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Abstract
Background and Aims The commonly observed trade-
off between plant water use efficiency (WUE) and ni-
trogen use efficiency (NUE) has been attributed to
physiological constraints in the leaf. We examined if a
similar trade-off can occur between WUE and phospho-
rus use efficiency (PUE) and if changes in NUE and
PUE in response to water and nutrient supply can be
related to microbial N and P immobilisation.
Methods We studied water and nutrient use efficiencies
in leaves of four tree species (Eucalyptus sideroxylon,
Eucalyptus tereticornis, Casuarina cunninghamiana,
and Pinus radiata) that were grown under rainout shel-
ters for 16 months at low and high levels of water and
nutrient supply.
Results Across all four species, WUE increased when
water supply was low and nutrient supply was high,
while NUE increased when water supply was high and
nutrient supply was low. As a consequence, a trade-off
was found between WUE and NUE for all four species.

In contrast, no trade-off was found between WUE and
PUE, likely because PUE and microbial P immobilisa-
tion in the soil unexpectedly increased with high nutri-
ent supply.
Conclusions With variable water and nutrient supply,
physiological constraints generate a trade-off between
WUE and NUE, but not between WUE and PUE; the
latter may have been obscured by microbial control over
P supply to plants.

Keywords Microbial immobilisation . Nutrient
limitation .Water stress . Trade-off . Tree species

Introduction

When water and nutrients are scarce, efficient use of
these resources may improve plant growth and chances
of survival (Aerts and Chapin III 2000; Tilman 1988).
Plants can respond to conditions of low water availabil-
ity by transpiring less water per unit carbon fixed and
biomass produced (i.e., they have a high water use
efficiency, WUE, Ehleringer and Cooper 1988; Toft
et al. 1989). Likewise, in environments with low nitro-
gen (N) availability plants often fix more carbon and
produce more biomass per unit of N (i.e., they have a
high N use efficiency, NUE, Aerts and Chapin III 2000;
Vitousek 1982). However, plants often decrease WUE
with increased NUE and vice versa, suggesting a trade-
off between WUE and NUE (Field et al. 1983; Gong
et al. 2011; Patterson et al. 1997). This trade-off can be
explained by physiological constraints in the leaf: when
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plants increase leaf intercellular CO2 concentration by
opening their stomata, this increases photosynthesis per
unit of leaf N, but also increases transpiration thereby
reducing WUE (or plant δ13C, an integrative index of
leaf-scale WUE, Farquhar and Richards 1984).
Therefore, reduced leaf WUE induced by greater water
availability frequently increases leaf NUE (Li et al.
2003; Reich et al. 1989). Similarly, when N availability
increases, leaf tissue N increases (and NUE decreases),
which enhances the photosynthetic capacity in leaves
thereby increasing WUE (Livingston et al. 1999;
Ripullone et al. 2004).

The trade-off between WUE and NUE in leaves has
also been explained by N availability in the soil (Cramer
et al. 2009). It was argued that when N availability is
low, plants may enhance transpiration rates to increase
N uptake through mass flow in the soil. As a result,
WUE may decrease with increased NUE induced by
conditions of lower soil N availability, at least when
plant growth is not limited by water.

In contrast, there is no clear evidence for a trade-off
between leaf WUE and phosphorus (P) use efficiency
(PUE) (but see Brown et al. 2011). Addition of P had no
effect on WUE in the tropical tree Ficus insipida
(Garrish et al. 2010), while leaf PUE was unrelated to
WUE in Pinus pinaster (Warren et al. 2005), or was
even positively related with WUE in Populus and grass-
land species (DesRochers et al. 2006; Zhou et al. 2013).
Increased leaf P concentrations in trees and lianas were
explained by enhanced transpiration rates increasing
mass flow of P (Cernusak et al. 2010; Cernusak et al.
2011), so that variation in transpiration rates may actu-
ally result in positive relationships between WUE and
PUE.

In all of these studies, plant-soil interactions have not
been considered. However, changes in water and nutri-
ent availability in the soil may affect microbial
mineralisation and immobilisation of N and P (Austin
et al. 2004; Bünemann et al. 2012; Manzoni and
Porporato 2007), with consequences for the absolute
and relative amounts of N and P that can be taken up
by plants. Microbial requirement for P is usually much
higher than for N (Cleveland and Liptzin 2007), which
could potentially result in imbalanced supply of N and P
to plants (Jonasson et al. 1996). Therefore, changes in
microbial activity due to variation in water and nutrient
availability could affect plant N and P uptake, and
thereby influence relationships among WUE, NUE
and PUE.

