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Soil nitrogen regulates symbiotic nitrogen fixation in a legume
shrub but does not accumulate under it
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Abstract. Legumes in dryland ecosystems face the challenge of maintaining energetically costly symbio-
sis with Np-fixing rhizobia, in a water- and nutrient-limited environment. Controlled experiments showed
a strong reduction in symbiotic N, fixation in response to elevated levels of nitrogen availability, but this
regulation of N, fixation was not found in dryland field settings. Here, we ask whether regulation of N,
fixation occurs in the field and what are the possible consequences for dryland soil nitrogen. We measured
plant investment in root nodules and rates of bacterial activity, in seedlings and adults of a common N»-
fixing shrub, Calicotome villosa, in five field sites naturally varying in soil nitrogen and phosphorus avail-
abilities. Additionally, we measured nitrogen concentrations and availabilities in the soil under C. villosa
and a reference non-fixing shrub. Biomass investment in root nodules was significantly reduced in
response to elevated levels of soil nitrate in adult shrubs, but no such effect was found for seedlings. Soil
nitrogen concentration under C. villosa shrubs was low compared to the soil under a non-fixing reference
shrub. We provide evidence that symbiotic N,-fixing plants in drylands tightly regulate their investment in
symbiotic N, fixation, therefore controlling nitrogen inputs into the soil. These findings challenge the long-
held notion that the growth of N,-fixing plants necessarily leads to the accumulation of soil nitrogen in

their surroundings over time.
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INTRODUCTION

Symbiotic dinitrogen (N,) fixation in plants
(hereafter N, fixers) is the main natural mecha-
nism by which bio-available nitrogen enters ter-
restrial ecosystems (Cleveland etal. 1999,
Vitousek et al. 2013). The presence of actively
N»-fixing plants in an ecosystem, in theory,
should diminish soil nitrogen deficiency over
time, by continuous recycling of the nitrogen-
rich litter that is characteristic of N»-fixing plants
(McKey 1994). As a consequence, N, fixers may
become competitively disadvantaged in soils
with sufficient nitrogen availability due to the
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high cost of maintaining symbiotic N, fixation
(Gutschick 1981). Yet, in many tropical forests,
N, fixers are present and sometimes abundant
even when soil nitrogen is not limiting, which
invoked a paradox in the understanding of
symbiotic N, fixation (ter Steege et al. 2006,
Hedin et al. 2009, Batterman et al. 2013a).

In the pursuit of resolving this paradox, stud-
ies using a combination of models and field
observations have provided evidence of a suite
of strategies by which N»-fixing plants regulate
fixation, in response to naturally occurring avail-
ability of nitrogen in the soil (Hedin et al. 2009,
Menge et al. 2009). A strategy of investment in
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fixation regardless of soil nitrogen availability
(i.e., no regulation) was defined as “obligate,” as
observed in actinorhizal plants in temperate and
boreal forests (Menge and Crews 2016). Alterna-
tively, a strategy of regulation of the investment
in fixation in response to naturally occurring
availability of soil nitrogen was defined as “fac-
ultative” (i.e., fixing when nitrogen availability is
low and downregulating fixation when soil
nitrogen is sufficient; Menge et al. 2009). The fac-
ultative strategy has been proposed as an expla-
nation for the persistence of N,-fixing plants in
the nitrogen-rich soils of tropical forests (Menge
et al. 2009). Recent studies show a spectrum of
the degree of regulation of symbiotic fixation in
response to soil nitrogen rather than a binary
strategy (Menge et al. 2015, Taylor and Menge
2018, Dovrat et al. 2020). However, so far, most
of the studies that attempted to detect regulation
of symbiotic N, fixation used controlled experi-
ments (Batterman et al. 2013b, Menge et al. 2015,
Dovrat et al. 2018), with only one such study per-
formed in a field setting of a Neotropical forest
(Barron et al. 2011).

