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Abstract We have explored species—specific preferences
for nitrate (NO;~) and ammonium (NH,") as an alterna-
tive niche separation in ecosystems where nitrogen (N) is
present mostly in inorganic forms. The Patagonian steppe
is dominated by shrubs and grasses. Shrubs absorb water
and nutrients from deep soil layers, which are poor in N,
while grasses have the opposite pattern, absorbing most of
their water and nutrients from the upper layers of the soil.
We hypothesized that the preferences of shrub and grass for
inorganic N forms are different and that the rate of poten-
tial N uptake is greater in shrubs than in grasses. To test this
hypothesis, we grew individuals of six dominant species
in solutions of different NH,":NO,~ concentration ratios.
Nitrate uptake was found to be higher in shrubs, while
ammonium uptake was similar between plant functional
types. The NH,":NO; ™ uptake ratio was significantly lower
for shrubs than grasses. Shrubs, which under field condi-
tions have deeper rooting systems than grasses, showed
a higher N absorption capacity than grasses and a prefer-
ence for the more mobile N form, nitrate. Grasses, which
had lower N uptake rates than shrubs, preferred ammonium
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over nitrate. These complementary patterns between
grasses and shrubs suggest a more thorough exploitation of
resources by diverse ecosystems than those dominated by
just one functional type. The loss of one plant functional
group or a significant change in its abundance would there-
fore represent a reduction in resource use efficiency and
ecosystem functioning.
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Introduction

Nitrogen (N) availability in arid ecosystems is scarce,
spatially and temporally heterogeneous (Noy-Meir 1973;
Schimel and Parton 1986) and frequently limits primary
production, as shown by meta-analyses of N fertilization
studies of arid ecosystems (Yahdjian et al. 2011) and of all
terrestrial ecosystems (Elser et al. 2007). Dominant forms
of inorganic N in the soil are nitrate (NO5;™) and ammo-
nium (NH, "), which vary in their abundance through space
and time (Harris 1977; McKane et al. 1990; Nadelhoffer
et al. 1996). Preference for different N forms has impor-
tant ecosystem consequences because it may allow for
niche complementarity, species coexistence, and enhanced
resource use efficiency (McKane et al. 2002; Reynolds
et al. 2003).

In the Patagonian steppe, inorganic N is concentrated in
the uppermost layers of the soil, with 49 % of total inor-
ganic N found in the top 5 cm of the soil profile (Sala et al.
2012), a pattern that is common to most other arid ecosys-
tems (Jobbagy and Jackson 2001). Ammonium is the major
form of inorganic N in the upper layers (Armas et al. 2008;
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Yahdjian et al. 2006) which have an NH,*: NO;™ ratio of
10:1, but nitrate is the dominant form of N in the deeper
layers where this ratio is 1:100 (Sala et al. 2012). Nitrate
and ammonium interact differently with soil particles
because of their chemical structure. Ammonium is a cation
that binds easily with negatively charged clay particles and
consequently has limited movement in the soil profile rela-
tive to nitrate, which as an anion moves easily in the soil
matrix (Paul 2007). Different forms of N are also absorbed
and transformed at different rates by plants and microbes.
Nitrate and ammonium distributions in the soil profile
result from differential absorption, leaching, and transfor-
mation rates with depth (Yahdjian and Sala 2010).

Vegetation of the Patagonian steppe is dominated by
two plant functional types, grasses and shrubs, which have
contrasting rooting architecture and phenology (Sala et al.
1989, 1993). Shrubs are deep rooted with a clear annual
senescent phase, whereas grasses are shallow rooted and
maintain green tissue year round. These differences in
structure and phenology result in striking differences in
their functioning. Shrubs absorb most of the water from
deep layers of the soil, and grasses, in contrast, absorb most
of their water from the upper layers of the soil (Sala et al.
1989). A recent study using tracers showed that indeed
shrubs and grasses absorb N from where they absorb most
of the water, shrubs from lower soil layers and grasses from
soil upper layers (Sala et al. 2012). From the N economy
point of view, this absorption pattern may put shrubs at a
disadvantage with grasses, which absorb N from a rela-
tively N-rich layer of the soil. Also, despite that shrus
explore a much poorer soil layer than grasses, they account
for the same fraction of aboveground net primary produc-
tivity as grasses (Sala et al. 1989).

Patterns of soil N distribution and absorption by
shrubs and grasses together with evidence of their long-
term coexistence led us to the central questions of this
study. (1) Given that nitrate abundance relative to ammo-
nium increases with depth, do shrubs show a preference
for nitrate over ammonium? And, vice versa, do grasses
have a preference for ammonium over nitrate? (2) Given
that shrubs absorb N from a relatively N-poor layer,
have they greater capacity to absorb N from the soil than
grasses?

