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Summary

1. Re-allocation of nutrients from roots to shoots is essential for plant regrowth in grasslands,
particularly in nutrient-poor conditions. However, the response of root nutrient re-allocation to
changes in nitrogen (N) and water availability remains largely unknown.

2. Using a novel PN and 3?P labelling technique, we quantified the contribution of N and
phosphorus (P) to shoot regrowth from either root re-allocation or direct soil uptake for perennial
grasses exposed to high-frequency deficit irrigation (HFDI) and N addition.

3. Without N addition, HFDI showed no impact on uptake and re-allocation of N and P, likely due
to unaffected soil N availability and a greater diffusion barrier offsetting increased accumulation
in plant-available soil P. With N addition, HFDI increased plant N rather than P uptake, because of
increasing soil N availability instead of P under combined HFDI and N addition. The HFDI
decreased both N and P re-allocation with N addition, possibly due to exhaustion of nutrient
reserves in roots that were re-allocated aboveground. Re-allocation contributed 48-97% of N and
58-79% of P required during the first two weeks of shoot regrowth.

4. Synthesis. Our results highlight the importance of N and P re-allocation from roots to buffer

against changes in soil N and P availability and to maintain N:P ratio in shoot regrowth.
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Introduction

Nitrogen (N) and phosphorus (P) are co-limiting nutrients of net primary productivity in most
terrestrial ecosystems (Harpole et al., 2011; Fay et al., 2015). To satisfy N and P demand for
shoots, plants take up nutrients from the soil but also recycle nutrients internally through
resorption and re-allocation from storage organs (e.g., roots), which allows the reuse of nutrients
for new growth (Freschet and Roumet, 2017; KlimeSova et al., 2018). Re-allocation of N and P
from roots is an important nutrient-use strategy for plant growth when nutrient availability to
plants is low or when aboveground parts are removed or damaged (e.g., by grazing and fire)
(Millard & Grelet, 2010; Pereira-Silva et al., 2019). In grasslands in particular, plants are often
adapted to recover from herbivory through shoot regrowth whereby nutrient resorption and
re-allocation processes play an important role (Zhang et al., 2020, 2021). Therefore, efficient N
and P uptake from soils and re-allocation from plant roots both strongly affect plant growth,
survival and reproduction, particularly under stressful conditions such as water or nutrient
limitation (Reich, 2014; Schonbeck et al., 2020). Yet, how much plants rely on N and P uptake
from soil vs. re-allocation from roots for their regrowth remains largely unknown. Better
understanding of N and P recycling under changing environmental conditions (e.g., intermittent
rainfall) is particularly critical for worldwide plant production, given that large parts of terrestrial
biomes may become increasingly limited by N- and/or P under hotter and drier conditions (Ault,
2020; Du et al., 2020).

Reduced soil moisture decreases soil nutrient availability directly by decreasing nutrient
diffusion rates and indirectly by decreasing nutrient release from decomposition of soil organic
matter due to constrained microbial activity (Lambers et al., 2008; Ullah et al., 2019). For
instance, reduced soil moisture decreased plant N and P uptake due to limited nutrient transport
activity both in soils and plants (Khasanova et al., 2013; Dijkstra et al., 2015). In order to maintain
productivity under low soil moisture, plants may need to increasingly rely on internal recycling of
N and P from storage organs. Additionally, reduced soil moisture was found to decrease
plant-available soil P concentration to a larger degree than mineral N in soils (Dijkstra et al., 2012;
He & Dijkstra, 2014); hence, reliance on P recycling may be higher than for N. However, the role
of N and P re-allocation from roots to support plant regrowth under low soil moisture remains
largely unknown.

Nitrogen enrichment, as widely experienced in terrestrial ecosystems, can alleviate plant N

limitation but potentially intensify P limitation (Li et al., 2016); this may have important
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stoichiometric implications for plants. With increased N supply, plants rely more on N uptake
from the soil compared with N recycling (Shi et al., 2016), and re-allocation of N from roots may
decrease with N addition. However, N addition would increase plant demand for P, shifting
nutrient limitation from N towards P (Li et al., 2016; Deng et al., 2017). If this increased plant
demand for P cannot be met with P uptake from the soil (e.g., under low soil moisture conditions),
then plants subjected to greater N availability may have to rely more on re-allocation of P from
roots to shoots to balance nutrients for new shoot growth. At the same time, root to shoot biomass
ratio may increase as plants invest relatively more in root biomass in such N-rich but water-deficit
circumstances (Wang et al., 2021a). The capacity to balance N and P in new shoot growth by
controlling N and P uptake from the soil vs. re-allocation from roots may therefore be of
particularly importance under low soil moisture conditions, but as far as we know, this has never
been assessed.

Stoichiometric N:P stability is an essential trait for maintaining plant growth under
unbalanced N and P supply or under nutrient-deficit conditions. For instance, decreases in N and P
availability as induced by low soil moisture favoured plant species with stoichiometric N:P
stability which generally exhibited a greater nutrient-foraging capacity and thus stronger plant
dominance (Yu et al., 2010, 2015). In such circumstances, plants may also adjust re-allocation of
N and P from roots to shoots to maintain N:P ratio. Alternatively, plant species with flexible N:P
ratios were found to be more resistant to low soil moisture possibly linked to mycorrhizal
symbiosis (Mariotte et al., 2017). The stoichiometric N:P ratio in plants can also indicate relative
N and P limitations as induced by variations in N and P supply under environmental perturbations
(Gtisewell, 2005; Yan et al., 2017). With increased soil N supply, intensified plant P limitation as
evidenced by higher N:P ratios therefore suggests a greater need for the re-allocation of P than that
of N from roots.

Here, we used a novel isotopic dual-labelling technique (!N and 3?P) to quantify plant N and
P uptake from the soil and internal re-allocation from roots to shoot regrowth in an intact plant-soil
system as sampled from a perennial grassland. The effects of low soil moisture (i.e. deficit
irrigation) and N addition were further assessed on uptake and re-allocation of N and P and their
contribution to plant regrowth. We hypothesized that 1) deficit irrigation increases plant reliance
on re-allocation of P, more so than N, from roots to shoots, to compensate for the decreases in
plant P and N uptake from the soil; 2) N addition decreases plant reliance on re-allocation of N

due to exogenous soil N supply but increases reliance on re-allocation of P under deficit irrigation
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because of limited soil P availability and uptake; and 3) deficit irrigation and N addition
synergistically interact to increase N:P ratios from soil uptake and thus reduce N:P ratios from root

re-allocation.