In dryland ecosystems, water limitation influ-
ences both the performance of plants and bacte-
rial processes such as nitrogen fixation, litter
decomposition, and mineralization, thus con-
straining the supply of available soil nitrogen.
Under water-limited conditions, symbiotic N,
fixation potentially is constrained also by the lim-
ited availability of other soil nutrients such as
phosphorus and iron (Bremer et al. 1988, Henkin
et al. 2007, Austin 2011, Vitousek et al. 2013,
McCulloch et al. 2021), which may consequently
limit the abundance of N, fixers. Despite these
limitations, both annual and perennial legumes
are highly diverse and abundant in many dry-
lands, in climates varying from arid desert to
mesic Mediterranean, and most of these legumes
are potential N, fixers (Hely and Ofer 1972,
Agnew and Zohary 1974, Sprent and Gehlot
2010, Dovrat et al. 2018, 2020). Furthermore,
water-limited conditions might benefit the sur-
vival of Np-fixing legumes over non-fixing plants
throughout succession, compared to the decreas-
ing abundance of N,-fixing legumes in late suc-
cessional wet tropical forests (see also Adams
et al. 2016, Minucci et al. 2017, Gei et al. 2018).
Therefore, symbiotic N, fixation by legumes
in dryland ecosystems potentially plays an
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important role in the nitrogen cycle. However,
the effects of dryland N, fixers on the content of
nitrogen in the soil at the local and ecosystem
scales remain unresolved.

Originally, models describing the various
strategies of regulation of N, fixation were
mainly concerned with N, fixers from temperate
and tropical forests (Menge et al. 2009, Sheffer
et al. 2015). Recently, controlled experiments
showed that most of the common perennial
legumes in dryland habitats employ a facultative
strategy of regulation of fixation. The most com-
mon of these species, Calicotome villosa Poir., also
showed a strong seasonal pattern of fixation, cor-
responding with the availability of water in the
soil (Dovrat and Sheffer 2018, Dovrat et al. 2018).
Dovrat and Sheffer (2018), further found signifi-
cant differences in the regulation of symbiotic
fixation between C. villosa seedlings and adults,
which they attributed to the greater nitrogen
demand and energetic constraints of young
plants resulting in strict regulation of fixation in
the first year. However, field measurements of
fixation in C. villosa provided no conclusive evi-
dence for facultative regulation of fixation under
naturally varying availabilities of soil nitrogen.

To address the above-mentioned gaps—the
influence of dryland N, fixers on soil nitrogen
availability and occurrence of facultative regula-
tion of fixation in the field—we studied
symbiotic N, fixation in a range of field sites,
using C. villosa as a model perennial N; fixer. The
N»-fixing shrub C. villosa is widespread around
the Mediterranean Basin and is abundant in
habitats with a wide range of soil types and dis-
turbance histories and across a large range of
rainfall conditions (Agnew and Zohary 1974,
Henkin et al. 2007). Shrubs are summer decidu-
ous, allowing them to endure the long dry sum-
mer typical of the Mediterranean climate while
maintaining photosynthesis in their green stems
(Yiotis et al. 2008).

Our goals in this study were as follows: (1) to
evaluate whether facultative regulation of fixa-
tion occurs within the natural range of soil nitro-
gen availability, (2) to examine the patterns of
regulation of N, fixation both in seedlings and
adult shrubs, and (3) to evaluate whether a domi-
nant nitrogen-fixing shrub influences soil nitro-
gen availability in dryland ecosystems. To test
the effects of naturally varying levels of soil
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nitrogen and phosphorus availabilities on plant
investment in symbiotic N; fixation by C. villosa,
we evaluated fixation in five adjacent field sites,
chosen to represent different conditions in terms
of soil nitrogen and phosphorus availabilities. In
all sites, we assessed plant nodulation (biomass
allocation to root nodules) and within-nodule
rate of bacterial activity in naturally growing
C. villosa shrubs, as well as the availability of soil
nitrogen and phosphorus. We hypothesized that
(1) plant investment in symbiotic N, fixation will
decrease with increasing availability of soil nitro-
gen (Dovrat and Sheffer 2018), (2) regulation will
be stronger in seedlings compared to adults
shrubs, (3) plant investment in symbiotic N fixa-
tion will increase with increasing availability of
soil phosphorus (Wurzburger et al. 2012, Batter-
man et al. 2013b), and (4) the concentration of
nitrogen in the soil under C. villosa shrubs will be
high compared to the soil under non-legume
plants, due to the high foliar nitrogen concentra-
tion and low nitrogen use efficiency of the
nitrogen-fixing shrub (Griinzweig et al. 2010).

