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Abstract. The pioneer tree black locust (Robinia pseudoacacia L.) is a
drought-resistant tree and, in symbiosis with Rhizobium, able to fix dini-
trogen from the atmosphere. It is, therefore, an interesting species for mar-
ginal lands where soil amelioration is sought in addition to economic gain.
However, the interaction between soil water availability, carbon allocation
and nitrogen fixation is important for a successful establishment of trees
on marginal lands and has not yet been investigated for black locust. Two-
year-old trees were grown under various soil water conditions and drought
cycles. The stable isotopic composition of C (8 *C) and N (8 '“N) of the
leaves was used to identify i) the effective drought condition of the treat-
ments and ii) the portion N accrued from the atmosphere by the biological
nitrogen fixation. Drought-stressed plants significantly reduced their total
aboveground biomass production, which was linearly linked to tree transpi-
ration. The shoot:root ratio values changed from 2.2 for the drought-stressed
to 4.3 for the well-watered plants. Our investigation shows that drought
stress increases the nodule biomass of black locust in order to maintain
biological nitrogen fixation and to counteract the lower soil nitrogen avail-
ability. The biological nitrogen fixation of drought-stressed trees could be
maintained at relatively higher values compared to the well-watered trees.
The average leaf nitrogen content varied between 2.8% and 3.0% and was
not influenced by the drought stress. Carbon fixation, carbon allocation,
and biological nitrogen fixation are to some extent balanced at low irri-
gation and allow Robinia to cope with long-term water constraints. The
combination of black locust’s ecophysiological and morphological plastic-
ity make it interesting as a biomass source for bioenergy and timber pro-
duction, even in nutrient-limited and drought-affected areas of Europe.
Keywords Rhizobium, water use efficiency, carbon, nitrogen, natural '*N-
abundance, drought stress
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Introduction

Black locust (Robinia pseudoacacia L.) is one
of the few tree species in Europe able to fix
atmospheric nitrogen and as a pioneer tree it
grows naturally in clear-felled areas (Boring
and Swank 1984). More than 350 years ago
the tree was introduced from North America as
an ornamental garden tree, and later as a for-
est tree for timber production and as a honey
plant for bees in forests. Nowadays, Robinia
pseudoacacia is widely distributed in Central,
Eastern and South-eastern Europe in various
short-rotation forests (Griinewald et al. 2009,
Enescu & Danescu 2013, Rédei et al. 2014)
as well as in urban and human-disturbed land-
scapes (Sukopp 2004, Cierjacks et al. 2013).
Meanwhile, there is an increased interest in
black locust plantations for short-rotation for-
estry and agroforestry on marginal lands where
adverse edaphic conditions create prejudice
against agricultural production systems (Bohm
et al. 2011, Rédei et al. 2014). Interest has also
been shown for planting black locust at post-
mining sites for use in reclaiming ecosystems
with pronounced water and nutrient limitations
(Dilly et al. 2010, Vlachodimos et al. 2013).
The trees are planted in order to enhance soil
carbon content (Zeleznik and Skousen 1996,
Khan et al. 2010, Matos et al. 2012). In planta-
tions black locust may change the soil nutri-
ent content (Landgraf et al. 2005, Malcolm et
al. 2008) and even enhance the nitrogen status
of neighboring trees (Lopez et al. 2014). The
additional nitrogen input into the ecosystem
through the nitrogen fixation of black locust
can be considerable with 48-86 kg N ha! a’!
(Rice et al 2004, Veste et al. 2013).

Even though the tree originated in climatic
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regions with annual rainfall of 1020 to 1830
mm, black locust is able to grow in those areas
where average annual precipitation is 550-650
mm, in summer the water balance is frequently
negative, and drought periods in spring and
summer may affect tree growth. On reclaimed
post-mining sites in northeastern Germany,
where water limitation during the summer
months can occur, the biomass production can
be considerably high (Bohm et al. 2011) and
the good growth performance under extreme
soil conditions is explained by its biological
nitrogen fixation (Griinewald et al. 2009, Veste
et al. 2013). Hence, to deepen our understand-
ing of the growth performance under stress as
well as the carbon storage in the ecosystem,
an analysis of the carbon allocation is required
(Cairns et al. 1997).