2. Materials and methods

2.1. Experimental design

In October 2019, 20 intact plant-soil cores were collected from a grassland at Westwood Farm
(33°59'46"S, 150°39'16"E), NSW, Australia. The plant community of this grassland is dominated
by the C4 grass Paspalum dilatatum Poir., contributing to 71% of shoot biomass, but it also
includes the C4 sedge Cyperus brevifolius and grass Setaria incrassata, and the C3 grass
Microlaena stipoides. These species were in vegetative stage at the time of field sampling. Mean
annual precipitation at the site is 790 mm and long-term average monthly temperatures are 10.4 °C
and 23.0 °C in July and January, respectively. The pasture site is moderately grazed by cattle, and
there is a history of no fertiliser being added to the soil.

After field sampling, the 20 intact cores were excavated to the same size (150 mm in
diameter, 100 mm in height) and placed in plastic pots (150 mm diameter, 130 mm height). This
grassland community is shallow-rooted due to an acidic subsoil layer, and root density sharply
declines with depth with 85% of the root biomass allocated in the upper 50 mm of the top 150 mm
soil (Canarini et al., 2016). We therefore believe that we have captured the majority of the root
biomass with our plant-soil cores. All pots were immediately transported to a greenhouse (12 h of
supplemental light of ~1 mmol m? s! using LED light, 30/20 °C during day/night, relative
humidity: 60%) and clipped to 10 mm above the surface at the same day. The first shoot regrowth
was initiated after bringing all soils to 65% water-holding capacity (WHC, corresponding to 32%
gravimetric soil moisture content according to Mariotte et al., 2020) with half of the pots watered
once with a NH4NOs; solution at a rate of 10 g N m and the other half with Milli-Q water. Soil
moisture level was maintained at 65% WHC by weighing and watering pots daily to target
weights. After 10 days of growth, half of the pots (i.e. half of each N treatment) were exposed to
water-deficit conditions by suspending watering until soil moisture dropped to 40% WHC, while
the other half was well-watered by keeping at 65% WHC. We employed a full factorial design,
with one replicate pot from each treatment appearing in each of five blocks. The watering
treatment conditions were maintained for the rest of the experiment. We are aware that keeping

soil moisture at 40% WHC with high-frequency deficit irrigation (HFDI) may not be the same as
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drought in field conditions, as the added water will only rewet the top-soil layer where most of the
roots are (Turner, 2019). Therefore, our HFDI treatment effects may not directly translate to

drought effects in the field.

2.2. Plant N and P uptake

After 14 days, all plants were clipped immediately prior to N and 3%P labelling to assess plant N
and P uptake from soil during the second phase of shoot regrowth. With this clipping we
mimicked herbivory in this moderately grazed grassland ecosystem. Approximate 50 g soil
samples were taken from four spots with a corer (diameter of 10 mm, depth of 50 mm) within each
pot right before pulse labelling for later analyses of plant-available soil N and P concentrations. A
plastic straw was placed into each hole created after soil sampling to allow for labelled nutrient
delivery as below. On the same day, pots were transported to the greenhouse facility of the
Australian Nuclear Science and Technology Organization (ANSTO) in Lucas Heights, NSW,
Australia (natural light condition, 30/20 °C during day/night, relative humidity: 50-85%). Each pot
was pulse-labelled with a mixed solution containing 2 mg "N (99 atom%, half as ('’NH,4),SO,4 and
half as K'>NO3, Cambridge Isotope Laboratories Inc., Andover, MA, USA) and 1.0 MBq 3?P (0.2
ug 3°P as carrier-free H;PO4, Eckert & Ziegler product code 6032, reference date 6 Nov 2019)
dissolved in 12 mL deionized water. The addition of H;PO, may have acidified the soil locally,
but given the very small amount added, we believe this effect to be negligible. The label solution
for each pot was split in four doses of 3 mL and injected in the soil at 50 mm depth via four plastic
straws (equally-spaced surrounding plant) that were previously inserted into the pot after soil
sampling. Two weeks after labelling, shoot biomass was harvested by clipping to the soil surface
and soil was subsampled after thoroughly mixing and excluding roots. Unfortunately, we were not
able to harvest root biomass to measure root N and P concentrations in this study due to the high
radiation hazard with collecting roots (Dijkstra et al., 2015; Mariotte et al., 2020).

Shoot biomass was dried in an oven at 60 °C for 24 h and weighed. Biomass samples were
then clipped into small pieces (less than 5 mm length) and further ground with a coffee grinder for
homogenisation. A subsample of 0.5 g homogenised shoot biomass was weighed into a crucible
and ashed in a muffle furnace at 500 °C for 2 h. Ashed samples were mixed with 10 mL of
concentrated HCI1 (12 M) and evaporated on a hotplate to 1-2 mL. After filtration (<0.45 um), the
solution was diluted to 50 mL with Milli-Q water and a 20 mL aliquot was analysed for 3P

activity by Cerenkov counting (L’Annuziata 2012) using a Packard Liquid Scintillation Analyser
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(Tri-Carb 2900TR, PerkinElmer, Waltham, MA, USA, 5 min count time, 0-30 keV counting
window). 3?P count rates were corrected for colour and chemical quench effects using matrix
matched (e.g., non-exposed shoots ashed and digested as per samples) quench standards and
calculated 3?P activities were corrected for radioactive decay back to the 3P reference date. At the
beginning and the end of labelling after two weeks, plant-available soil P concentration was
extracted with a 40 mL mixture of 0.03 M NH4F and 0.025 M HCI from 3 g soil and shaken for 15
min at room temperature. Phosphorus concentration in the soil extracts was measured
colourimetrically at 660 nm using the colouring reagent of ammonium paramolybdate-stanous
chloride (Olsen & Sommers, 1982). For soil extracts collected two weeks after labelling, 3°P
activity was determined according to the same protocol as that of plant biomass. Plant-available N
concentration in soils collected at the beginning and the end of labelling was extracted with 1 M
KCI and analysed colourimetrically using a flow-injection analyser (QuickChem FIA+, Lachat
Instruments, Loveland, CO, USA). The "N of plant-available soil N was measured by adding
MgO and Devarda’s Alloy to the KCl extracts and trapping the NH;* and NOs™ using two filter
paper disks acidified with 2.5 M KHSO, inside PTFE diffusion traps for 6 days (Stark & Hart,
1996). The filter paper disks were dried in a desiccator with concentrated H,SO,4 and analysed for
SN on a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK) at the
UC Davis Stable Isotope Facility. Air-dried plant and soil samples were ball-milled and analysed
for total N and SN on a Delta V Advantage isotope ratio mass spectrometer coupled to FlashHT
and Conflo IV peripherals (Thermo-Fisher Scientific, Bremen, Germany). Unlabelled plants and
soils were measured for 1°N signatures on the samples taken before pulse labelling.