Here we examined leaf δ13C, C/N and C/P ratios (as
indices of leaf-scaleWUE, NUE and PUE, respectively)
in four tree species in response to changes in soil water
and nutrient supply. The species were grown in local
native forest soil in large 75 L bags for 16 months under
rainout shelters with two levels of water supply (con-
stantly watered vs. drought periods) and two levels of N
and P fertiliser additions in a full factorial design. We
then examined relationships between leaf δ13C and C/N,
and between leaf δ13C and leaf C/P, and determined
whether relationships could be explained solely by
physiological constraints in the leaf, or also by changes
in microbial N and P immobilisation.

Materials and methods

Experimental design

This study was conducted at a rainout shelter facility at
Western Sydney University, Richmond, NSW, Australia
(long 150°44′23″E, lat 33°36′39″S). Mean monthly
maximum temperatures at the site are 29.6 °C in
January and 17.2 °C in July. Mean annual precipitation
is 813 mm. Seedlings of Eucalyptus sideroxylon
(EUSI), Eucalyptus tereticornis (EUTE), Casuarina
cunninghamiana (CACU, N-fixer), and Pinus radiata
(PIRA) were planted in 75 L bags filled with 90–100 kg
of soil (one seedling per bag). The soil was a locally-
sourced loamy sand with a pH of 6.2, 14 g kg−1 organic
C, 1.2 g kg−1 total N, and 0.24 g kg−1 total P. All plants
were planted on 10 November 2011 under 6 rainout
shelters. Seedlings that did not survive during the first
month were replanted with spare seedlings grown under
the same conditions. Each shelter is made of aluminium
and is 12 m long × 8 m wide × 7 m tall. Each shelter
possesses a light-transparent retractable roof which
closes during a rainfall event. When rainfall is detected,
UV transparent curtains unfurl across the shelter roof,
and along the sides of the shelter, preventing rain from
falling into the shelter. A 1 m gap at the bottom of the
shelter maintains air flow when the curtains are de-
ployed to minimise impacts on ambient environmental
conditions. After a rainfall event, the curtains return to
their retracted position so that temperature and humidity
conditions return to ambient field conditions.

For each species, there were 4 bags in each shelter
where one bag was designated for each of the following
treatments: lowwater and low nutrient supply (LW-LN),
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low water and high nutrient supply (LW-HN), high
water and low nutrient supply (HW-LN), and high water
and high nutrient supply (HW-HN). A total of 96 bags
were included in the experiment (4 species × 2 water
treatments × 2 nutrient treatments × 6 replicates). To
prevent nutrient stress and insect damage, all bags re-
ceived fertiliser on 2 May 2012. Bags with low nutrient
supply received 0.37, 0.16, 0.43, and 0.25 g bag−1 of N,
P, K, and S, respectively (corresponding to 2.2, 0.9, 2.6
and 1.5 g m−2), and bags with high nutrient supply
received 0.62, 0.26, 0.73, and 0.42 g bag−1 of N, P, K,
and S, respectively (3.8, 1.6, 4.4 and 2.5 g m−2) as
Nitrophoska Special®. Bags with the high nutrient sup-
ply treatment received another 2.4, 1.0, 2.8, and
1.6 g m−2 of N, P, K, and S on 18 September 2012,
and 2.6, 1.1, 3.0, and 1.7 g m−2 of N, P, K, and S on 21
December 2012. A total of 9.0, 3.7, 10.4, and 5.8 g m−2

of N, P, K, and S were added to the bags with the high
nutrient supply treatment, or 4 times the amount added
to the bags with the low nutrient supply treatment.
Initially, soil moisture was maintained at field capacity
in all bags by watering bags on a daily basis. Bags with
the low water supply treatment received reduced water
during the period 8 October – 2 November 2012 (first
dry-down), 19 November – 21 December 2012 (second

dry-down), and after 28 January 2013 until drought-
induced plant mortality (third dry-down). On all other
dates, soil moisture was maintained at conditions similar
to the high water supply treatment. Volumetric soil
moisture was monitored for each species in the low
and high water supply treatments with high nutrient
availability (n = 5) using TDR probes (Campbell
Scientific, Townsville, QLD Australia, Fig. 1).