The growth performance became particular-
ly important for short-rotation coppices where
the aboveground woody biomass of the plant
is used periodically and the effective contri-
bution of the root biomass is the major source
of uncertainties (Wang et al. 2008). Under
resource limitation an optimization of carbon
allocation is crucial for growth performance
(Bloom et al. 2005, Kiippers 1992). The shoot:
root ratio is an index to describe the multiple
ecophysiological processes involved in carbon
portioning and is related to water availability.
A well-balanced shoot:root ratio is maintained
to ensure water and nutrient uptake for plant
growth, but drastic changes in the aboveground
or belowground environmental conditions will
shift the carbon allocation pattern (Larcher
2003). Mokany et al. (2006) showed in a meta-
analysis that the shoot:root ratio in many ter-
restrial biomes is negatively correlated to the
mean annual rainfall and the root biomass
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increases under drought stress. Several works
have already been carried out on black locust
root vertical distribution analysis and shoot:
root ratio (Cheng et al. 2007, Quinkenstein
et al. 2011), some of them focusing on the ef-
fect of drought on root distribution (Gao et al.
2010, Li et al. 2011).

The importance of the Rhizobia association
for the ability of the species to overcome unfa-
vorable soil conditions (Ferrari & Wall 2007)
and soil water limitations (Wurzburger & Mi-
nat 2014) is remarkable for black locust as a
pioneer tree (Boring & Swank 1984). Howev-
er, the physiological efficiency of the associa-
tion is influenced by the Rhizobia spp. strain
(Batzli et al. 1992). The symbiotic Rhizobium
association and the biological nitrogen fixa-
tion are sensitive to the soil water availability
and drought stress (Schulze et al. 1991, Zahran
1999). Therefore, it is still intensively discussed
how drought affects the nitrogen assimilation
and biological nitrogen fixation of legumes
and the underlying physiological processes
and regulations between plant and bacteroids
(Serraj et al. 1999, Aranjuelo et al. 2014). In
terms of carbon assimilation at the leaf level,
the trees have shown a high ecophysiologi-
cal plasticity and morphological adaptation to
cope with drought and high temperature stress
(Xu et al. 2009, Veste & Kriebitzsch 2013).

In a lysimeter experiment the aboveground
biomass production of black locust was lin-
early linked to tree water use and soil water
availability; furthermore, the growth perfor-
mance was influenced by the length of drought
cycles (Mantovani et al. 2014 a,b). The ques-
tion still remains open as to the interaction be-
tween aboveground and belowground biomass
under water limitation and how the trees can
overcome nitrogen limitation in combination
with a water constraint. It could be expected
that a pronounced water limitation affects root
growth and reduces biological nitrogen fixation.
Therefore, we aimed to evaluate the impact of
drought on carbon allocation, the formation of
root nodules and biological nitrogen fixation.

Carbon allocation, nodulation, and biological nitrogen fixation ...

Materials and methods
Plant material and cultivation

Two-year-old black locust trees of comparable
size (height 279 + 42 mm, trunk diameter 16 +
1 mm) and branch architecture were selected
from the reclaimed post-mining site in Wel-
zow-Siid (20 km south of Cottbus, Branden-
burg, Germany, N 51°36°14”, E 14°19°51”)
in November 2010. After the primary branches
were cut back to 100 mm from the trunk, the
plants were placed into 15 L pots under a rain-
out shelter to over-winter. In March 2011 six
plants were transferred to wicked lysimeters
at the Brandenburg University of Technology,
Cottbus-Senftenberg. The lysimeters (volume
0.098 m?) were filled with sandy loam with a
texture of 67.7% sand, 27.0% silt, and 5.3%
clay. Soil nitrogen content was 0.6-0.9 g N kg!
dry soil and phosphate content was 0.3 g P kg'!
dry soil. Every pot received 1.045 L of a modi-
fied Hoagland’s solution (without the basic N
and P content, Hoagland & Arnon 1950) for
micro-nutrients and 3.18 g (equivalent to 40
kg P ha') of potassium di-hydrogen phosphate
(KH,PO,) as a basic P fertilizer. No additional
N fertilizer was applied. For further technical
details of the lysimeters see Mantovani et al.
(2011, 2013).

Irrigation treatments

The experimental design provided two treat-
ments: high water amount (HW) and low water
amount (LW) in relation to the imposed irri-
gation regimes (Table 1). During the growing
season (June 1% to November 8 2011) the HW
trees were grown constantly at 100% of the
soil water availability (SWA), whereas the LW
at 35% of the SWA, namely, HW-const treat-
ment and LW-const treatment. Throughout the
second vegetation period (June 1 until Octo-
ber 11 2012) drought stress cycles (dc) were
applied: (i) HW-dc, a short-term stress cycle
(one week 35% SWA and two weeks 100%
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Table 1 Applied irrigation regime of the different treatments during the experiment in 2011 and 2012. For

details see text

Treatment Irrigation scheme 2011 Irrigation scheme 2012
HW-const: HW-dc:well-watered with short-term drought cycles
HW 100% constant (100%-35%)
(High
water) Cumulative irrigation Cumulative irrigation
0.587 m? 0.456 m*
LW-const: constant 35%-  LW-dc
LW Vol constant 35%-Vol