MATERIALS AND METHODS

Study sites and shrub selection

We selected five adjacent study sites located in
the Judean Mountains, Israel, that differ in land
use and fire history (Appendix S1: Table S1). The
variety of site histories was likely to result in a
range of soil nitrogen and phosphorus availabili-
ties as well as shrubs at different developmental
stages. All the sites are on north-facing slopes
with Terra-Rossa soil (Chromic Luvisols, FAO)
on dolomite bedrock.

The area of each site is about 0.01 km?, and all
five sites are confined within a 5 km? area, mini-
mizing spatial heterogeneity and reducing the
possibility of weather events affecting one site
and not the other (Appendix S1: Fig. S1). Given
the time since the last fire, two sites included
seedlings of C. villosa only (one- to two-year-old
plants) and no adult shrubs and the three
remaining sites included mostly adult shrubs (up
to 15-year-old plants). Seedling recruitment in
these ecosystems is very slow (except following
fire); thus, it was impractical to locate seedlings
in the latter three sites.

At each site, we randomly selected either ten
seedlings or twenty adult shrubs of similar sizes
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and measured their height and perimeter, which
we later used to calculate total shoot biomass
using an allometric equation (Dovrat and Sheffer
2018).

Measurements of N, fixation in the field

We estimated plant investment in root nodules
for symbiotic fixation (nodulation) and the
momentary rate of bacterial activity within nod-
ules in all selected shrubs in the peak season of
fixation in C. villosa (February 2019, according to
Dovrat and Sheffer 2018). We carefully excavated
the central root system of each plant, searching
for nodules attached to the roots or detached in
the soil. Since excavating the entire root system is
impractical in these rocky field sites, we used a
standard sampling effort confined to the root-
zone area under the canopy of each shrub. Based
on personal experience and observations, both in
the field and in pot experiments, the vast major-
ity of nodules are located at or close to the tap-
root and close to the surface.

The nodules that were found first (1-2 nodules
per plant) were immediately placed in a sealed
jar for analysis of the momentary rate of bacterial
activity. We collected an additional volume of six
liters of shallow soil (0-10 cm) from around the
base of each shrub. When no nodules were found
in the field after a standardized search effort (up
to 20 min), we moved on to the next plant. In the
laboratory, we meticulously searched for all nod-
ules in the soils collected under each shrub. In
total, we excavated 19-21 adult shrubs per site in
the three adult sites and 12-13 seedlings per site
in the two seedling sites.

We used the first nodules that we found from
each shrub to evaluate the momentary rate of
bacterial activity within nodules, using acetylene
reduction assay (ARA, Hardy et al. 1968). While
the validity of this method has been criticized for
providing inaccurate values of nitrogen fixation
(due to factors such as nodule O, limitation and
plant disturbance; Minchin et al. 1986, Witty and
Minchin 1988), we use ARA only as a compara-
tive measure of the activity of the bacteria hosted
in the root nodules at the different sites (Vessey
1994). We incubated the nodules that were
placed in the jars with 10% of the air replaced by
acetylene (from a tank) in a dark cooler and ana-
lyzed ethylene (C;H,4) production after 30 and
60 min using a gas chromatograph (Focus GC;
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Thermo Fisher Scientific, Waltham, Massachusetts,
USA). For each set of ARA incubations, control
incubations with acetylene and without nodules
were used to measure background rates of sponta-
neous conversion of acetylene to ethylene.