Sampling and analyses

Green leaf samples from the mid-canopy of each tree
were taken at the end of the second dry-down on 18
December 2012 and during the third dry-down on 25
March 2013. Leaf samples were dried (60 °C for 72 h),
ground and analysed for C, 13C, and N on an isotope
ratio mass spectrometer (IRMS, Thermo-Fisher
Scientific, Bremen, Germany). Plant sub-samples were
ashed (550 °C in a muffle furnace), dissolved in 6 N
HCl, filtered (Whatman 42 filter paper), diluted with
water, and analysed for P using the ammonium
molybdate-vanadate reagent (Jackson 1958).

We used leaf δ13C values as a measure of leaf-scale
WUE, where more negative values indicate lower WUE
(Farquhar and Richards 1984). Green leaf C/N and C/P

Fig. 1 Volumetric soil moisture
content between August 2012 and
May 2013 in C. cunninghamiana
(a), E. sideroxylon (b),
E. tereticornis (c), and P. radiata
(d). Soil moisture (average of 5
replicates for each species, error
bars represent 95 % confidence
intervals) is shown for high water
supply (black circles) and low
water supply (white circles). In
November 2012 moisture probes
were moved from the top of the
bags to the base of the bags
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ratios were used as a measure of N and P use efficiencies
(where high C/N and C/P reflect high NUE and PUE,
respectively). The C/N and C/P ratios in senesced leaves
would be a more accurate measure of plant nutrient use
efficiency in perennial plants (Vitousek 1982). However,
there was little leaf senescence during the period we
sampled, and we therefore used green leaf C/N and C/P
ratios as a proxy for leaf-scale NUE and PUE respective-
ly. WUE, NUE and PUE in plants have been determined
at different levels, including the whole plant, above-
ground biomass, or photosynthetic (e.g., photosynthetic
NUE). In our study we only measured the WUE, NUE
and PUE at the leaf-scale, which may differ from the
whole plant scale (Aerts and Chapin 2000).

Soil from each bag was sampled on the same days
when leaf samples were taken. The top 20 cm of the soil
was taken with a soil corer. Soils were sieved (4 mm)
and roots that fell through were removed. Sub-samples
were analysed for soil moisture (72 h oven drying at
60 °C). Microbial biomass N and P were measured
using the fumigation-extraction technique (Brookes
et al. 1985; Brookes et al. 1982). For microbial biomass
N, 20 g of moist soil was fumigated with chloroform in a
vacuum desiccator for 72 h. We added 40 mL of 0.05M
K2SO4 to 20 g of fumigated and non-fumigated soil,
which was then shaken for an hour, and filtered
(Whatman 42 filter paper). Extracts were analysed for
total N on a total organic C analyser with an N measur-
ing unit attached (TOC-VCSH, TNM-1, Shimadzu
Scientific Instruments, Kyoto, Japan). Extracts from
non-fumigated soils were also analysed for NH4

+ and
NO3

− on a Flow Injection Analyser (FIA automated ion
analyzer, Lachat Instruments, Loveland, CO, USA). For
microbial P, 5 g of moist soil was fumigated with chlo-
roform in a vacuum desiccator for 24 h. Fumigated and
non-fumigated samples were extracted with 0.03 M
NH4F – 0.025 N HCl. The P concentration was mea-
sured colorimetrically using the ammoniummolybdate–
stannous chloride reagent (Olsen and Sommers 1982).
Microbial N and P were calculated as the differ-
ence in N and P concentrations between fumigated
and non-fumigated samples divided by extraction
efficiencies of 0.54 and 0.4, respectively (Brookes
et al. 1985; Brookes et al. 1982). To correct for P-
sorption during fumigation and extraction, 100 μg
P was added to five separate soil samples and
recovery of P in the extracts was measured
(Brookes et al. 1982). Microbial biomass N and
P were expressed per kg dry soil.

We used the extractable NH4
+, NO3

− and P in the
non-fumigated extracts as a measure of soil N and P
availability at the time of sampling. We further used
Plant Root Simulator resin probes (Western Ag
Innovations, Saskatoon, CA, USA) as an integrative
measure of soil N and P availability (PRS-N and PRS-
P respectively) during the dry-rewetting cycles (Dijkstra
et al. 2012). Probes were inserted at the start of the first
dry-down (8 October 2012) at 2–7.6 cm soil depth (2
cation probes for NH4

+ absorption and 2 anion probes
for NO3

− and PO4
3− absorption in each soil bag) and

retrieved on 25 March 2013, at the same time that the
second set of soil samples were taken. Probes were
washed with deionised water and extracted with 0.5 N
HCl (2 cation and anion probes combined). The
extractants were analysed for NH4

+ and NO3
− colori-

metrically on a flow injection analyser (Seal Analytical,
Mequon, WI, USA) and for P using inductively coupled
plasma emission spectroscopy (Perkin Elmer, Inc.,
Waltham, MA, USA).