Low water R
(Low water) Cumulative irrigation

0.239 m*

Cumulative irrigation
0.260 m*

SWA) starting with a well-watered (100%
SWA) period during the re-sprouting phase
(4 weeks), followed by four short-term cycles
and (ii) LW-dc, a long-term stress cycle (two
weeks 35% SWA, one week 100% SWA) start-
ing with four weeks of drought stress (35%
SWA) at the beginning of the experiment fol-
lowed by four long-term stress cycles. The
total applied irrigation amounts for 2011 and
2012 are shown in Table 1. The 100% of the
SWA values corresponded to the field capac-
ity of the soil column, where the soil matrix
potential (y) values were constantly pF > -1.
The lower value of 35% of the SWA is close to
the black locust wilting point, with  values
constantly pF < -3 (for details see Mantovani
et al. 2013).

Aboveground biomass

At the end of the 2011 vegetation period the
trees (HW-const and LW-cost) were wrapped
in a light-transmissive, polyethylene net before
defoliation in order to collect all of the fallen
leaves on a daily basis. Once all the leaves had
fallen, the branches were cut back to the initial
length (10 cm). For the 2012 experiment wood
and leaves of the treatments (HW-dc and LW-
dc) were harvested before defoliation (October
11" 2012). For the determination of leaf bio-
mass, all of the leaves were oven-dried at 65°C
until constant weight was reached (both years,
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2011 and 2012). The biomass of the trunk and
the first 10 cm of the primary branches, which
during the 2011 experiment were not harvest-
ed, were estimated by multiplying the seasonal
volumetric growth increment recorded from
the beginning to the end of the experiment
with the specific wood density (760 kg m?).
The wood density was calculated from a por-
tion of branches with the water displacement
method (Olesen 1971). The water use effi-
ciency (WUE) for each vegetation period was
calculated for every treatment by the ratio be-
tween the total aboveground dry biomass and
its cumulative water consumption.

Root biomass and root nodules

Root sampling was performed at the end of
the experiment (October 11" 2012) in order
to evaluate the vertical spatial distribution of
the roots and root nodules and to estimate the
belowground biomass. The samples were col-
lected using metal cylinders of 250 c¢m?® vol-
ume (8.1 cm diameter x 4.8 cm length) in three
soil depths: (i) 5 to 9.8 cm, (ii) 20 to 24.8 cm,
and (iii) 40 to 44.8 cm. For each soil depth, six
samples were taken alternatively at 10 cm and
20 cm apart from the center of the lysimeter.
All the roots and root nodules were separated
and soil particles were gently removed from the
roots with a paintbrush. Roots were collected
with forceps and rotated carefully in a dish of
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water to remove any residual soil. The clean
roots were scanned with a flat-bed scanner
(Epson Perfection V700 Photo Scanner) with
400 dpi resolution. Root length density and
root surface areas density were calculated by
using WinRHIZO software (Version 2009, Re-
gent Instruments Inc., Quebec, Canada). After
the morphological analyses and classification,
roots and nodules were oven-dried separately
at 65 °C until constant weight was reached.
The root weight density (kg m?) was calcu-
lated for each sample, obtained by the ratio of
the root oven-dried weight and the volume of
the soil sampled. In order to estimate the total
root biomass, the soil column was divided into
three relatively homogeneous layers: (i) from
0 to 16.6 cm depth, (ii) from 16.6 to 33.3 cm
depth and (iii) from 33.3 to 50 cm depth. The
volume of each layer (0.033 m?) was multi-
plied with the root weight density evaluated at
5-9.8 cm depth, 20 to 24.8 cm depth and 40 to
44.8 cm depth to estimate total root biomass.
The shoot:root ratios were estimated from the
shoot dry weight (stem + stump) and the esti-
mated root dry biomass. Since the destructive
root sampling was performed only after the
two vegetation periods, the analysis here only
takes into account the aboveground biomass
produced during the vegetation period 2012.

Leaf isotopic N composition and leaf N con-
tent

A mixed sample of 20 leaflets from 20 differ-
ent fully developed leaves for each tree was
collected and oven-dried at 65°C until constant
weight was reached. For the analysis the dried
sample was homogenized and pulverized. The
leaf nitrogen content was determined with a
CNS-clemental analyzer (Elementar Vario,
Elementar Analysensysteme GmbH, Hanau,
Germany).