After ARA incubation, all nodules were
cleaned, cut open to check viability (indicated by
a pink color inside), oven-dried at 60°C for 48 h,
and weighed. We used the biomass of incubated
nodules to calculate the rate of bacterial activity
within nodules as the rate of ethylene produced
per gram of incubated nodule biomass (pmol
C,H,h™t g_1 nodule), and the biomass of all
nodules found per plant to calculate nodule mass
fraction as the proportion of biomass allocated to
nodule construction out of total shoot biomass.

Soil nitrogen and phosphorus sampling

We sampled the soil in all study sites at the
peak of the growing season (February 2019) and
sites with adult shrubs also at the end of the dry
season (October 2019), to evaluate the concentra-
tions of nitrogen and phosphorus. Only samples
taken at the end of the dry season were consid-
ered when estimating the long-term effects of C.
villosa shrubs on soil nitrogen because at this time
the cycling and transformations of soil nitrogen
are minimal and thus soil nitrogen is relatively
stable and representative of long-term conditions
(Robertson et al. 1999). Within each site, we
defined three types of soil patches: inter-shrub soil
typically covered by herbaceous vegetation dur-
ing the growing season (herbaceous patch), soil
under an N,-fixing shrub (C. villosa patch), and
soil under a reference non-fixing shrub (Rhamnus
Iycioides patch). The soil under the non-fixing ref-
erence plant was used to test a general enrichment
of the soil caused solely by the presence of a
perennial shrub, that is, to exclude an “island of
fertility” effect (Schlesinger et al. 1996).

On each sampling campaign, two replicate
pooled samples were collected from each patch
type per site to characterize the mean soil condi-
tions instead of the local spatial heterogeneity. Each
pooled sample was composed of five soil samples
collected by first removing surface plant litter and
organic matter and collecting the top 10 c¢m of soil.
For shrub samples, this included soils from five
different shrubs, and for herbaceous samples,
five different inter-shrub patches. Soils from all five
samples were then thoroughly mixed. From each
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soil pool, we took two-three technical subsamples
for extraction in a 2 mol/L KCl solution to estimate
the concentration of inorganic nitrogen (Maynard
et al. 1993). Nitrate and ammonium concentra-
tions in extracted soil solutions were measured
colorimetrically (Norman and Stucki 1981). This
amounted to a total of six representative samples
per patch type (i.e., two per site) used for the calcu-
lation of soil nutrient availabilities.

In the laboratory, we extracted from each soil
sample two technical subsamples with 0.5 mol/L
sodium bicarbonate at pH 8.5, to estimate the
concentration of available phosphorus using the
P-Olsen colorimetric method (Olsen and Som-
mers 1982). The remaining soils were oven-dried
at 60°C for 72 h and milled to powder using a
mixer mill. We measured the concentration of
organic carbon (C) and total nitrogen (including
all organic and inorganic forms) using an ele-
mental analyzer (FLASH 2000; Thermo Scien-
tific), after removing calcareous carbonates from
soil samples with HCI (Harris et al. 2001).

We used Western Ag PRS® root simulating
probes to estimate the fluxes of available soil
anions and cations from the beginning of the
rainy season to the peak of the season (100 d)
when fixation was measured. In each site, we
inserted four-probe couples into the shallow soil
(0-10 cm depth) in five locations (both under
C. villosa shrubs and in inter-shrub open areas) to
capture local variability.