Immediately after planting and on 25 March 2013
(during the third dry-down), tree height and stem diam-
eter 5 cm above the soil surface were measured for each
tree. Total plant biomass at both dates was then calcu-
lated using species-specific allometric equations. The
equations were developed by harvesting a random sam-
ple of twelve trees from each species at four time points
(19 April and 27 August 2012, 4 February, and 1
May 2013) over the course of the experiment. The first
two harvests occurred before treatments were initiated.
At each harvest, tree height (cm) and stem diameter
(mm) 5 cm above the soil surface were measured, and
each tree was cut at the soil surface. The aboveground
portion was separated into leaves, stems, and branches,
and the entire root system was washed free of soil. All
components were dried at 70 °C for one week, and total
tree biomass was calculated as the sum of the dry mass
of each biomass component.

CACU, EUSI, and EUTE showed an exponential
relationship between total biomass and stem volume
index (cm3, stem diameter2 × tree height). For these
species, allometric equations were developed by fitting
a model of the natural logarithm of total tree biomass
against the natural logarithm of stem volume index:

ln Yð Þ ¼ aþ k � ln Xð Þ þ ε

where Y is total tree biomass, X is stem volume
index, a and k are intercept and slope regression
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coefficients, and ε is the random error. For each species,
analysis of covariance was used to test for water supply
effects on the allometric coefficients. In all cases, water
supply had no significant effect (P ≤ 0.05) on the allo-
metric coefficients, and data from both water treatments
were combined into one model for each species.
Corrections for logarithmic bias were made when
back-transforming estimates of total tree biomass
(Baskerville 1972). PIRA showed a linear relationship
between total biomass and stem volume index instead of
an exponential relationship. For this species, water sup-
ply significantly affected the slope parameter of the
linear model (P = 0.01), but not the intercept parameter
(P = 0.55). Thus, the allometric models for the low and
high water treatments shared a common intercept, but
possessed different slope parameters. All analyses were
conducted in SAS v9.3. Total plant biomass gain during
the experiment was calculated as the difference in total
plant biomass at the start and end of the experiment.

We used ANOVA to test for main effects of species
(EUSI, EUTE, CACU and PIRA), water supply (low
and high water supply), nutrient supply (low and high
nutrient supply), date (18 December 2012 and 25
March 2013), and their interactive effects on leaf C/N,
C/P, and δ13C, soil moisture, soil extractable inorganic
N and P, and microbial N and P. A nested model was
used with the species, water and nutrient supply treat-
ments as between-bags factors, and date as the within-
bag factor. Rainout shelter was included as a random
block effect. A similar ANOVAwas used for PRS-N and
-P, and total plant biomass gain, but with the main and
interactive effects of date excluded. In some cases, data
were log-transformed to fulfil assumptions of normality.
When species effects were significant (P < 0.05), we
examined how species differed from each other using
Tukey’s HSD post-hoc test. While date effects were often
significant, interactive effects with species, water and
nutrient supply were rarely significant. We therefore pres-
ent our results as averages across the two dates. All
ANOVAs and post-hoc tests were performed with JMP
(version 4.0.4; SAS Institute, Cary, NC, USA).
Relationships between leaf δ13C and leaf C/N and C/P
were investigated for each species, and across water and
nutrient supply treatments using type II regressions. We
used the standardisedmajor axis method (sma function) in
the SMATR package in R to examine whether the slope of
the type II regressions differed among species and among
the four water and nutrient supply treatment combinations
(Warton et al. 2012). Relationships between total plant

biomass gain and leaf C/N, C/P and δ13C and differences
in slope among species and water and nutrient treatments
were investigated in a similar way.

Results

Water supply effects on leaf C/N were species-
dependent (water supply × species interaction,
P = 0.0005, Fig. 2a). In particular, high water supply
increased leaf C/N in EUSI and PIRA, but not in EUTE
and CACU. Water supply had no effect on leaf C/P
(Fig. 2b), but high water supply decreased leaf N/P in
EUSI, but not in the other species (water supply ×
species interaction, P = 0.02, Fig. 2c).