Plant N and P uptake were determined for the whole community. For N uptake (Uy in mg N
pot!, as NH;" and NOs-) we used the following two-source mixing model (modified from Dijkstra

etal., 2015):

UN = Nregrowth X (A 15Nregrowth — A15]Vshoot)/(E15Nsoil - A15Nshoot) (1)

where Nyegronm 18 the total amount of N in shoot regrowth (in mg N pot!), 4;snyegrown 1S the SN
atom% in shoot regrowth, A;;sysm00: 1S the weighted average "N atom% of shoots measured before
labelling, and E 5y, is the N enrichment factor of the plant-available soil N (Stark, 2000).
Because E 5y, can decrease with time due to N mineralization, we estimated E 5x,,; With

(Dijkstra et al., 2015):
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E 15n50i1 = (A 15Navait N-start T A 15Navait N-end)/2 (2)

where A;5navail N-stare A0 A 1 5Navail N-ena ar€ the N atom% of the plant-available soil N at the start
and end of 1N labelling, respectively. For A;syavai n-end We used the N atom% of NH4" and NO5-
measured in the soil extracts at the end of labelling, while 4 ;5yuv4i1 v-s1arr Was based on the amount

of SN tracer added and background plant-available soil N concentrations:

AI 5Navail N-start — [N tracer A] SNtracer T N, background X AI 5Nbackground] / (N tracer N, background) (3 )

where Ny qcer and A 5yiracer are the amount (mg pot™') and N atom% of the tracer, respectively, and
Npackground AN A j5npackgrouna are the available N (sum of NH," and NOj', mg pot!) and its N
atom% measured directly before labelling. With these calculations we assumed that N uptake by
the plant community would be in the form of NH4" and NO;™ and that uptake of organic forms of
N would be negligible. Although plants take up dissolved organic N directly from soils (e.g.,
Nésholm et al. 2009), this N uptake pathway was suggested to be of minor importance for N
acquisition by most plants (Jones et al., 2005). Remineralization of '’N-labelled organic matter
from plant biomass turnover was not accounted since it is not very likely that actively growing
plants taking up >N tracers would die during the two-week period of regrowth.

We calculated P uptake (Up, in mg P pot!) by dividing the 32P activity in shoot biomass
(A32pregrowms 10 Bq pot!) by the 3P enrichment in the extractable soil P (E;;psu, in Bq mg!

extractable P) at the end of the experiment (Dijkstra et al., 2015):

UP = A32Pregrowth / E32Psoil (4)

We assumed that P mineralization during the two-week labelling period was small, and
therefore, E3;ps; Was estimated as the 3P activity in the extractable soil pool at the end of the
experiment. All 32P activities were corrected for radioactive decay back to the 3P reference date.
We calculated re-allocation of N and P from roots to shoot regrowth of the whole plant community
at the end of the two-week labelling period as the difference between total N and P in shoot
regrowth and uptake of N and P, respectively.
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2.3 Statistical analyses

Data were tested for normality using the Kolmogorov-Smirnov test and for homogeneity of
variance using Levene’s test. We used linear mixed models to examine the main and interactive
fixed effects of HFDI and N addition and a random effect of treatment block (nested within HFDI
and N addition) on plant-available soil N and P concentrations, plant biomass, plant N and P
uptake, plant N and P re-allocation, and N:P ratios in shoot regrowth, of nutrients taken up, and of
re-allocated nutrients. Duncan’s multiple range tests were used to compare the means of each
treatment combination. Pearson correlation analysis was employed to determine relationships
among plant nutrient uptake, nutrient re-allocation and shoot regrowth. All statistical analyses
were carried out using SPSS 16.0 (SPSS Inc., Chicago, USA) and statistical significance was set
as P <0.05.

3. Results

3.1 Shoot biomass and soil N and P availabilities

Shoot biomass was highly enriched in >N and 2P after pulse labelling (Table S1), indicating that
the pulse labelling of plants was successful. Nitrogen addition increased shoot biomass, both in the
first and second regrowth, while HFDI showed the opposite effect (Fig. 1a,b; Table S2).

Directly before labelling, i.e. one month after N addition and at the start of the second
regrowth stage, plant-available soil N concentration was not different between control and N
addition treatments under well-watered condition (Table 1). Plant-available soil N concentration
increased with N addition with HFDI (a significant HFDI % N interaction) and was higher than in
other treatments both at the beginning and at the end of the second regrowth (all P < 0.001, Table
1). Plant-available soil P concentration marginally increased with HFDI (P = 0.09) at the
beginning of the second regrowth but tended to decrease with N addition for the two sampling
times (Table 1). Consequently, ratios of plant-available soil N:P were highest under combined

HFDI and N addition (P < 0.001, Table 1).

3.2 Plant N and P uptake and re-allocation

Shoot N concentration increased with N addition (P = 0.009), while shoot P concentration
decreased with N addition (P = 0.015) and increased with HFDI (P < 0.001, Table 2). Plant N
uptake increased with N addition only with HFDI, showing a significant HFDI x N interaction and
the highest uptake under combined HFDI and N addition (P < 0.001, Fig. 2a). In contrast, plant P
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uptake showed no response to both HFDI and N addition (Fig. 2b). Re-allocation of both plant N
and P increased with N addition under well-watered condition but decreased with HFDI under N
addition, resulting in significant HFDI x N interactions (P = 0.002 for N and 0.003 for P; Fig.
2a,b). Re-allocation accounted for 48-97% of total N and 58-79% of total P in shoot regrowth
across HFDI and N addition treatments (Fig. S1).

3.4 Stoichiometric N:P ratios in shoot regrowth, uptake and re-allocation, and correlation
analyses

Nitrogen addition increased N:P ratios in shoot regrowth (P < 0.001) and of re-allocated
nutrients (P = 0.04, Table 2). The N:P ratio of nutrient uptake was highest in combined HFDI and
N-addition treatments, resulting in a marginally significant main effect of HFDI and interactive
effect of HFDI and N addition (Table 2).

Nitrogen re-allocation was positively correlated with P re-allocation (Fig. 3a) with both
nutrients positively contributing to shoot regrowth (Fig. 3b,c). In contrast, shoot regrowth, plant N

uptake and plant P uptake showed no relationships with each other (Fig. S2).