Estimation of the biological nitrogen fixation

In order to determine the biological N, fixation

Carbon allocation, nodulation, and biological nitrogen fixation ...

of the Robinia-Rhizobium symbioses we used
the natural N abundance method (for details
see Boddey et al. 2000). The nitrogen isotope
fractionations ('*N/'“N) were measured with
the isotope mass spectrometer Thermo Elec-
tron Delta V (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). The natural N abun-
dances (0%o units) were calculated according
to equation 1:

0%0 = (Rg-R ) /R - 1000 (eq. 1)
where Ry is the "N/"N ratio of sample and R
is the "N/"*N ratio of atmospheric N.. Because
the 0"N signature of nitrogen derived from
soil (NdfS) is commonly enriched in compari-
son to nitrogen derived from the atmosphere
(NdfA), this "N soil enrichment can be used
as a natural tracer (Russow et al. 2004). The
NdfA can be calculated using a two-pool model
from the quotient of the N abundance of the
N,-fixing plant and the soil N available to the
plant. As a reference we used the soil nitrogen
pool. Our approach to determine the N_-fixa-
tion expressed as nitrogen derived from the air
(NdfA) followed the calculation by Russow et
al. (2004) and was according to equation 2:
NdfA = (3, - 8,)/(3, -6,) 100 (eq.2)
where 8, is 6N of N_-fixing plant, § is the 5"°N
of reference sample (in this case of the soil)
and 8, is the isotopic shift against air’s 6"°N
signature by the biological nitrogen fixation
(BNF) itself. We used as an isotopic shift (3,)
a value of -1.2 %o to avoid an overestimation
of BNF. The measured values 6'°N of the soils
were +4.63 +/- 0.22 %o and used in equation 2
as the reference (5 ). Because the NdfA gives
relative values of the BNF, we estimated the
absolute nitrogen input fixed by the symbiotic
Rhizobium association according to equation 3
(for details see Russow et al. 2008):

BNF = NdfA- bm-N_ (eq. 3)
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where BNF is the absolute nitrogen input by
the biological nitrogen fixation, bm the dry leaf
biomass of the tree or the dry wood production,
and N_  the nitrogen content of the leaves or
wood. For the wood we used a mean nitrogen
content of 1.4 % as determined for black locust
in Welzow-Siid (Veste et al. 2013).

Statistical analysis

Statistical analyses were performed using the
IBM SPSS version 21 (SPSS Inc., Chicago,
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Figure 1 Mean and standard deviations of cumu-

lative transpiration (A), leaf and wood
biomass (B) and water use efficiency of
Robinia pseudoacacia (C)
2011: HW-const: high water amounts constant,
LW-const low water amounts constant, 2012:
HW-dc: high water amounts with short-term
drought cycles, LW-dc: low water amounts
with long-term drought cycles; see text and
Table 1 for details. Different letters indicate
significant difference (p < 0.05).
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IL, USA). A non-parametric Mann-Whitney
U-Test (p < 0.05) was performed to compare
the treatments in terms of (i) mean transpira-
tion, (ii) mean dry leaf and wood biomass, (iii)
mean root weight density, (iv) mean root length
density, (v) mean root surface area density, (vi)
mean root dry weight, (vii) root nodule spatial
distribution, and (viii) variation in stable iso-
tope (J '°N) ratio. A Spearman’s tho coefficient
of correlation (p < 0.05 and p < 0.01) was cal-
culated to relate the depth with (i) the mean
root weight density, (ii) the mean of the length
density, (iii) the mean root surface, and (iv) the
mean root nodule weight density.

Results

Transpiration, biomass and water use
efficiency

Water constraint affected tree transpiration
(Figure 1A) with significant effects on above-
ground biomass production in both years of
the investigation (Table 2). During the 2011
vegetation period, the LW-const aboveground
production was 54% of the HW-const, while in
2012 the difference between HW-dc and LW-
dc decreased to 37% (Figure 1B). The water
use efficiency was comparable in 2011 among
the HW-const and LW-const treatments with
an average of 2.39 kg m>. With the application
of drought cycles, the WUE of the trees were
slightly higher (2.68 kg m™) than the previ-
ous vegetation period (Fig 1c), but the values
showed no significant differences between the
drought cycles (HW-dc vs. LW-dc).

Biomass allocation

The variations in woody biomass allocation
among the treatments (Table 3) are shown in
Figure 2. Significant differences have been re-
corded for the shoot (stem + stump) biomass
between the HW-dc and LW-dc trees at the end
of the experiment, while the total root bio-



Mantovani et al.

Carbon allocation, nodulation, and biological nitrogen fixation ...