To address these questions, we performed a greenhouse
experiment that consisted of a hydroponic culture of 180
individuals of the six dominant plant species of the Patago-
nian steppe, three grasses and three shrubs, growing in
three different inorganic-N solutions (just ammonium, just
nitrate, or ammonium -+ nitrate). Our response variables
were uptake of total N, nitrate, and ammonium and their
ratios by species and plant functional type. In addition,
to assess potential confounding factors of different plant
growth rates and biomass, we measured relative growth
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rate, shoot biomass, root biomass, and root:shoot biomass
ratio for each species and plant functional type.

Methods

Our hydroponic experiment consisted of plants growing on
culture tubes that followed a completely randomized facto-
rial design with 21 treatments: six species plus one control
tube with no plants by three solution types. We used ten
replicates per treatment, resulting in a total of 210 experi-
mental units [10 replicates x 6 species x 3 solutions + (10
x 3 control solutions) = 210 tubes]. The three solutions
contained different NH,":NO;~ ratios (1:0, 1:1, 0:1) and
the same total N concentration (2 mM). This concentration
ensured more than enough N supply for the experimental
period and allowed us to test for potential N uptake rates.
Control treatments consisted of tubes with solutions under
identical conditions but without plants. We used the three
grass and the three shrub species as replicates of each plant
functional type.

We cultivated plants of the six dominant species from
the Patagonian steppe: three grass species [Poa ligularis
Nees apud Steudel, Poppostipa speciosa (Trin. et Rupr.) (ex
Stipa speciosa), and Pappostipa humilis (Cav.) (ex Stipa
humilis)] and three shrub species [Mulinum spinosum Cav
(Pers), Adesmia volckmanni (Philippi), and Senecio filagi-
noides (De Cand) (Ulibarri 1986)]. These dominant species
account for 96 % of aboveground net primary production
(Golluscio and Sala 1993) and represent 90 % of plant
cover (Soriano et al. 1994).

Plants were collected from the Rio Mayo Experimental
Station (INTA), Chubut, Argentina (45°41'S, 70°16'W)
during the spring. Individual shrubs and tussock grasses
were brought to a greenhouse at the School of Agronomy,
University of Buenos Aires (34°25'S, 58°28'W) and main-
tained in pots with soil from the field site at 25/15 °C day/
night, and 54 % mean relative humidity (RH) for acclima-
tion. After 1 week, 30 individuals of each species (2 or 3
tillers per grass and 1 individual per shrub) were washed
with distilled water and transplanted to 50-ml culture tubes
separated from each other by 12 cm. We carefully selected
young grass tussocks and individual juvenile shrubs that
were not in reproductive stages (Moore et al. 1991) in order
to minimize N uptake differences due to ontogenetic stages
(Imsande and Touraine 1994). Individuals of each species
were randomly assigned to tubes, which were filled with
distilled water and provided with aeration. After a 5-day
acclimation period, we rewashed all roots and tubes and
refilled the tubes with nutritive solutions, which were ran-
domized among the 30 individuals of each species. Con-
trol tubes were washed and filled with nutritive solutions,
which were randomly assigned to each tube.
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N concentrations in the solutions were: 2 mM
(NH,),SO, in the ammonium solution (NH,"/NO;™ ratio
1:0), 1 mM (NH,),SO, and 1 mM Ca (NO;), in the solu-
tion with both N forms (NH,"/NO;™ ratio 1:1), 2 mM Ca
(NOy), in the nitrate solution (NH,/NO;™ ratio 0:1). We
added 0.02 mM CuSO, and 0.02 mM H;Bo; to all solutions
to inhibit microbial activity and mycorrhizae development
and thereby prevent N concentration changes that were not
directly related to plant absorption. In addition, all solu-
tions contained the same basic nutrient composition; 2 mM
KH,PO,, 2 mM K,SO,, 1 mM MgSO,, 4 mM CaSO,, and
traces of micronutrients to ensure nutrient supply.