4. Discussion

While numerous isotope pulse-chase studies have been conducted, very limited progress has been
made in quantifying the relative contribution of plant nutrient uptake from soils and nutrient
re-allocation from roots to shoots (Clark, 1977; Dijkstra et al., 2018). In this study, we used a
novel isotopic dual-labelling approach (’N and 3%P) to assess the reliance of grassland plant shoot
regrowth on uptake of external N and P from soils vs. internal re-allocation of N and P from roots.
Nitrogen and P uptake and re-allocation from roots to shoot regrowth were quantified from intact
plant-soil cores taken from a grassland, and after clipping the plants to simulate herbivory. We
found that re-allocation of N and P instead of uptake were tightly coupled with each other.
Additionally, nutrient re-allocation contributed more significantly to new shoot regrowth during
the first two weeks than that of nutrient uptake. Our findings demonstrate the importance of
re-allocation of nutrients from roots in maintaining a balanced supply of N and P for plant
regrowth to buffer against fluctuations in availability of N and P in the soil. This process of
nutrient re-allocation from roots is particularly important for recovery of plant productivity in

grasslands that are being grazed.
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4.1 Effects of HFDI on N and P uptake and re-allocation without N addition

Contrary to our expectation, HFDI had no impact on uptake of N and P without N addition. A lack
of a HFDI effect on N uptake could be mainly attributed to similar levels in soil N availability
between well-watered and HFDI treatments without N addition (Table 1). Treatment of HFDI
caused a non-significant increase in soil P availability (Table 1), but uptake of P was still
unaffected by HFDI without N addition (Fig. 2b). Possibly, drier soils with HFDI resulted in a
greater diffusion barrier of free PO,*- (He & Dijkstra, 2014) counteracting higher concentrations of
plant-available soil P with no net effect on P uptake. Non-significant HFDI effects on shoot
biomass without N addition during the second regrowth (Fig. 1b) further confirmed that soil
availability and plant accessibility of nutrients might show a stronger effect on plant growth than
that of water availability under HFDI, although this would also depend on the magnitude and
duration of water deficit (Gessler et al., 2017; Schonbeck et al., 2020). A greater magnitude and
longer duration of water deficit may override the effects of soil nutrient availability in reducing
plant productivity and nutrient re-allocation from roots (Schonbeck et al., 2020). Under these
conditions hydraulic failure and carbon starvation can irreversibly impair plant physiological
functions causing root damage and mortality (Gessler et al., 2017).

Without N addition, N and P in shoot regrowth were largely supplied via internal re-allocation
(94% and 69%, respectively, averaging across watering treatments; Fig. S2), suggesting that
internal recycling of nutrients is the main nutrient-supply pathway over soil nutrient uptake for
biomass production under low nutrient availability, at least during the first two weeks of regrowth.
Without N addition, HFDI had no effect on re-allocation of N and P. This is in contrast to a global
assessment of N and P resorption from leaves before senescence, which increased for N but
decreased for P with decreasing water availability (Yuan et al., 2009). While the direction and
magnitude of nutrient resorption are also regulated by other factors, such as soil nutrient
availability, the size of nutrient reserves in plant storage organs, and C investment for mobilising
nutrients (Yuan et al., 2009; Masclaux-Daubresse et al., 2010), nutrient resorption from senesced
leaves may not equate to nutrient re-allocation in grazed grasslands. We clipped plants when
shoots were still green and therefore without or little nutrient resorption occurring prior to
regrowth. Under these conditions, re-allocation of nutrients to shoots will depend on the capacity
of plants to store nutrients in roots directly derived from soil rather than from leaf resorption.
Perennial grass species, especially the rhizomatous species, generally have a high capacity of

nutrient reserves in roots that facilitate plant regeneration and resistance to nutrient fluctuations
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and grazing pressures (KlimeSova et al., 2018; Pereira-Silva et al., 2019).

4.2 Effects of HFDI on N and P uptake and re-allocation with N addition

Unexpectedly, HFDI increased plant N uptake with N addition (Fig. 2a & 4), which contrasted
with our previous assumption that HFDI decreases soil N availability and plant N uptake from
soils. During the first regrowth, possibly much less of the added N was taken up by plants under
HFDI than under well-watered conditions, causing accumulation of plant-available soil N after N
addition under HFDI (Table 1). As a result, during the second regrowth, plants under HFDI had
greater access to soil N, thereby increasing N uptake compared with plants under well-watered
condition. Correspondingly, a decrease in re-allocation of N was detected under HFDI with N
addition (Fig. 2a), suggesting a shift in strategies of plant N acquisition from re-allocation to
uptake when N becomes abundant with HFDI (Eyles et al., 2009; Dijkstra et al., 2018).
Presumably, during the first regrowth, a reduction in growth as induced by HFDI (Fig. 1a) reduced
N uptake, but may have increased re-allocation of N when plants still had enough reserves of N in
roots to support shoot regrowth under HFDI conditions (Fig. 4; Milla et al., 2005). Consistently,
we found significant increases in both root biomass and root N concentration (i.e. higher root N
reserve) under HFDI with N addition during the first regrowth in a parallel study (Wang et al.,
2021a). During the second regrowth, N reserves in roots were likely lower, and plants switched
back to taking up N from the soil, as soil N supply was now larger (Table 1 & Fig. 4).
Unfortunately, we were not able to measure root N content (or N reserves) during the two stages
of regrowth in this study due to the high radiation hazard of the root biomass, which could have
corroborated this. Nevertheless, out results suggest that these grassland plants may maintain a
dynamic balance between N uptake and re-allocation that depend on the relative access and
associated expense of using both N sources for regrowth (Fig. 4; Dijkstra et al., 2018).