As expected, high nutrient supply caused a significant
reduction in leaf C/N (on average by 9 %, P = 0.01,
Fig. 2a), but increased leaf C/P (on average by 13 %,
P = 0.01, Fig. 2b). As a consequence, leaf N/P signifi-
cantly increased with high nutrient supply (on average by
20 %, P = 0.0002, Fig. 2c). Leaf C/N was on average
lowest and leaf N/P highest for CACU (the only N-fixer),
while leaf C/P was on average lowest for PIRA.

We observed a significant water supply × nutrient
supply interaction (P = 0.006) on leaf δ13C (Fig. 3). Leaf
δ13C increased strongly under high nutrient supply, but
onlywhenwater supplywas low (Fig. 3). Species varied in
leaf δ13C, with EUSI showing the lowest values on aver-
age (this species also had the highest leaf C/N and C/P).

As expected, we observed a trade-off between leaf
δ13C and leaf C/N. Leaf δ13C values measured on two
separate dates were negatively related to leaf C/N. This
negative relationship was significant for all four species,
where the slope for CACU was significantly steeper
than for the other three species (Fig. 4a, P < 0.05).
Likewise, the negative relationship was significant for
all four water and nutrient supply treatments, where the
LW-LN treatment showed a steeper slope compared to
the HW-LN and HW-HN treatments (Fig. 4c, P < 0.05).
In contrast, we observed no trade-off between leaf δ13C
and leaf C/P (Fig. 4b, d). Instead, significant positive
relationships between leaf δ13C and leaf C/P were ob-
served for EUSI and CACU (Fig. 4b).

Gravimetric soil moisture content of the collected soil
samples (average of two dates) was significantly higher
in the high than in the low water supply treatment
(P < 0.0001), and significantly lower in the high than
in the low nutrient supply treatment (P < 0.0001,
Table 1). Water supply had no effect on available N
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and P measured in the soil; extractable concentrations
and PRS-N and PRS-P were unaffected by the watering
treatment. High nutrient supply also had no effect on
available N, but significantly increased available P in the
soil (average increase of 86 % in extractable P and 98 %

in PRS-P, P = 0.0002 and P = 0.002, respectively). It is
noteworthy that the lowest values of PRS-N were ob-
served for the N-fixing CACU, suggesting this species
was very efficient at taking up available N from the soil.
In contrast to soil available N, microbial N significantly

Fig. 2 Mean leaf C/N (a), leaf
C/P (b), and leaf N/P (c).
Measurements on two dates were
averaged. EUSI: E. sideroxylon,
EUTE: E. tereticornis, CACU:
C. cunninghamiana, PIRA:
P. radiata. LW-LN: lowwater and
low nutrient, LW-HN: low water
and high nutrient, HW-LN: high
water and low nutrient, HW-HN:
high water and high nutrient.
Error bars represent ±1 standard
error. ANOVA P-values are
shownwhen significant (P < 0.05,
W: watering supply treatment, N:
nutrient supply treatment, Sp:
species treatment). Letters above
bars indicate differences among
species (Tukey’s HSD post-hoc
test)
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increased with high water supply (on average by 56 %,
P < 0.0001) and high nutrient supply (14 %, P = 0.04,
Fig. 5). High nutrient supply also more than doubled
microbial P (average increase of 116 %, P = 0.0009), so

that microbial N/P declined with high nutrient supply
(on average by 40 %, P = 0.02).

Across species and nutrient supply treatments, total
plant biomass gain was higher for trees maintained at

Fig. 3 Mean leaf δ13C.
Measurements on two dates were
averaged. For treatment
abbreviations, see Fig. 2. Error
bars represent ±1 standard error.
ANOVA P-values are shown
when significant (P < 0.05).
Letters above bars indicate
differences among species
(Tukey’s HSD post-hoc test)

