-industrial levels and related
global greenhouse gas emission pathways, in the context of strengthening
the global response to the threat of climate change, sustainable develop-
ment, and efforts to eradicate poverty (pp. 3-24). Cambridge University
Press.

N Y
ts People Planet "PJ‘J—

Koutika, L. S., & Richardson, D. M. (2019). Acacia mangium Willd: Benefits
and threats associated with its increasing use around the world. Forest
Ecosystems, 6, 2. https://doi.org/10.1186/s40663-019-0159-1

Kreuzwieser, J., & Gessler, A. (2010). Global climate change and tree nutri-
tion: Influence of water availability. Tree Physiology, 30, 1221-1234.
https://doi.org/10.1093/treephys/tpq055

Lamb, D. (2018). Undertaking large-scale forest restoration to generate
ecosystem services. Restoration Ecology, 26, 657-666. https://doi.org/
10.1111/rec.12706

Li, Y., Gao, Y., Ding, L., Shen, Q., & Guo, S. (2009). Ammonium enhances
the tolerance of rice seedlings (Oryza sativa L.) to drought condition.
Agricultural Water Management, 96, 1746-1750. https://doi.org/10.
1016/j.agwat.2009.07.008

Markesteijn, L., & Poorter, L. (2009). Seedling root morphology and bio-
mass allocation of 62 tropical tree species in relation to drought-and
shade-tolerance. Journal of Ecology, 97, 311-325. https://doi.org/10.
1111/j.1365-2745.2008.01466.x

Martinez-Carrasco, R., Perez, P., Handley, L., Scrimgeour, C., Igual, M.,
Martin del Molino, I., & Sanchez De La Puente, L. (1998). Regulation of
growth, water use efficiency and 813C by the nitrogen source in
Casuarina equisetifolia Forst. & Forst. Plant, Cell & Environment, 21,
531-534. https://doi.org/10.1046/j.1365-3040.1998.00302.x

Maskova, T., & Herben, T. (2018). Root:shoot ratio in developing seedlings:
How seedlings change their allocation in response to seed mass and
ambient nutrient supply. Ecology and Evolution, 8, 7143-7150. https://
doi.org/10.1002/ece3.4238

Nasholm, T., Kielland, K., & Ganeteg, U. (2009). Uptake of organic nitrogen
by plants. New Phytologist, 182, 31-48. https://doi.org/10.1111/j.
1469-8137.2008.02751.x

QO'Brien, M. J., Leuzinger, S., Philipson, C. D., Tay, J., & Hector, A. (2014).
Drought survival of tropical tree seedlings enhanced by non-structural
carbohydrate levels. Nature Climate Change, 4, 710-714. https://doi.
org/10.1038/nclimate2281

Parvin, S., Uddin, S., Tausz-Posch, S., Armstrong, R., & Tausz, M. (2020).
Carbon sink strength of nodules but not other organs modulates pho-
tosynthesis of faba bean (Vicia faba) grown under elevated [CO2] and
different water supply. New Phytologist, 227, 132-145. https://doi.
org/10.1111/nph.16520

Paungfoo-Lonhienne, C., Visser, J., Lonhienne, T. G., & Schmidt, S. (2012).
Past, present and future of organic nutrients. Plant and Soil, 359, 1-18.
https://doi.org/10.1007/s11104-012-1357-6

R Core Team. (2022). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing.

Sachs, J. L., Quides, K. W., & Wendlandt, C. E. (2018). Legumes versus rhi-
zobia: A model for ongoing conflict in symbiosis. New Phytologist, 219,
1199-1206. https://doi.org/10.1111/nph.15222

Salazar-Tortosa, D., Castro, J., Villar-Salvador, P., Vifiegla, B., Matias, L.,
Michelsen, A., Rubio de Casas, R., & Querejeta, J. I. (2018). The “iso-
hydric trap™: A proposed feedback between water shortage, stomatal
regulation, and nutrient acquisition drives differential growth and sur-
vival of European pines under climatic dryness. Global Change Biology,
24, 4069-4083. https://doi.org/10.1111/gcb.14311

Sigala, J. A., Uscola, M., Oliet, J. A., & Jacobs, D. F. (2020). Drought toler-
ance and acclimation in Pinus ponderosa seedlings: The influence of
nitrogen form. Tree Physiology, 40, 1165-1177. https://doi.org/10.
1093/treephys/tpaa052

Soper, F. M., Paungfoo-Lonhienne, C. Brackin, R., Rentsch, D.,
Schmidt, S., & Robinson, N. (2011). Arabidopsis and Lobelia anceps
access small peptides as a nitrogen source for growth. Journal of Func-
tional Plant Biology, 38, 788-796. https://doi.org/10.1071/FP11077

Szabados, L., & Savouré, A. (2010). Proline: A multifunctional amino acid.
Trends in Plant Science, 15, 89-97. https://doi.org/10.1016/j.tplants.
2009.11.009

Tyerman, S. D., Wignes, J. A, & Kaiser, B. N. (2017). Root hydraulic and
aquaporin responses to N availability. In F. Chaumont & S. D. Tyerman