Inconsistent with our first hypothesis, plant P uptake remained unchanged in response to
HFDI with N addition, which was remarkably different from that of N uptake. We expected
stronger negative effects of HFDI on soil P diffusion, mass flow and transport from soils to plants
than that of N (Fig. 4; Lambers et al., 2008; He & Dijkstra, 2014). However, as was argued above,
during the second regrowth, plants may have been more limited by P than by water, so that HFDI
had no effects on P uptake. Interestingly, in a companion study we observed that HFDI reduced
colonisation of arbuscular mycorrhizal fungi in this grassland community (Wang et al., 2021b),

suggesting that plants relied less on mycorrhizal symbionts to take up nutrients under these
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conditions. Arbuscular mycorrhizal fungi tend to be particularly important for P uptake (Smith &
Smith, 2011), but apparently, a potential reduction in mycorrhizal colonization had no effect on
plant P uptake. This HFDI-induced reduction in mycorrhizal colonisation contradicts with the
frequent observation that arbuscular mycorrhizal fungi benefit plants for taking up nutrients under
drought (e.g., Mariotte et al., 2017). The discrepancy might be due to the fact that HFDI, unlike
drought, results in an uneven distribution of water in the soil consequentially causing distinct
effects as compared with drought (Turner, 2019). With N addition, HFDI decreased re-allocation
of P, similar to the reduction in N re-allocation. Possibly, HFDI decreased hydrolysis of
nutrient-storage compounds and transport of remobilised nutrients due to desiccation of plant roots
and disruption in the plant water flow (Estiarte & Pefiuelas, 2015). Moreover, our results suggest a
coupled remobilisation of N and P from compounds presented in roots (e.g., proteins, amino acids,
nucleic acids) (Cooke & Weih 2005; Chapin & Jones, 2009). Overall, the contrasting responses of
N and P uptake and re-allocation to HFDI indicate that these two processes of plant nutrient
acquisition for new growth respond to an interplay of soil water and nutrient availability with the

effects of HFDI strongly affected by soil N supply (Weatherall et al., 2006; Dijkstra et al., 2018).

4.3 Stoichiometric N:P ratios of uptake and re-allocation
With N addition, HFDI remarkably increased plant N uptake, but not P uptake resulting in higher
stoichiometric plant N:P uptake ratios (Table 2), as we hypothesized. This can be attributed to the
synergistic effects of HFDI and N addition on plant-available soil N accumulation (Yue et al.,
2019) causing much higher plant-available soil N:P ratios under combined HFDI and N addition
(Table 1). Also, the variability in N:P ratios measured in shoot regrowth was much smaller
compared with the variability in N:P ratios from soil uptake (Table 2). Given that a large
proportion of N and P in shoot regrowth was derived from roots and not from soil (particularly
without N addition, Fig. 4), our results indicate that plants have the capacity to maintain a
balanced supply of N and P to support new shoot regrowth (Riley et al., 2019), to buffer against
changes in availability of N and P in the soil caused by HFDI and N addition. Overall, our results
highlight the need to consider re-allocation of N and P from roots as an important mechanism for
plants to maintain N:P stoichiometry in grazed pastures affected by environmental change (Vizoso
et al., 2008; Dijkstra et al., 2018).

While HFDI and N addition resulted in the highest N:P ratio in shoot regrowth derived from

soil uptake, supporting the second part of our third hypothesis, the N:P ratio derived from
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re-allocation only increased with N addition (Table 2). Possibly, with N addition, plants were able
to store more N than P before the second regrowth occurred, thereby supporting the second
regrowth with relatively more N than P from re-allocation (Thornton et al., 1994; Riley et al.,
2019). Relatively higher re-allocation of N than P with N addition could also indicate that plant
regrowth became more limited by P. The N:P ratios measured in shoot regrowth were around 16, a
cut-off value that has frequently been used to indicate P limitation in plants (Giisewell, 2004).
Regardless, our results show that whether plant growth was limited by N or P not only depending

on availability of N and P in the soil, but also on N and P reserves in roots.

5. Conclusions

Our novel N and 3P tracer method demonstrates that re-allocation of N and P from roots is an
important strategy of conservative nutrient use that supports new plant growth in water-deficit
conditions. Uptake and re-allocation of both N and P were not affected by HFDI without N
addition, because during the second regrowth, plant-available soil N and P concentrations were
low, and plants relied predominantly on re-allocation of N (94%) and P (69%) to support shoot
regrowth. With N addition, HFDI unexpectedly enhanced plant N uptake, likely due to
accumulation of plant-available soil N from exogenous N supply in water-deficit conditions.
However, re-allocation of root N and P decreased under HFDI with N addition, presumably
because nutrient re-allocation became more difficult than uptake from the soil. Our results further
suggest a coupled remobilisation of N and P from compounds presented in roots. Smaller
variability in N:P ratios of shoot regrowth than that of from soil uptake revealed the pivotal role of
root nutrient re-allocation in maintaining balanced plant nutrient supply and buffering against
changes in soil N and P availability under HFDI and N-enrichment conditions. It is possible that
severe water deficit may result in different responses of plant nutrient uptake and re-allocation due
to irreversibly root damage and mortality. Our study clearly reveals that re-allocation of nutrients
from plant roots is an essential plant trait supporting shoot regrowth and should be considered in

biogeochemical N and P cycling models to better predict ecosystem productivity.

Acknowledgements
We are grateful to the associate editor and three referees for their helpful and constructive
comments on an early version of the manuscript. We thank Milad Bagheri Shirvan for the

assistance in the >N isotopic analyses. This research was supported by the National Natural

This article is protected by copyright. All rights reserved



Science Foundation of China (Grant no. 32071563 and 31870441), the Australian Research
Council (Grant no. DP190102262), and the Australia’s Nuclear Science and Technology
Organisation (ANSTO Portal ID: AP12049). Ruzhen Wang would like to acknowledge the
support from Youth Innovation Promotion Association of Chinese Academy of Sciences. The

authors declare that they have no conflict of interest.

Conflict of interest

The authors declare that they have no conflict of interest.

Author contributions

F.A.D. conceived the research; R.W., F.A.D., T.C., M.P.J., J.J.H., and C.K. performed the
research including isotopic and elemental measurements; all author participated in the evaluation
and interpretation of the results; R.W. analysed the data and drafted the manuscript, and all
authors, especially Y.J., C.K., T.R.C., and F.A.D. contributed to further revising of the text. All

authors read and approved the manuscript.

Data  availability: @ Data  available  from the Dryad  Digital = Repository:
https://doi.org/10.5061/dryad.dbrv15f21 (Wang et al., 2021).

References

Ault, T.R. (2020) On the essentials of drought in a changing climate. Science, 368, 256-260.

Canarini, A., Carrillo, Y., Mariotte, P., Ingram, L. & Dijkstra, F.A. (2016) Soil microbial
community resistance to drought and links to C stabilization in an Australian grassland.
Soil Biology and Biochemistry, 103, 171-180.

Chapin, L.J. & Jones, M.L. (2009) Ethylene regulates phosphorus remobilization and expression
of a phosphate transporter (PhPT1) during petunia corolla senescence. Journal of
Experimental Botany, 60, 2179-2190.

Clark, F.E. (1977) Internal Cycling of Nitrogen in Shortgrass Prairie. Ecology, 58, 1322-1333.

Cooke, J.EK. & Weih, M. (2005) Nitrogen storage and seasonal nitrogen cycling in Populus:
bridging molecular physiology and ecophysiology. New Phytologist, 167, 19-30.