Fig. 4 Relationships between leaf C/N and leaf δ13C (a, c) and
between leaf C/P and leaf δ13C (b, d). Each data point represents
one measurement on a specific date. Relationships are shown for
the different species across the watering and nutrient supply

treatments (a, b), and for the four water and nutrient supply
treatment combinations across species (c, d). Only significant
regression lines are shown (P < 0.05). For species and water and
nutrient supply treatment abbreviations, see Fig. 2
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high water supply compared to low water supply (on
average by 17 %, P = 0.05), although for specific
species-nutrient supply treatments this increase was
not apparent (e.g., no increase for CACU under low
nutrient supply, and no increase for PIRA). Total plant
biomass gain was higher for trees growing under high
nutrient supply compared to low nutrient supply (on
average by 136 %, P < 0.0001, Fig. 6). Overall, the
highest total plant biomass gains were observed for
CACU. For this species, leaf C/N decreased in larger
trees, while no relationships were observed for the other
species (Fig. 7a). In contrast, leaf C/P showed a positive

relationship with total plant biomass gain for EUTE and
CACU (Fig. 7b), while leaf N/P increased with total
plant biomass gain for EUSI and CACU (Fig. 7c). Leaf
δ13C was also positively related with total plant biomass
gain for EUSI and CACU (Fig. 7d).

Discussion

By varying water and nutrient supply, we observed a
trade-off between leaf δ13C and leaf C/N (indices of
leaf-scale WUE and NUE, respectively) for all four tree

Table 1 Soil moisture, extractable nitrogen and phosphorus, and
available nitrogen and phosphorus estimated with plant root sim-
ulator probes (PRS-N and PRS-P, respectively, mean ± standard
error). Soil moisture and extractable N and P averaged over two

sampling dates. LW-LN: low water and low nutrient, LW-HN: low
water and high nutrient; HW-LN: high water and low nutrient,
HW-HN: high water and high nutrient

Treatment Soil moist. Extract. inorg. N PRS-N Extract. P PRS-P
(mg g−1) (mg kg−1) (mg 10 cm−2) (mg kg−1) (μg 10 cm−2)

E. sideroxylon (EUSI)

LW-LN 59 ± 6 0.08 ± 0.04 7.6 ± 1.0 3.2 ± 0.7 0.5 ± 0.1

LW-HN 45 ± 4 0.08 ± 0.04 5.7 ± 0.6 6.4 ± 2.0 1.2 ± 0.3

HW-LN 172 ± 7 0.12 ± 0.03 8.2 ± 1.9 2.8 ± 0.1 0.7 ± 0.1

HW-HN 144 ± 9 0.08 ± 0.04 7.8 ± 1.8 5.3 ± 1.6 2.0 ± 0.6

E. tereticornis (EUTE)

LW-LN 64 ± 8 0.13 ± 0.04 6.8 ± 3.5 2.2 ± 0.1 0.5 ± 0.1

LW-HN 46 ± 4 0.13 ± 0.04 9.2 ± 2.8 4.2 ± 1.3 1.8 ± 1.0

HW-LN 170 ± 7 0.11 ± 0.07 6.1 ± 0.8 3.6 ± 0.8 0.5 ± 0.1

HW-HN 155 ± 5 0.13 ± 0.05 6.0 ± 1.1 5.1 ± 1.2 0.9 ± 0.2

C. cunninghamiana (CACU)

LW-LN 48 ± 7 0.17 ± 0.03 4.6 ± 0.4 2.1 ± 0.4 0.6 ± 0.2

LW-HN 36 ± 3 0.12 ± 0.04 4.6 ± 0.4 10.4 ± 2.9 2.0 ± 0.9

HW-LN 137 ± 10 0.16 ± 0.05 6.0 ± 2.4 3.8 ± 0.6 0.6 ± 0.1

HW-HN 110 ± 9 0.09 ± 0.04 4.1 ± 0.5 2.8 ± 0.3 1.1 ± 0.5

P. radiata (PIRA)

LW-LN 57 ± 6 0.10 ± 0.05 5.6 ± 0.4 2.9 ± 0.6 1.3 ± 0.3

LW-HN 54 ± 6 0.06 ± 0.03 4.4 ± 0.7 6.4 ± 2.4 1.7 ± 0.4

HW-LN 157 ± 11 0.14 ± 0.03 6.7 ± 1.7 3.1 ± 0.6 1.1 ± 0.2

HW-HN 132 ± 8 0.08 ± 0.03 3.5 ± 0.5 4.1 ± 0.5 1.3 ± 0.3

ANOVA P-values

Water (W) <0.0001 ns ns ns ns

Nutrient (N) <0.0001 ns ns 0.0002 0.002

W × N ns ns ns 0.02 ns

Species (Sp) <0.0001 ns 0.04 ns ns

W × Sp 0.04 ns ns ns ns

N × Sp ns ns ns ns ns

W × N × Sp ns ns ns ns ns
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species, and across the water and nutrient supply
treatments. High water supply decreased leaf δ13C
(and thus WUE) and increased leaf C/N (and thus
NUE), while high nutrient supply increased leaf
δ13C and decreased leaf C/N. This trade-off has
been explained by leaf-level physiological constraints
where high rates of photosynthesis per unit of leaf N

(high NUE) can only occur when stomata are open and
plants incur large water losses through transpiration
(low WUE, Livingston et al. 1999; Patterson et al.
1997; Ripullone et al. 2004).