Table 2 Mean and standard deviation of the aboveground dry biomass production and water use of Robinia
pseudoacacia evaluated during the experiments in 2011 and 2012

s Wood Leaf Water use
Transpiration sd . . sd . sd
Treatment (m) (m’) biomass (ke) biomass (ke) efficiency
(kg) (kg)

HW-cost  0.59* 0.15 1.00° 0.21 0.41° 0.11 242 0.13
LW-const 0.24° 0.04 0.45° 0.23 0.20° 0.01 2.37* 0.03
HW-dc  0.46* 0.03 0.82° 0.04 0.34* 0.08 2.56® 0.30
LW-dc  0.26" 0.01 0.46 0.06 0.27* 0.02 2.80° 0.20

Note. Numbers labeled with the same letters are not significantly different (p < 0.05).

= "°[A B oot
=
= | s 0 oo
] 4 nodule
]
Q
2 osf b
[
w
2 a
T g4l a
£ T
il
a a a
0.0 — =
B
g ° a
g s
2
8 4 b
o b
o 3r
=
° L
8 2
=
w 1k
0 . T
HW-dc LW-dc
treatment

Figure 2 Mean and standard deviations of total
aboveground and belowground biomass
(A), nodule biomass (B) and shoot:root
ratio (C). Trees were harvested at the end
of the experiment in September 2012
Different letters indicate significant difference
(p <0.05).

masses are comparable (Figure 2A). Under
lower irrigation (LW-dc) the shoot:root ra-
tio decreased to 2.2 compared to 4.3 for the
well-watered trees (HW-dc) (Figure 2B). It is
important to highlight that the total nodule bio-
mass of well-watered trees was only the 64%
compared to the LW-dc (Figure 2A).

Root system and nodules

The analysis of the root weight density, root

surface area and the root length density shows
a comparable spatial distribution of the root sy-
stem along the soil column (Figure 3) for both
treatments (Table 4). The root nodule weight
densities of the LW plants at 5-10 and 20-25
cm depths (Table 5) were 66% and 85% more
than those of the HW treatment, respectively
(Figure 4A), while the nodule:root weight ra-
tio (Figure 4B) increased with drought stress,
although neither of these relationships were
shown to be statistically significant.

Leaf nitrogen content and biological nitrogen
fixation

The leaf nitrogen contents were not signifi-
cantly different between the irrigation treat-
ments (Figure 5A), varying between 2.8%
+ 0.79 and 3.0% =+ 0.17 (Table 5). The 3"N
values of Robinia under the different irriga-
tion regimes are shown in Figure 5SB. The low-
est values were measured in the well-watered
trees (HW-const) and increased under low soil
water content (LW-const, LW-dc), whereas
trees growing under short-term drought cycles
(HW-dc) showed less >N enrichment. Due to
the soil homogenization procedure, the plants
were growing on substrate with a comparable
N stable isotope composition (3"°N_. = +4.63
%o + 0.22). Based on the 8N values of the
soil itself as a reference, the calculated NdfA
values (for the leaves) was highest in the trees
growing under constant high water supply
(HW-const) (Figure 5c). The estimated relative
amounts of nitrogen fixed by BNF was 94%
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Table 3 Mean and standard deviation of the biomass allocation of Robinia pseudoacacia, estimated at the
end of the experiment 2012 (October 11" 2012)

Treatment Shoot sd Root sd Nodule sd Shoot/ sd
(kg) (kg) (kg) (kg) (kg) (kg) root

HW-dc 1.09° 0.11 0.28* 0.12 0.04* 0.03 4.29° 1.16

LW-dc 0.65° 0.08 0.342 0.14 0.08° 0.01 2.16° 1.22

Note. Numbers labeled with the same letters are not significantly different (p < 0.05).

root weight
density [kg m'3]

root surface area
density [cmZem™3]

2] o
o o
——

root lenght
&5

density [cm cm‘3]

(5]
o

05-10

20-25 40-45

depth [cm]

Figure 3 Mean and standard deviation of fine root
weight density (dry weight) (A), root sur-
face area density (C), and root length den-
sity (B) at different soil layers of Robinia
pseudoacacia at the end of the experi-
ment. (October 11" 2012)

Different letters indicate significant difference
(p < 0.05).

+ 15, while under water limitation the relative
nitrogen fixation decreased to 82% for LW-
const and 87% for LW-dc. Under short-term
stress drought cycles the BNF was more redu-
ced (Figure 5c), but the differences between
the treatments were not significant. Figure 6
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shows the total nitrogen amounts fixed by the
BNF in the aboveground biomass. Following
the biomass production of leaves and wood
(Figure 1B), the highest total nitrogen amounts
from the BNF could be found here in well-wa-
tered trees (HW-const), while water limitation
decreased the total fixed-N by BNF according
to the irrigation amounts.