Deng, Q., Hui, D., Dennis, S. & Reddy, K.C. (2017) Responses of terrestrial ecosystem

phosphorus cycling to nitrogen addition: A meta—analysis. Global Ecology and

This article is protected by copyright. All rights reserved



Biogeography, 26, 713-728.

Dijkstra, F.A., Carrillo, Y., Blumenthal, D.M., Mueller, K.E., LeCain, D.R., Morgan, J.A.,
Zelikova, T.J., Williams, D.G., Follett, R.F. & Pendall, E. (2018) Elevated CO2 and water
addition enhance nitrogen turnover in grassland plants with implications for temporal
stability. Ecology Letters, 21, 674-682.

Dijkstra, F.A., He, M., Johansen, M.P., Harrison, J.J. & Keitel, C. (2015) Plant and microbial
uptake of nitrogen and phosphorus affected by drought using "N and 3?P tracers. Soil
Biology and Biochemistry, 82, 135-142.

Dijkstra, F.A., Pendall, E., Morgan, J.A., Blumenthal, D.M., Carrillo, Y., LeCain, D.R., Follett,
R.F. & Williams, D.G. (2012) Climate change alters stoichiometry of phosphorus and
nitrogen in a semiarid grassland. New Phytologist, 196, 807-815.

Du, E., Terrer, C., Pellegrini, A.F.A., Ahlstrom, A., van Lissa, C.J., Zhao, X., Xia, N., Wu, X. &
Jackson, R.B. (2020) Global patterns of terrestrial nitrogen and phosphorus limitation.
Nature Geoscience, 13, 221-226.

Estiarte, M. & Penuelas, J. (2015) Alteration of the phenology of leaf senescence and fall in winter
deciduous species by climate change: effects on nutrient proficiency. Global Change
Biology, 21, 1005-1017.

Eyles, A., Pinkard, E.A. & Mohammed, C. (2009) Shifts in biomass and resource allocation
patterns following defoliation in Eucalyptus globulus growing with varying water and
nutrient supplies. Tree Physiology, 29, 753-764.

Fay, P.A., Prober, S.M., Harpole, W.S., Knops, J.M., Bakker, J.D., Borer, E.T., Lind, E.M.,
MacDougall, A.S., Seabloom, E.W. & Wragg, P.D. (2015) Grassland productivity limited
by multiple nutrients. Nature Plants, 1, 1-5.

Freschet, G.T. & Roumet, C. (2017) Sampling roots to capture plant and soil functions. Functional
Ecology, 31, 1506-1518.

Gessler, A., Schaub, M. & McDowell, N.G. (2017) The role of nutrients in drought-induced tree
mortality and recovery. New Phytologist, 214, 513-520.

Gtisewell, S. (2004) N : P ratios in terrestrial plants: variation and functional significance. New
Phytologist, 164, 243-266.

Giisewell, S. (2005) High nitrogen : phosphorus ratios reduce nutrient retention and second-year
growth of wetland sedges. New Phytologist, 166, 537-550.

Harpole, W.S., Ngai, J.T., Cleland, E.E., Seabloom, E.W., Borer, E.T., Bracken, M.E.S., Elser,

This article is protected by copyright. All rights reserved



J.J., Gruner, D.S., Hillebrand, H., Shurin, J.B. & Smith, J.E. (2011) Nutrient co-limitation
of primary producer communities. Ecology Letters, 14, 852-862.

He, M. & Dijkstra, F.A. (2014) Drought effect on plant nitrogen and phosphorus: a meta-analysis.
New Phytologist, 204, 924-931.

Jones, D.L., Healey, J.R., Willett, V.B., Farrar, J.F. & Hodge, A. (2005) Dissolved organic
nitrogen uptake by plants—an important N uptake pathway? Soil Biology and
Biochemistry, 37, 413-423.

Khasanova, A., James, J.J. & Drenovsky, R.E. (2013) Impacts of drought on plant water relations
and nitrogen nutrition in dryland perennial grasses. Plant and Soil, 372, 541-552.

KlimeSova, J., Martinkova, J. & Ottaviani, G. (2018) Belowground plant functional ecology:
Towards an integrated perspective. Functional Ecology, 32,2115-2126.

Lambers H. , C.LLF.S., Pons T.L. (2008) Plant Physiological Ecology. Springer Science.

Li, Y., Niu, S. & Yu, G. (2016) Aggravated phosphorus limitation on biomass production under
increasing nitrogen loading: a meta-analysis. Global Change Biology, 22, 934-943.
Mariotte, P., Canarini, A. & Dijkstra, F.A. (2017) Stoichiometric N:P flexibility and mycorrhizal
symbiosis favour plant resistance against drought. Journal of Ecology, 105, 958-967.
Mariotte, P., Cresswell, T., Johansen, M.P., Harrison, J.J., Keitel, C. & Dijkstra, F.A. (2020) Plant
uptake of nitrogen and phosphorus among grassland species affected by drought along a

soil available phosphorus gradient. Plant and Soil, 448, 121-132.

Masclaux-Daubresse, C., Daniel-Vedele, F., Dechorgnat, J., Chardon, F., Gaufichon, L. & Suzuki,
A. (2010) Nitrogen uptake, assimilation and remobilization in plants: challenges for
sustainable and productive agriculture. Annals of Botany, 105, 1141-1157.

Milla, R., Castro-Diez, P., Maestro-Martinez, M. & Montserrat-Marti, G. (2005) Relationships
between phenology and the remobilization of nitrogen, phosphorus and potassium in
branches of eight Mediterranean evergreens. New Phytologist, 168, 167-178.

Millard, P. & Grelet, G.-a. (2010) Nitrogen storage and remobilization by trees: ecophysiological
relevance in a changing world. Tree Physiology, 30, 1083-1095.

Niésholm, T., Kielland, K. & Ganeteg, U. (2009) Uptake of organic nitrogen by plants. New
Phytologist, 182, 31-48.

Olsen SR, S.L. (1982) Phosphorus. Methods of soil analysis part 2 chemical and
microbiological  properties (ed. M.R. Pace AL, Keeney DR). American Society of

Agronomy, Inc., Madison.

This article is protected by copyright. All rights reserved



Pereira-Silva, E., Casals, P., Sodek, L., Delitti, W. & Vallejo, V. (2019) Post-fire nitrogen uptake
and allocation by two resprouting herbaceous species with contrasting belowground traits.
Environmental and Experimental Botany, 159, 157-167.