It is unlikely that the trade-off between NUE and
WUE was regulated by plant transpiration rates in re-
sponse to variable soil available N. Transpiration affects

Fig. 5 Mean microbial N (a),
microbial P (b) and microbial N/P
(c). Measurements on two dates
were averaged. For treatment
abbreviations, see Fig. 2. Error
bars represent ±1 standard error.
ANOVA P-values are shown
when significant (P < 0.05).
Letters above bars indicate
differences among species
(Tukey’s HSD post-hoc test)
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mass flow of nutrients (NO3
− in particular) through the

soil to the roots. Cramer et al. (2009) suggested that
plants can compensate for decreasing soil NO3

− concen-
trations by increasing transpiration to meet their N de-
mand. A decrease in soil NO3

− availability will increase

NUE, while an increase in transpiration will decrease
WUE.We expected that the trade-off between NUE and
WUE caused by this mechanism would most likely
occur when transpiration was not limited by soil mois-
ture, i.e., in the high water supply treatment. However,

Fig. 6 Mean total plant biomass
at the end of the experiment. For
treatment abbreviations, see
Fig. 2. Error bars represent ±1
standard error. ANOVA P-values
are shown when significant
(P < 0.05). Letters above bars
indicate differences among
species (Tukey’s HSD post-hoc
test)

Fig. 7 Relationships between total plant biomass and leaf C/N
(a), leaf C/P (b), leaf N/P (c), and leaf δ13C (d) at the end of the
experiment. Relationships are shown for the different species

across the watering and nutrient supply treatments. Only signifi-
cant regression lines are shown (P < 0.05). For species abbrevia-
tions, see Fig. 2
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this was not observed as all four water and nutrient
supply treatment combinations showed significant neg-
ative relationships between leaf C/N and leaf δ13C,
while the slope was steepest for the LW-LN treatment
(Fig. 4c). While plant regulation of transpiration in
response to N supply may have occurred, its role for
causing the NUE-WUE trade-off was most likely small.

We did not observe a trade-off between WUE and
PUE across all treatments. Water supply did not affect
C/P, while high nutrient supply increased leaf C/P and
N/P, which caused the lack of a trade-off between WUE
and PUE. The increase in leaf C/P and N/P with high
nutrient supply was surprising, since the N/P ratio of the
fertiliser added (2.4) was much lower than the N/P ratios
measured in leaf tissue (ranging between 4 and 34),
suggesting that for plant growth ample P was added
compared to N. In two of the four species, leaf N/P
increased with increased total plant biomass gain
(Fig. 7c). The growth rate hypothesis predicts that faster
growing plants should have lower N/P ratios because of
a high requirement of P-rich RNA relative to N-rich
proteins (Matzek and Vitousek 2009; Sterner and Elser
2002). Our observation of increased leaf N/P with in-
creased total plant biomass gain for EUSI and CACU
suggests that as plants grew bigger their growth became
increasingly more constrained by P availability.

The increase in leaf C/P and N/P in response to high
nutrient supply may have been a result of increased
microbial P immobilisation with nutrient addition
(Fig. 5b) that may have reduced P supply to plants
compared to N supply. Microbial P increased more than
microbial N in response to high nutrient supply resulting
in significantly lower microbial N/P (Fig. 5c). Thus,
high nutrient supply of N and P increased microbial P
immobilisation more than N, thereby potentially reduc-
ing the supply of P to plants relative to the supply of N.
Microbial N/P ratios were lower than plant N/P ratios
across a wide range of ecosystems (Cleveland and
Liptzin 2007), suggesting that the requirement of P
relative to N is generally higher for soil microbes than
for plants. Furthermore, the total amount of P stored in
soil microbial biomass can be substantially higher than
the P stored in plants in terrestrial ecosystems (Jonasson
et al. 1999; Turner et al. 2013), suggesting that even
small changes in microbial P storage can have large
effects on P supply to plants. Microbial control over P
supply to plants may therefore have resulted in the
absence of a trade-off between PUE and WUE in re-
sponse to the nutrient supply treatment. On the other

hand, we observed that extractable P and PRS-P in-
creased with high nutrient supply, particularly in the
low water supply treatment (Table 1). However, these
indices of soil available P may not reflect what plants
experienced; plants may not have had access to the
greater amount of ‘available’ P, particularly under dry
conditions when soil P mobility is strongly reduced
(Lambers et al. 2008).