Discussion

Our investigation into various soil water avai-
labilities clearly showed the growth response
of the aboveground biomass to drought stress
and its capability to cope with water constrain-
ts. The water use efficiency was not changed
by the drought stress in both experiments.
For broadleaved trees in the temperate zones,
Larcher (2003) gives average water use effi-
ciencies of 3 - 5 kg m™. But, our results in the
lysimeter experiments indicate a higher water
consumption of black locust compared to other
fast-growing trees like willows with a WUE in
the range of 5.3 - 6.3 kg m> (Lindroth & Cien-
ciala 1996, Linderson et al. 2007). However,
comparable long-term WUE data for trees are
rare and often calculated with meteorological
methods or extrapolation based on gas ex-
change measurements.

The adaptations of black locust to the drou-
ght stress took place on two levels: (i) morpho-
logical adaptations on the plant level and (ii)
stomatal control on the leaf level. Trees grow-
ing under drought conditions adapted their leaf
areas to the soil water availability in order to
limit transpiration (Mantovani et al 2014 a,b).
In addition, to further limit water loss the sto-



Mantovani et al.

Carbon allocation, nodulation, and biological nitrogen fixation ...

Table 4 Mean and standard deviation of the root characteristics of Robinia pseudoacacia, evaluated at dif-
ferent soil layers at the end of the experiment 2012 (October 11" 2012)

Root Root Root
Treatment Depth weight sd surface area sd length sd
(cm) density (kg m®) density (em? cm?®)  density (cm cm?)
(kg m?) (cm? cm™) (cm cm?)
05-10 8.61° 4.20 6.94° 2.11 47.98 20.70
HW 20-25 2.94° 1.38 4.24° 222 32.92¢ 18.84
40-45 1.05 0.23 3.24° 0.97 29.90* 9.86
05-10 9.88¢ 4.90 7.21° 2.32 39.97¢ 16.16
LW 20-25 2.16* 1.01 4.81° 1.78 40.91° 17.90
40-45 0.88¢ 0.20 2.96* 1.60 29.50° 17.79

Note. Numbers labeled with the same letters are not significantly different (p < 0.05).

Table 5 Mean and standard deviation of the nodules associated with Robinia pseudoacacia roots, evaluated
at different soil layers at the end of the experiment 2012 (October 11" 2012)

Treatment Depth Nodule weight density sd Nodule/root sd
(cm) (kg m?) (kg m?)
05-10 0.95° 0.94 0.14° 0.10
HW 20-25 0.04° 0.03 0.05* 0.03
40-45 0.132 0.09 0.06* 0.07
05-10 2.16* 1.13 0.25° 0.13
LW 20-25 0.30? 0.27 0.12° 0.10
40-45 0.03* 0.02 0.03% 0.03

Note. Numbers labeled with the same letters are not significantly different (p < 0.05).

n

nodule
weight density [kg m™]

nodule:root ratio

05-10 20-25 40-45
depth [cm]

Figure 4 Mean and standard deviation of the root
nodule weight density (A) and the nod-
ule:root biomass ratio (B), calculated for
different soil layers at the end of the ex-
periment (October 11" 2012)

matal response is observed on drought-stressed
trees under higher water vapour deficits (Man-
tovani et al. 2014a). Especially in the second
experiment (2012), the long-term drought
stress affected the stomata opening as indi-
cated by the measured differences in the §"*C
isotopic composition. For the LW- dc trees
01C values of -26.2 %o + 0.17 were measured,
while the HW-dc trees had values of -28.03
%o * 0.59. Imposed drought stress caused this
significant 513C variation on the leaf, which
is due to the influence of the stomatal conduc-
tance and its impact on the fractionation of
the stable *C and '>C isotopes (Farquhar et al.
1982, Delucia et al. 1988). These morphologi-
cal and ecophysiological responses to drought
stress reduced the plant-fixed carbon for plant
growth. The photosynthesis processes were
not affected by drought stress (Mantovani et
al. 2014a), but photorespiration increased un-
der higher air temperature above 30°C in the
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Table 6 Mean and standard deviation of leaf nitrogen content, stable isotope ratio (8 *N), nitrogen derived
from the air (NdfA), and of total nitrogen in the aboveground biomass (stem and leaves) of single
Robinia pseudoacacia fixed by biological nitrogen fixation, evaluated the experiments in 2011 and