Reich, P.B. (2014) The world-wide ‘fast-slow’ plant economics spectrum: a traits manifesto.
Journal of Ecology, 102, 275-301.

Riley, R.C., Cavagnaro, T.R., Brien, C., Smith, F.A., Smith, S.E., Berger, B., Garnett, T., Stonor,
R., Schilling, R.K., Chen, Z.-H. & Powell, J.R. (2019) Resource allocation to growth or
luxury consumption drives mycorrhizal responses. Ecology Letters, 22, 1757-1766.

Schonbeck, L., Gessler, A., Schaub, M., Rigling, A., Hoch, G., Kahmen, A. & Li, M.-H. (2020)
Soil nutrients and lowered source:sink ratio mitigate effects of mild but not of extreme
drought in trees. Environmental and Experimental Botany, 169, 103905.

Shi, M., Fisher, J.B., Brzostek, E.R. & Phillips, R.P. (2016) Carbon cost of plant nitrogen
acquisition: global carbon cycle impact from an improved plant nitrogen cycle in
the Community Land Model. Global Change Biology, 22, 1299-1314.

Smith, S.E. & Smith, F.A. (2011) Roles of arbuscular mycorrhizas in plant nutrition and growth:
new paradigms from cellular to ecosystem scales. Annual Review of Plant Biology, 62,
227-250.

Stark, J.M. & Hart, S.C. (1996) Diffusion technique for preparing salt solutions, Kjeldahl digests,
and persulfate digests for nitrogen - 15 analysis. Soil Science Society of America Journal,
60, 1846-1855.

Thornton, B., Millard, P. & Duff, E.I. (1994) Effects of nitrogen supply on the source of nitrogen
used for regrowth of laminae after defoliation of four grass species. New Phytologist, 128,
615-620.

Turner, N.C. (2019) Imposing and maintaining soil water deficits in drought studies in pots. Plant
and Soil, 439, 45-55.

Ullah, M.R., Corneo, P.E. & Dijkstra, F.A. (2019) Inter-seasonal nitrogen loss with drought
depends on fertilizer management in a seminatural Australian grassland. Ecosystems,
23, 1281-1293.

Vizoso, S., Gerant, D., Guehl, J.M., Joffre, R., Chalot, M., Gross, P. & Maillard, P. (2008) Do
elevation of CO2 concentration and nitrogen fertilization alter storage and remobilization
of carbon and nitrogen in pedunculate oak saplings? Tree Physiology, 28, 1729-1739.

Wang, R., Bicharanloo, B., Shirvan, M.B., Cavagnaro, T.R., Jiang, Y., Keitel, C. & Dijkstra, F.A.

This article is protected by copyright. All rights reserved



(2021a) A novel 3C pulse-labelling method to quantify the contribution of rhizodeposits

to soil respiration in a grassland exposed to drought and nitrogen addition. New
Phytologist, 230, 857-866.

Wang, R., Cavagnaro, T.R., Jiang, Y., Keitel, C. & Dijkstra, F.A. (2021b) Carbon allocation to the
rhizosphere is affected by drought and nitrogen addition. Journal of Ecology,
https://doi.org/10.1111/1365-2745.13746

Wang, R., Cresswell, T., Johansen, M., Harrison, J., Jiang, Y., Keitel, C., Cavagnaro, T.R., &
Dijkstra, F.A. (2021) Data from: Re-allocation of nitrogen and phosphorus from roots
drives regrowth of grasses and sedges after defoliation under deficit irrigation and nitrogen
enrichment. Dryad Digital Repository. https://doi.org/10.5061/dryad.dbrv15{21

Weatherall, A., Proe, M.F., Craig, J., Cameron, A.D. & Midwood, A.J. (2006) Internal cycling of
nitrogen, potassium and magnesium in young Sitka spruce. Tree Physiology, 26, 673-680.

Yan, Z., Tian, D., Han, W., Tang, Z. & Fang, J. (2017) An assessment on the uncertainty of the
nitrogen to phosphorus ratio as a threshold for nutrient limitation in plants. Annals of
Botany, 120, 937-942.

Yu, Q., Chen, Q., Elser, J.J., He, N., Wu, H., Zhang, G., Wu, J., Bai, Y. & Han, X. (2010) Linking
stoichiometric homoeostasis with ecosystem structure, functioning and stability. Ecology
Letters, 13, 1390-1399.

Yu, Q., Wilcox, K., Pierre, K.L., Knapp, A.K., Han, X. & Smith, M.D. (2015) Stoichiometric
homeostasis predicts plant species dominance, temporal stability, and responses to global
change. Ecology, 96, 2328-2335.

Yuan, Z. & Chen, H.Y. (2009) Global - scale patterns of nutrient resorption associated with
latitude, temperature and precipitation. Global Ecology and Biogeography, 18, 11-18.

Yue, K., Peng, Y., Fornara, D.A., Van Meerbeek, K., Vesterdal, L., Yang, W., Peng, C., Tan, B.,
Zhou, W., Xu, Z., Ni, X., Zhang, L., Wu, F. & Svenning, J.-C. (2019) Responses of
nitrogen concentrations and pools to multiple environmental change drivers: A
meta-analysis across terrestrial ecosystems. Global Ecology and Biogeography, 28,
690-724.

Zhang, T., Li, F.Y., Shi, C,, Li, Y., Tang, S. & Baoyin, T. (2020) Enhancement of nutrient
resorption efficiency increases plant production and helps maintain soil nutrients under

summer grazing in a semi-arid steppe. Agriculture, Ecosystems & Environment, 292,

106840.

This article is protected by copyright. All rights reserved



Zhang, T., L1, F.Y., Wang, H., Wu, L., Shi, C., Li, Y. & Hu, J. (2021) Effects of defoliation timing
on plant nutrient resorption and hay production in a semi-arid steppe. Journal of Plant

Ecology, 14, 44-57.

This article is protected by copyright. All rights reserved



Tables

Table 1 Plant-available soil nitrogen (N) and phosphorus (P) concentrations directly before
labelling during the second regrowth (Start) and two weeks after labelling (End). Data are means +
standard error (n = 5) and different letters show significant differences among treatments within
each sampling time (T). P values are reported below each parameter for ANOVAs conducted
across treatment combinations for each sampling time. NO and N+: 0 and 10 g N m; HFDI:

high-frequency deficit irrigation treatment with 40% water holding capacity.