Instead of a trade-off, we observed positive relation-
ships between PUE and WUE for EUSI and CACU
across watering and nutrient supply treatments
(Fig. 4b). Cernusak et al. (2011) found positive relation-
ships between leaf P/C (inverse of leaf C/P) and tran-
spiration rates among four tropical tree seedlings, and
suggested that these plants controlled the rate of P
uptake from soil through transpiration. This could po-
tentially help explain the positive relationship between
PUE and WUE we observed for EUSI and CACU.
These two species showed a positive relationship be-
tween leaf δ13C and total plant biomass (Fig. 7d), sug-
gesting that they transpired less water per unit of leaf C
with increased plant biomass, thereby taking up less P
through mass flow as well. However, because of its low
mobility in the soil, P is mostly taken up through diffu-
sion rather than through mass flow (Lambers et al.
2008). Therefore, a low transpiration rate may not be
the predominant cause of a low leaf P concentration.
Rather, more C input by larger plants of EUSI and
CACU may have increased the microbial demand for
P (Helal and Sauerbeck 1984), which may have in-
creased microbial P immobilisation, thereby reducing
P supply to plants. Therefore, microbial control over P
supply to plants may have played a larger role in driving
the positive relationship between PUE and WUE ob-
served for EUSI and CACU, rather than transpiration
rates controlling P uptake.

We observed a trade-off between leaf-level NUE and
WUE for all four tree species, including three angio-
sperms, a gymnosperm and a biological N-fixer, and
under conditions of low and high water and nutrient
supply. Our results support the microeconomics frame-
work byWright et al. (2003). They suggested that plants
minimise costs associated with uptake and use of water
and N for photosynthesis, so that in environments with
low water availability, costs associated with N acquisi-
tion decrease compared to costs associated with water
acquisition. Likewise, in environments with low N
availability, water acquisition becomes less expensive
compared to N acquisition. Because we measured NUE
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and WUE at the leaf level, we do not know if this trade-
off is maintained at the whole plant level. Allocation of
N and P may differ within the plant (Garrish et al. 2010;
Güsewell 2004), and therefore the relationship between
leaf-level NUE and WUE may not be the same at the
whole plant level. Interestingly, the strongest WUE-
NUE trade-off was observed for the N-fixing CACU
(steepest slope, Fig. 4a), suggesting that the trade-off for
this species was affected by costs associated with bio-
logical N fixation, and that these latter costs were not the
same as costs associatedwith N uptake from the soil.We
are not aware of other studies where aWUE-NUE trade-
off was observed for an N-fixing species. The WUE-
NUE trade-off could further imply that more moist
conditions, where WUE is reduced, could slow down
the N cycle. Plants with high NUE (induced by low
WUE) and low tissue N concentration in litter tend to
reduce N mineralisation in the soil and availability to
plants (Hobbie 1992). Thus, an increase in NUE, in-
duced by a decrease in WUE, could help explain the
increased N limitation observed along a precipitation
gradient in the Central Great Plains of North America
(McCulley et al. 2009). However, it is unclear if the
negative relationship between δ13C and C/N observed in
green tissue persists in senesced plant tissue.

In contrast to NUE, WUE-PUE trade-offs were ab-
sent. In our nutrient-poor soil, leaf P concentrations and
PUE may be more strongly controlled by soil microbial
processes than by leaf-level processes. Subsequently,
our results did not support the growth rate hypothesis,
which predicts a decrease in leaf N/P with faster plant
growth (Sterner and Elser 2002). The growth rate hy-
pothesis assumes that leaf N and P concentrations are
controlled by biochemical processes in the leaf that
determine the relative amount of N- and P-containing
compounds needed for growth. But, as Matzek and
Vitousek (2009) have shown, other factors, such as the
relative supply of N and P to plants may affect leaf N/P
ratios that obscure relationships with plant growth. We
conclude that with variable water and nutrient supply,
leaf-level NUE-WUE trade-offs can be explained by
physiological constraints in the leaf, whereas leaf P
concentrations were affected by microbially-mediated
P supply in the soil that may have obscured a PUE-
WUE trade-off.
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