Statistical analyses

We defined soil nitrogen and phosphorus
availabilities as ordinal predictors since they
were measured at the site level and therefore
could not be used for standard regression analy-
sis. We then analyzed the effects of three ordinal
levels of soil nitrogen or phosphorus in the three
sites with adult shrubs on the rate of bacterial
activity within nodules and nodule mass fraction
using the Jonckheere-Terpstra test for ordinal
predictors (Jonckheere 1954). The Jonckheere-
Terpstra is a non-parametric analysis of variance
test, designed specifically to account for the
effects of ordered variables. We conducted sepa-
rate analyses for the effects of soil nitrogen
and soil phosphorus since these are congruent
measurements for each site. Plants for which
no nodules were found were excluded from
these statistical analyses while maintaining a

December 2021 ** Volume 12(12) %* Article 03843



minimum of ten replicates per treatment (in one
site n=09). All statistical analyses were per-
formed using R (R Core Team 2018), and figures
were created using ggplot2 (Wickham 2016).

ResuLts
Symbiotic N, fixation in C. villosa adult shrubs

We found a decrease in plant investment in
nodulation with increasing availability of soil
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nitrate and increasing nitrate flux (Fig. 1a, b;
Table 1). A 2.5-fold difference in soil nitrate avail-
ability (1.23 and 3.16 ug NO5~ g™ soil) resulted
in a twofold difference in the nodule mass frac-
tion of adult shrubs which was higher in the site
with lower soil nitrate (0.0027 £+ 0.0013% and
0.0055 £ 0.002%, respectively). A 1.5-fold higher
availability of soil phosphorus resulted in a two-
fold difference in the estimated rates of bacte-
rial activity within nodules (15.17 £+ 2.46 and
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Fig. 1. Effects of soil nitrate availability and flux on adult C. villosa shrub nodulation (nodule mass fraction;
(a, b), biomass rate of fixation (c), and within-nodule rate of fixation (d). Different colors of the bars indicate the
different sites. Bars in boxplots are the interquartile range (IQR) (25th(Q1) to the 75th percentile(Q3)), lines inside

bars are the median.
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Table 1. Results of Jonckheere-Terpstra tests for the effects of soil inorganic nitrogen and phosphorus availabili-

ties on fixation measures in C. villosa adult shrubs.

Dependent variable Independent variable P Alternative hypothesis
Nodule mass fraction (%) Available NO;~ 0.015 Decreasing
Nitrate flux 0.015 Decreasing
Available NH,* ns. Decreasing
Available PO;~ 0.034 Increasing
Phosphorus flux 0.034 Increasing
Within-nodule rate of fixation Available NO3~ n.s. Decreasing
(kmol CHy'h™-g ™! nodule) Nitrate flux n.s. Decreasing
Available NH,* ns. Decreasing
Available PO;™ 0.0002 Increasing
Phosphorus flux 0.0002 Increasing
Biomass rate of fixation Available NO3~ n.s. Decreasing
(pmol C;Hyh™"-g ™" plant) Nitrate flux ns. Decreasing
Available NH,* ns. Decreasing
Available PO;~ 0.036 Increasing
Phosphorus flux 0.036 Increasing

Notes: The null hypothesis is that the population medians are equal (i.e., Hy : 6; = 0, = --- = 6), and the alternative hypoth-

esis can be that the medians are either decreasing or increasing with increasing order of the predictors (ie.,

Hj : 01 > 0, > -+ > 6;) with at least one strict inequality.

34.14 4+ 5.3 pmol C,Hyh™'g™' nodule),  and
almost twofold difference in biomass-specific
fixation rates (5 x 10> + 2 x 10> and 9 x 107 +
3 x 107> pmol C,H,-h™"-g ! plant; Fig. 2; Table 1).
However, we found no effect of soil nitrate on
the estimated rates of bacterial activity within
the nodules. No significant response was
detected for any of these variables to the availabil-
ity of ammonium in the soil (Appendix S1:
Fig. 52).