Available N (mg kg') Auvailable P (mg kg) Soil N:P

Start End Start End Start End
NO 3.4+0.4b 5.5+0.6b 6.8 +1.7ab 59+2.1a 0.62+0.17b 1.3+0.29b
N+ 6.6+ 1.4b 10.9+£2.7b 53+0.8b 3.0+0.7a 1.3£0.22b 39+1.1b
HFDINO  53+1.2b 7.5+0.8b 144+4.1a 89+24a 0.48 £ 0.15b 1.0 +£0.20b
HDFIN+ 442 +509a 72.4 +8.9a 7.0 + 1.6ab 5.8+ 1.5a 7.1+ 1.4a 15.8+3.2a

ANOVA P-values

HFDI <0.001 <0.001 0.09 0.16 0.002 0.008
N <0.001 <0.001 0.10 0.15 <0.001 <0.001
HFDIxN <0.001 <0.001 0.27 0.95 0.002 0.006
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Table 2 Shoot nitrogen (N, mg g!) and phosphorus (P, mg g!) concentrations, and N:P ratios in

shoot regrowth, of nutrients taken up, and of re-allocated nutrients from roots to shoot regrowth

under high-frequency deficit irrigation (HFDI) and N addition. Results are from second regrowth.
P values for ANOVAs are reported below each parameter. NO and N+: 0 and 10 g N m%; HFDI:

treatment with 40% water-holding capacity.

Shoot N Shoot P Shoot N:P Uptake N:P Recycle N:P
NO 19.4 +0.4b 2.0+£0.3b 10.3+1.5b 1.8+£0.5b 13.5 + 1.4ab
N+ 19.1+1.3b 1.2+0.1c 15.7+1.5a 2.7+0.6b 193+ 1.8a
HFDINO 20.8 £ 0.9b 2.7+0.2a 7.7+0.3b 2.4 +0.6b 11.1+1.1b
HFDIN+ 249+ 1.3a 1.6 + 0.3bc 16.3 + 1.6a 29.5+13.7a 15.0 + 4.0ab
ANOVA P-values
HFDI 0.12 <0.001 0.41 0.07 0.14
N 0.009 0.015 <0.01 0.07 0.04
HFDI x N 0.70 0.48 0.19 0.08 0.66
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Figure captions

Figure 1 Shoot biomass clipped directly before labelling (first regrowth, a) and two weeks after
labelling (second regrowth, b) as affected by high-frequency deficit irrigation (HFDI) and nitrogen
(N) addition. Error bars represent standard error (n = 5) and P values for ANOVA are reported
when significant (P < 0.05). NO and N+: 0 and 10 g N m%; well watered and HFDI: 65 and 40%
water holding capacity.

Figure 2 Plant uptake and re-allocation of nitrogen (N) (mg pot!, a) and phosphorus (P) (mg pot’!,
b) under high-frequency deficit irrigation (HFDI) and N addition. Error bars represent standard
error (n = 5) and different letters above error bars show significant differences among treatments
for nutrient uptake (lowercase letters) and re-allocation (capital letters) separately. Results are
from second regrowth. P values for ANOVAs are reported when significant (P < 0.05). NO and
N+: 0 and 10 g N m%; well watered and HFDI: 65 and 40% water holding capacity.

Figure 3 Relationships between nitrogen (N) re-allocation and phosphorus (P) re-allocation (a),
between N re-allocation and shoot regrowth (b), and between P re-allocation and shoot regrowth
(c). Results are from second regrowth. NO and N+: 0 and 10 g N m? respectively; non-drought and
drought: 65 and 40% water holding capacity respectively. Unfilled circles and triangles represent
NO and N+ with well-watered treatment, respectively; filled circles and triangles represent NO and
N+ with high-frequency deficit irrigation treatment, respectively. The grey shading represents
95% confidence intervals.

Figure 4 Nitrogen (N) addition under well-watered conditions increases the size of the root N pool
prior to clipping, and thus promotes re-allocation of N from roots coupled with higher P
re-allocation to support shoot regrowth after clipping. High-frequency deficit irrigation (HFDI)
slows down uptake of added N and storage of N in roots prior to clipping, resulting in
accumulation of plant-available soil N. Consequently, under HFDI, plants can rely less on
re-allocation but rely more on soil N uptake to support shoot regrowth. Even with relatively high
soil P availability under HFDI conditions, plant P uptake remains unchanged possibly due to
slower P diffusion in dry soils. Pie figures show proportional N and P from soil uptake and from

re-allocation with N addition under well-watered and HFDI conditions.

This article is protected by copyright. All rights reserved



OWell watered mHFDI

HFDI: 0.02, N: 0.005

@ g (®) ~ g
~ HFDI: 0.004, N: 0.006 5
+— (o}
226 - 226 -
g2 I ES
¥ 53
5% 4 284
50 T S g
2y 5o
U):2‘ U)SZ‘
£, :
= (0}
0 » 0
NO N+
Figure 1

This article is protected by copyright. All rights reserved

] i ’_T_\-_
N+

NO



[OWell watered mHFDI

a
() 32 7| Uptake A
HFDI: <0.001, N: <0.001, HFDIxN: <0.001
= Re-allocation
S 24 - HFDI:0.002, N: 0.013, HFDIxN: 0.002
(o}
o)}
E
=~ 16 - ‘
< ! B
E 1
o g 1
' |
0 ﬁﬁ I___I l
N+
N uptake N re-allocation

(b) 2.0
Re-allocation
— HFDI: 0.04, HFDIxN: 0.003 A
3 15 1
(o}
g’s AB
o 10 BC
£ a .| c
o ﬁ' | -I
i il |
NO ‘ N+ NO N+
P uptake P re-allocation
Figure 2

This article is protected by copyright. All rights reserved




25 g 2.0 b 20 ¢

R?=0.65 R2=0.91 R2=0.62 A
20 P<0.001 o _ P<0.001 Y _ P<0.001 4
B 1.5 v, 15
e o o
o o Q.
E 15 2 2
o ] ]
S 8 1.0 8 1.0
2 £ £
® 1.0 2 S
;_ : o a
- -
- c c
8 z 05 z 05 e
0.0 0.0/ 0.0
0 10 20 30 40 0 10 20 30 40 0.0 0.5 1.0 1.5 2.0 25
Plant N recycle (mg pot '1) Plant N recycle (mg pot '1) Plant P recycle (mg pot '1)

Figure 3

This article is protected by copyright. All rights reserved



N addition N addition & HFDI

\ /"/y L

\

N uptake)|\\'Re \qllocation of N and Py

""" | Unaffected P uptake
Fast PO,3 diffusion

m Uptake  m Re-allocation

3% 21%
48% 529 58% | 42%
97% 79%
N P N P

Figure 4

This article is protected by copyright. All rights reserved