2012
BNF
Treatment Egﬁ;ﬁt sd 5N sd NdfA  sd total N sd
o (%) (%0) (%0) (%) (%) fixed (&
(%)
(2)
HW-cost  2.84° 0.55 -0.822 0.87 91° 12 23.18* 5.67
LW-const  3.22° 0.66 -0.18 0.99 832 16 10.47° 3.05
HW-dc 2.89° 0.22 0.22° 0.37 76* 6 16.19% 2.24
LW-dc 2.882 0.47 -0.47a 0.36 87* 11 12.41° 1.79
9 drought-stressed plants (Veste & Kriebitzsch
= 4o 5 f’— A 2013), which consequently resulted in a lower
2 30 B I l a a net carbon uptake for the trees.
3 L [ - - At the whole plant level, the water constraint
c .
g 201 had a relevant effect on tree growth since the
2 10 i aboveground biomass production is linearly
..; - related to the transpired water in both experi-
9 ments (Mantovani et al. 2014 a,b). The carbon
D-i - T a B investment in the root system is often not taken
_ME a —t ¢ into consideration. In mature stands of Robinia
£ b = St imately 40% of the dry matter is all
= 04f L _ ‘ i approximately 40% of the dry matter is allo-
9 oal B cated to the root systems (Quinkenstein et al.
© Aol - - 2011) while in short crop rotation the shoot:
A6 L root ratio depends on the stand age and varies
E C between 0.2 and 3.5 (Quinkenstein et al. 2012).
- T -? . % In fact, in our experiment the trees growing un-
X 80F| - I u 1L der water constraint invested relatively more
E 60 carbon into the belowground biomass than in
2 ol shoots and leaves. In various studies it has
26 been observed that carbon allocation into the
ol root system increases under soil water limita-
ikteoneilNecemst: Bide:  Tede tion for an optimal carbon partitioning (Larch-

treatment

Figure 5 Mean and standard deviation of leaf
nitrogen content (A), stable isotope
ratio (8 *N) (B), and nitrogen derived
from the air (NdfA) (C) of Robinia
pseudoacacia under different watering
regimes
(HW-const: high water amounts constant,
LW-const low water amounts constant,
HW-dc: high water amounts with short-
term drought cycles, LW-dc: low water
amounts with long-term drought cycles; see
text and Table 1 for details).
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er 2003, Yin et al. 2005). For European beech
(Fagus sylvatica) it was shown that drought
stress can stimulate the fine root production
(Leuchner et al 2001) which compensates for
fine-root mortality and leads to higher root
turnover rates (Meier & Leuschner 2008).
From a physiological viewpoint, we would
even expect a drastic impact of drought stress
on the biological nitrogen fixation by Robinia
as well. Several studies have reported a de-
crease in the biological nitrogen fixation relat-
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Figure 6 Mean and standard deviation of total

nitrogen in the aboveground biomass
(stem and leaves) of single Robinia
pseudoacacia fixed by biological ni-
trogen fixation under different watering
regimes.
(HW-const: high water amounts constant,
LW-const low water amounts constant, HW-
dc: high water amounts with short-term
drought cycles, LW-dc: low water amounts
with long-term drought cycles; see text and
Table 1 for details).

ed to water constraint in legumes (Kirda et al.
1989, Moro et al.1992, Serraj & Sinclair 1996,
Serraj et al. 1999, Marino et al. 2007). Noh et
al. (2010) reported a decrease of nodule pro-
duction for black locust on dry sites in a field
experiment. Under long-term drought stress
the leaf nitrogen content of Robinia leaves
were slightly reduced (Veste & Kriebitzsch
2013) and it was assumed that extreme drought
influenced N assimilation and altered the bio-
logical nitrogen fixation. On the contrary, in
our present study the leaf nitrogen content was
rather constant between the irrigation treat-
ments (even under drought stress) and remains
at 2.9 - 3.2 %N, even during long-term drought
stress in the first year. And yet, the relative ni-
trogen fixed by BNF (expressed as NdfA) was
even higher in the second year under drought
stress compared to the HW-dc treatment with
high irrigation amounts. A reduction of soil N
availability induces nodulation and BNF of
nitrogen-fixating trees like Acacia (Cramer et
al. 2010) and Robinia (Johnsen & Bongarten

Carbon allocation, nodulation, and biological nitrogen fixation ...