Symbiotic N, fixation in C. villosa seedlings

Within-nodule rates of bacterial activity in
seedlings were more than twofold higher
in the site with higher phosphorus availability in
the soil (22.02 £ 718 compared to 46.03 £
6.52umol C2H4-h_1-g_1 nodule), similar to the
pattern found in adults (Fig. 3i; Table 2). How-
ever, in contrast to adult shrubs, we found that
the rate of bacterial activity in the nodules of
seedlings was also influenced by the availability
of soil ammonium and nitrate. The rate of bacte-
rial activity within seedling nodules was twofold
lower in the site with higher availability of soil
ammonium and nitrate (Fig. 3¢, f; Table 2). There
was no significant difference in either nodule
mass fraction or biomass rate of bacterial activity
of seedlings between the two sites sampled
(Fig. 3; Table 2).
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Soil nitrogen distribution

The availability of inorganic nitrogen in the
soil (ammonium and nitrate) was not signifi-
cantly different between C. villosa and herba-
ceous patches, both in the mid-rainy season and
at the end of the dry season. At the end of the
dry season, total nitrogen (organic + inorganic)
concentration in soil patches under R. Iycioides
shrubs was 35% greater than in either herbaceous
or C. villosa patches (F =20.72, P < 0.0001). We
found no significant differences between the
patch types in the availabilities of either soil
ammonium or nitrate (Fig. 4). Site-specific results
of soil nutrient measurements can be found in
Appendix S1: Table S1.

DiscussioN

The main aim of this study was to determine
whether the strategy of facultative regulation of
fixation, previously shown mainly in controlled
experiments, occurs also in natural field settings.
We found that plant nodulation was low in adult
plants growing in sites with higher availability of
soil nitrate compared to sites with lower soil
nitrate, while estimates of the within-nodule rate
of fixation showed a parallel negative response
to increased availability of soil nitrogen only in
seedlings. The rate of bacterial activity within
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nodules was positively associated with soil phos-
phorus availability, with a more pronounced
response in seedlings.

The second aim of the current study was to
evaluate the possible long-term effects of the
presence of a perennial N, fixer on the concentra-
tion of nitrogen in the soil. We found an opposite
pattern, whereby the concentration of total nitro-
gen in the soil was low and similar under C. vil-
losa and neighboring soil patches that are not

ECOSPHERE % www.esajournals.org

covered by a perennial plant, compared to the
soil under a local non-fixing shrub.

Nodulation is regulated by soil nitrate availability

We found a significant negative correlation
between nodule mass fraction of adult shrubs
and soil nitrate availability only and no clear
response of nodulation to soil ammonium or
total nitrogen availability. This result is in agree-
ment with one of the few and first studies
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Table 2. Results of Jonckheere-Terpstra test for the
effects of soil inorganic nitrogen and phosphorus
availabilities on fixation measures in C. wvillosa
seedlings.

Dependent Independent Alternative
variable variable P hypothesis
Nodule mass Available NO;~  ns. Decreasing
fraction (%) Available NH,;*  ns. Decreasing
Available PO;™  n.s. Increasing
Within— Available NO;~  0.005 Decreasing
nodule Available NH,*  0.005 Decreasing
gate of Available PO;~  0.005 Increasing
xation
(umol
C2H4'h7‘l -gil
nodule)
Biomass rate Available NO;~  ns. Decreasing
?f ﬁxiahon Available NH,*  n.s. Decreasing
pmo . — .
C2H4-h71~g71 Available PO; n.s. Increasing
plant)

Notes: The null hypothesis is that the population medians
are equal (i.e, Hp:0; =0, = =6), and the alternative
hypothesis can be that the medians are either decreasing or
increasing with increasing order of the predictors (ie.,
Hjp :61 > 6, > -+ > 6;) with at least one strict inequality.

showing facultative downregulation of fixation
in the field, where nodulation was low in sites
with increasing concentrations of soil nitrate in
legume trees (Inga sp.) in a tropical forest (Barron
et al. 2011). Furthermore, molecular studies
show the role of soil nitrate in the pathways of
nodule formation and regulation of nodulation
(Streeter and Wong 1988, Ruffe et al. 2008, Fergu-
son et al. 2019).