85U0|7 SUOWWOD dAeaID 8|qedl|dde ays Aq peusenob aJe saonfe VO @sn JO Sa|nJ 1oy ArIq i 8UIUQ AB]IAA UO (SUORIPUOD-PUR-SWUBHW0D A8 | 1M Ae.q [l |uo//Sdny) SUoRIPUOD pue swie 1 au8es *[20z/20/T0] uo Ariqiiauliuo A8|im ‘Bulupsieg sustels Aq £9e0T eddd/zo0T 0T/io0p/woo A8 Areiq1jut|uo-yduy/:sdny wiouy pepeoumod ‘€ ‘€202 ‘TT922.S2


https://doi.org/10.1007/s11258-016-0581-1
https://doi.org/10.1007/s11258-016-0581-1
https://doi.org/10.1111/nph.16070
https://doi.org/10.1093/treephys/tpv068
https://doi.org/10.1093/treephys/tpv068
https://doi.org/10.1111/pce.13348
https://doi.org/10.1111/pce.13348
https://doi.org/10.15252/msb.20199419
https://doi.org/10.1111/pce.12772
https://doi.org/10.1111/nph.14340
https://doi.org/10.1093/treephys/tpt007
https://doi.org/10.1093/treephys/tpt007
https://doi.org/10.1007/s11842-016-9344-z
https://doi.org/10.1007/s11842-016-9344-z
https://doi.org/10.3390/f9050283
https://doi.org/10.3390/f9050283
https://doi.org/10.1016/j.foreco.2012.03.030
https://doi.org/10.1016/j.foreco.2012.03.030
https://doi.org/10.1002/jpln.200625073
https://doi.org/10.1002/jpln.200625073
https://doi.org/10.1016/j.foreco.2020.118037
https://doi.org/10.1186/s40663-019-0159-1
https://doi.org/10.1093/treephys/tpq055
https://doi.org/10.1111/rec.12706
https://doi.org/10.1111/rec.12706
https://doi.org/10.1016/j.agwat.2009.07.008
https://doi.org/10.1016/j.agwat.2009.07.008
https://doi.org/10.1111/j.1365-2745.2008.01466.x
https://doi.org/10.1111/j.1365-2745.2008.01466.x
https://doi.org/10.1046/j.1365-3040.1998.00302.x
https://doi.org/10.1002/ece3.4238
https://doi.org/10.1002/ece3.4238
https://doi.org/10.1111/j.1469-8137.2008.02751.x
https://doi.org/10.1111/j.1469-8137.2008.02751.x
https://doi.org/10.1038/nclimate2281
https://doi.org/10.1038/nclimate2281
https://doi.org/10.1111/nph.16520
https://doi.org/10.1111/nph.16520
https://doi.org/10.1007/s11104-012-1357-6
https://doi.org/10.1111/nph.15222
https://doi.org/10.1111/gcb.14311
https://doi.org/10.1093/treephys/tpaa052
https://doi.org/10.1093/treephys/tpaa052
https://doi.org/10.1071/FP11077
https://doi.org/10.1016/j.tplants.2009.11.009
https://doi.org/10.1016/j.tplants.2009.11.009

KRISHNAN ET AL.

ts People Planet PP'P

(Eds.). Plant Aquaporins: From transport to signaling (pp. 207-236).
Springer International Publishing.

UN Environment. (2019). New UN Decade on Ecosystem Restoration
offers unparalleled opportunity for job creation, food security and
addressing climate change.

Zhang, H., Li, W., Adams, H. D., Wang, A., Wu, J., Jin, C., Guan, D., &
Yuan, F. (2018). Responses of woody plant functional traits to nitrogen
addition: A meta-analysis of leaf economics, gas exchange, and
hydraulic traits. Frontiers in Plant Science, 9. https://doi.org/10.3389/
fpls.2018.00683

Zhang, P., Dumroese, R. K., & Pinto, J. R. (2019). Organic or inorganic
nitrogen and rhizobia inoculation provide synergistic growth response
of a leguminous forb and tree. Frontiers in Plant Science, 10, 1308.
https://doi.org/10.3389/fpls.2019.01308

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Krishnan, V., Robinson, N., Firn, J.,
Herbohn, J., & Schmidt, S. (2023). Organic nitrogen improves
the water use of tropical tree seedlings cultivated for
restoration plantings. Plants, People, Planet, 5(3), 437-448.
https://doi.org/10.1002/ppp3.10363

85U0|7 SUOWWOD dAeaID 8|qedl|dde ays Aq peusenob aJe saonfe VO @sn JO Sa|nJ 1oy ArIq i 8UIUQ AB]IAA UO (SUORIPUOD-PUR-SWUBHW0D A8 | 1M Ae.q [l |uo//Sdny) SUoRIPUOD pue swie 1 au8es *[20z/20/T0] uo Ariqiiauliuo A8|im ‘Bulupsieg sustels Aq £9e0T eddd/zo0T 0T/io0p/woo A8 Areiq1jut|uo-yduy/:sdny wiouy pepeoumod ‘€ ‘€202 ‘TT922.S2


https://doi.org/10.3389/fpls.2018.00683
https://doi.org/10.3389/fpls.2018.00683
https://doi.org/10.3389/fpls.2019.01308
https://doi.org/10.1002/ppp3.10363

	Organic nitrogen improves the water use of tropical tree seedlings cultivated for restoration plantings
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Harvest, measurements and nutrient analysis
	2.2  Statistical analysis

	3  RESULTS
	3.1  Interaction between N and water on morphological traits
	3.2  Effect of N source and water supply on N uptake
	3.3  Influence of N and water on nodule dry mass in A.mangium
	3.4  N effects on WUE under water limitation
	3.5  Relationship between leaf δ13C, N and water supply

	4  DISCUSSION
	4.1  Influence of N source and water on morphological traits
	4.2  Advantages of organic N under water limitation
	4.3  N availability can control water use under water limitation
	4.4  Effect of N source on total N uptake and nodulation
	4.5  Implications for restoration using seedlings grown with organic N

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	REFERENCES