1991, 1992) in order to sustain the required
nitrogen amounts for plant growth. In our ex-
periment the 8'°N values of the leaves under
drought stress (LW-const, LW-dc) increased
as well, which implied a lower relative BNF.
On the other hand, the nodule biomass in-
creased. Our observation supports the results
of Wurzburger & Miniat (2013) who found
that drought-stressed black locust trees in-
creased nodule biomass by 80%, and investi-
gations by Gray et al. (2013) into field-grown
soybeans. These observations were explained
by the fact that low soil water content caused
an additional reduced soil nitrogen availabil-
ity for the trees, which was compensated by
supplemental BNF (Wurzburger & Miniat
2013), such as can be observed under low soil
nitrogen amounts (Johnsen and Bongarten
1991). However, raising the symbiotic nitro-
gen fixation increases the carbon costs for the
N, fixation; consequently, photoassimilates are
allocated to belowground growth and nodule
respiration. The carbon costs of BNF can be
higher (approximately 25% of the daily photo-
synthesis fixed carbon) compared to nitrogen
uptake by non-N-fixing plants growing under
optimal N supply, but these are similar when
growing under limited N conditions (Lam-
bers et al. 2008). Hence, we need also to taken
into account the entire nitrogen budget of the
trees and its relation to the carbon allocation in
the biomass under the different irrigation re-
gimes. In the experiment, the trees were able
to maintain the required nitrogen assimilation
even under drought stress at the same level as
needed for the biomass production. An excep-
tion here was the HW-dc treatment trees in the
second experiment (2012) when tree growth
stopped completely, while the drought-adapt-
ed plants (LW-dc) continued to grow even
under low soil water availability (Mantovani
et al. 2014b). The lower NdfA here indicates
a relative reduction of the biological nitro-
gen fixation compared to the drought-stressed
trees, although the absolute fixed nitrogen
amount was higher. It can be assumed that the
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observed reduction in the growth of the trees
and the lower carbon assimilation due to the
short-term drought stress also influence the
physiological performance in the nodules. A
possible explanation might be a down-regula-
tion of biological nitrogen fixation (including
the nitrogenase activity), which is affected by
the carbon assimilation of the tree (Galvez et
al. 2005, Ladera et al. 2007, Erice et al. 2014).
Under drought stress the carbohydrate supply
to the bacteroids decreases and a carbon flux
shortage from the shoot to the nodules can af-
fect the metabolism of the symbiotic nitrogen
fixation, while at the same time the required
nitrogen amount by the plants is reduced.

In fact, the trees growing under low water
availability from the beginning and re-sprout-
ed under water constraint in the second year
showed high tolerance levels and continued
growth when imposed to drought stress dur-
ing an extreme heat period (Mantovani et al.
2014b). Plants which are pre-conditioned to
low water amounts or drought stress seem to
be less vulnerable to newly imposed stress
(Walter et al. 2011). It has been proposed that
they have a memory effect influencing their
physiology and growth performance in the
following vegetation period (Breda & Badeau
2008, Kriebitzsch & Veste 2012). Moreover,
these plants adapted their biomass production
to the available water and revealed their nitro-
gen needs according to the carbon assimilation
of the aboveground biomass, but at a reduced
level. Our data suggests that Robinia could
maintain biological nitrogen fixation (NdfA)
at a relatively higher value even under water
limitation compared to the well-watered trees.
Whether it is the increased nodule biomass (as
also described by Wurzburger & Miniat 2013)
or adaption of physiological processes of the
Rhizobium strain (Talbi et al. 2012) that con-
tribute to overcoming drought conditions un-
der low but constant water availability is still
an open question. However, the carbon fixa-
tion, carbon allocation, and biological nitro-
gen fixation are to some extent balanced and
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allowed Robinia to cope with long-term water
constraint, while short-term drought stress that
effects the growth leads to an imbalance be-
tween the C and N assimilation (Aranjuelo et
al. 2013). Even though the trees do not need
additional nitrogen fertilizer and show nitrogen
fixation (Veste et al. 2013), the application of
phosphate can enhance tree growth under ex-
treme edaphic conditions (Kanzler et al. 2015).
This example illustrates the complex interac-
tion between carbon and nitrogen metabolisms
with other elements. The underlying physio-
logical processes in the nodules and their inter-
actions and regulation in the plant need further
investigation. It should however be remarked,
that because of the relatively short duration of
the experiments, and the high variation of the
edaphic conditions chosen, the long-term ef-
fect (e.g. 10, 20, 30 years) of water constraint
on growth rate and ecophysiological response
may vary.

Conclusions

Even though black locust demonstrated its
ability to cope with prolonged drought peri-
ods, water limitation had a remarkable effect
on C allocation. As a result the decrease of the
shoot:root ratio is to be expected in areas par-
ticularly prone to water shortages. Furthermore
our study provides evidence supporting the
idea that drought stress enhances root nodule
production to maintain biological nitrogen fix-
ation and to counteract physiological stress. It
explains the ability of Robinia pseudoacacia to
grow under extreme edaphic conditions where
drought periods affecting tree growth regularly
occur in early or late summer. Consequently,
black locust has the competitive advantage of
higher biomass production on reclaimed sites
compared to non-nitrogen fixating trees. These
results emphasize the ecological importance
of biological fixation under extreme edaphic
conditions.
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