In contrast to adult shrubs, we did not detect
any differences in nodulation between the seed-
lings in the two study sites. Nodule mass fraction
was generally higher for seedlings compared to
adults, in agreement with controlled studies that
compared plant investments in fixation at differ-
ent life stages (Jacobs et al. 2007, Dovrat and
Sheffer 2018). The nodule mass fraction values in
the studied seedlings in the field resembled those
of seedlings grown with high availability of
nitrogen (ammonium-nitrate) in controlled con-
ditions (0.7 & 0.2% and 0.3 £ 0.1%, respectively;
Dovrat et al. 2018). Seedlings grown without
added nitrogen supply in controlled experiments
had much higher nodule mass fractions
(44 £ 0.5% in Dovrat and Sheffer 2018, and
3.44 £ 0.43% in Alon et al. unpublished results).
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Fig. 4. Total soil nitrogen (inorganic + organic) (a),
nitrate (b), and ammonium (c) availabilities in soils of
the three sampled patch types (herbaceous, C. villosa
(fixer), and R. Iycioides (non-fixer)) at the end of the dry
season. Bars in boxplots are the interquartile range
(IQR) (25th (Q1) to the 75th percentile (Q3)), lines
inside bars are the median.
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The low values of nodule mass fraction that we
found in the field, therefore, suggest that C. vil-
losa seedlings were not strongly limited by soil
nitrogen in these field sites, or that fixation was
limited by other environmental factors. Consis-
tently, the availability of soil nitrate was higher
in the two early-successional sites with seedlings
compared to the lower availability of soil nitrate
in the three sites with adult shrubs.

Within-nodule bacterial activity rates

We found lower rates of acetylene reduction
within nodules in sites with higher soil nitrogen
availability (for both nitrate and ammonium) only
in the seedlings. This result reinforces the findings
of the two previous studies in C. villosa, showing
strong downregulation of within-nodule bacterial
activity rates with increasing availability of soil
nitrogen (Dovrat and Sheffer 2018, Dovrat et al.
2018). Calicotome villosa seedlings must maintain a
strict nitrogen budget while conserving other
resources (e.g., photosynthesis products and
water), as this is critical especially at the early
stages of establishment in nitrogen-deficient
dryland ecosystems (Schlesinger et al. 2006,
LeBauer and Treseder 2008). However, since
soil nitrogen and phosphorus availabilities were
correlated, we could not separate the effects of
either nutrient on within-nodule bacterial activ-
ity rates.

In contrast to the availability of soil nitrogen,
we found a strong and positive correlation
between the rate of bacterial activity within nod-
ules and the availability of phosphorus in the soil
for both age groups, as known for many different
legume species, and in a variety of ecosystems
(Uliassi and Ruess 2002, Power et al. 2010, Wurz-
burger et al. 2012, Vitousek et al. 2013, Ament
et al. 2018). Phosphorus limitation on bacterial
activity rates may be exacerbated by the ongoing
increase in atmospheric CO, concentrations (Tri-
erweiler et al. 2018). We, therefore, suggest that
in these sites, within-nodule bacterial activity
rates are affected primarily by soil phosphorus
availability, rather than soil nitrogen. Differences
in within-nodule rates of bacterial activity may
also be related to a heterogeneous composition
of rhizobial partners in the different soil commu-
nities of our study sites (Rodriguez-Echeverria
et al. 2003).
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Effect of C. villosa on soil nitrogen

The presence of symbiotic Ny-fixing plants in
an ecosystem is often associated with a gradual
increase in soil nitrogen concentration (Vitousek
and Walker 1989, Bellingham et al. 2001, Hughes
and Denslow 2005, Goergen and Chambers 2009,
Mitchell and Ruess 2009). Yet, we found that the
concentration of nitrogen in the soil was low
under adult Nj-fixing shrubs compared to soils
under an abundant, similarly structured yet non-
fixing shrub. Furthermore, both in the middle of
the rainy season and at the end of the dry season,
the availability of inorganic nitrogen in the soil
under C. villosa shrubs was similar to neighbor-
ing herbaceous patches. Finding no significant
addition of nitrogen to the soil by C. villosa was
shown before (Griinzweig et al. 2010, Dovrat
and Sheffer 2018), but here we also exclude a
possible “island of fertility” effect by comparing
to the reference non-fixer (Schlesinger et al. 1996,
Moro et al. 1997).

The high concentration of soil nitrogen under
the reference shrub, R. Iycioides, was likely
enhanced by a relatively high foliar nitrogen con-
centration in this shrub compared to other local
non-fixers (2.16 £ 0.05%, mean + SE; Loshkovoy,
unpublished data). Yet, nitrogen concentrations in
C. villosa leaves ranging 3—4.7% in our sites were
higher than most non-legume shrubs and, on
average, twofold higher than R. lycioides. One
potential explanation for the limited effect of
C. villosa on the nitrogen cycle in its vicinity is the
small amount of leaf litter shed by C. villosa annu-
ally at the onset of summer (as much as 2.5 times
lower compared to neighboring Mediterranean
shrubs and trees; Griinzweig et al. 2010), in addi-
tion to the resorption of nitrogen from the leaves
before shedding them in late spring (Griinzweig et
al. 2010, Dovrat and Sheffer 2018). Moreover, the
diversity and biomass of herbaceous plants are rel-
atively high under C. villosa shrubs, compared to
neighboring shrubs, due to its open canopy and
deciduousness (Griinzweig et al. 2010), although
herbaceous biomass under C. villosa did not harbor
more nitrogen compared to similar vegetation that
did not grow under C. villosa (Dovrat and Sheffer
2018).

Unexpectedly low levels of total nitrogen con-
centration in the soil under C. villosa probably
are also related to the facultative N,-fixation
strategy of these shrubs. In theory, facultative
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fixers avoid competitive exclusion by non-fixers
by adjusting their investment in symbiotic N fix-
ation as soil nitrogen availability changes over
time, keeping soil nitrogen at limiting levels
(Menge et al. 2009, Sheffer et al. 2015). Thus, the
sustained nitrogen limitation in soils under adult
C. villosa shrubs is probably related to a combina-
tion of (i) efficient regulation of plant investment
in fixation, (ii) nitrogen use by herbaceous plants
throughout the growing season, (iii) low quanti-
ties of litter, and (iv) allocation of fixed nitrogen
to protein-rich seeds (McKey 1994).

CONCLUSIONS

In this study, we provide evidence that faculta-
tive N fixers in a dryland ecosystem maintain a
tight nitrogen economy, effectively avoiding
increases in nitrogen availability in the surround-
ing soil and therefore conserving their competi-
tive advantage. The fact that a nitrogen surplus
does not seem to accumulate in the soil around
active N, fixers hints at the efficient use of soil
nitrogen when available and minimal loss of
newly fixed nitrogen through the litter.

The detection of facultative regulation of fixa-
tion in the field is challenging, due to the com-
plexity of natural ecosystems, the difficulty in
locating all root nodules in the field, and the
notoriously high variance of fixation measure-
ments. This may be the reason that a previous
field study of C. villosa did not detect a relation-
ship between soil nitrogen availability and
investments in symbiotic nitrogen fixation. To
address these issues in future studies, we suggest
that large sample size, simultaneous use of dif-
ferent methods, and concomitant data from con-
trolled studies must be used to provide as
complete a picture as possible of fixation strate-
gies in the field.

Furthermore, we call for an update of the
large-scale assessments and models of the inputs
of symbiotically fixed nitrogen into terrestrial
ecosystems, which so far have not taken fixation
strategies into account.
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