After 9 days of cultivation under the same climatic con-
ditions as those of acclimation, we took 20 ml samples
from each solution and weighed plants after drying them
in a 70 °C oven for 48 hours. Solution samples were stored
in a freezer at —5 °C until analysis by flow-injection with
a QuickChem® QC8500 Automated Ion Analyzer (Lachat
Instruments, Hach Company, Loveland, CO). Ammonium,
nitrate, and total inorganic N uptake rates (Lg-N mg bio-
mass~! day~!) were calculated as the difference between
concentrations in treatment solutions and the average
concentration of the respective controls with the same
NH,"/NO;™ ratio, divided by the time encompassed and
expressed per milligram of dry biomass, as follows:

. —1 —
NHI uptake(sample n= [MgN (as NHI)sample 1 neN (as NHI)SO] control] mg biomass ™ day

NOS_upta'ke(SﬂmPle 2) = [Mg N (as Nog)sample 2 "“LgN (as NO3_)Sol control] mg biomass_l day_

Total N uptake = NHIuptake + NOj uptake

In (W2) — In (w1)
S =
2 —1tl

where wl is the mean plant weight at time 1, and w2 is

the mean plant weight at the end of the experiment, with
weight given in grams. The 71 and 72 parameters are the
time in days at the beginning and end of the experiment. At
the end of the experiment, shoots and roots were separated,
dried in a 70 °C oven for 48 hours, and weighed for bio-
mass analyses.

Total inorganic N uptake rates were analyzed using a
two-way analysis of variance (ANOVA) with species or
plant functional types and N treatments as main effects,
followed by a Tukey HSD test for multiple comparisons.
Nitrate and ammonium uptake rates for plant functional
types were analyzed using one-way ANOVA, whereas the
same rates for species within functional types were ana-
lyzed using the Kruskal-Wallis test because species absorp-
tion data were not normally distributed. The NH,":NO;~
uptake ratio, relative growth rate, and biomass data were
analyzed using one-way ANOVA with plant functional type
as the main effect. Differences from 1 of plant functional
type uptake ratios were tested using the ¢ test. All analyses
were performed with R ver. 2.14.2 (R Development Core
Team 2012). Dependent variables were normalized with

1

1

We also calculated N uptake expressed per unit of root
biomass in order to explore physiological mechanisms
explaining N uptake patterns. Ammonium and nitrate
uptake were estimated from treatments that included these
N forms in the solutions. Nitrate uptake was estimated from
the treatments of nitrate only and both N forms; ammonium
was estimated from the treatments of ammonium only and
both N forms. We estimated total N uptake using all treat-
ments. The NH,":NO,~ uptake ratio (NH, uptake:NO;~
uptake) was calculated to evaluate species and life-form
preferences for these two inorganic-N sources using only
the treatment where both N forms were present in the exact
same proportion and equally available to plants, as:

NHIuptake rate/NOj uptake rate

The unbiased estimator of relative growth rate r was
calculated for each plant functional type as the difference
between the mean of the natural logarithm-transformed
plant weight of each plant functional type at the beginning
and at the end of the experiment divided by the duration of
the experiment (Hoffmann and Poorter 2002).

log,, when required to meet ANOVA assumptions prior
to analysis, but data are presented as the original values in
figures and text to facilitate interpretation. In all cases, we
used a 5 % significance level.

Results

The NH,":NO;~ uptake ratio was significantly higher for
grasses than for shrubs (F;, = 10.71, P = 0.03; Fig. 1).
The average ratio for the three grass species was greater
than 1 (r = 2.353, P < 0.05), while the mean N uptake ratio
for the three shrub species was lower than 1 (f = —5.673,
P = 0.01), indicating opposite preference for the two inor-
ganic N forms. Grasses showed a preference for ammonium
and shrubs for nitrate. The NH,":NO;~ uptake ratio was
estimated in the treatment that had both N forms equally
available in order to avoid confounding effects associated
with nutrient availability.

The nitrate uptake rate was significantly higher for
shrubs than for grasses (F;g = 10.25, P = 0.01), but
ammonium uptake rates were similar for the two plant
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Fig. 1 Ammonium:nitrate (NH,":NO;™) absorption ratio, calculated
as the ratio between the ammonium and nitrate uptake rate for each
plant functional type growing in a solution that contained the same
concentration of both N forms. Bars are mean values (+standard
error, SE). Different uppercase letters above bars indicate significant
differences between plant functional types (F;, = 10.71, P = 0.03).
N uptake ratios of both plant functional types were significantly dif-
ferent from 1 (t(3) =2.35, P<0.05; I3 = —5.67, P =0.01)
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Fig. 2 Nitrate and ammonium uptake rates for grasses and shrubs.
Nitrate uptake (jLg-N mg biomass™! day™!) was calculated as the dif-
ference in nitrate concentration between treatment and control in the
two treatments where nitrate was present (only NO;™ and NO;™ +
NH,"). Ammonium uptake was calculated in the same way but only
in solutions that contained ammonium (only NH,* and NO;~ +
NH4+). Bars are mean values (+SE). Double asterisks mean signifi-
cant differences (F;g = 10.25, P = 0.01), NS means no significant
differences (F; g = 1.85, P = 0.21), between shrubs and grasses

functional types (F g = 1.85, P = 0.21; Fig. 2). The nitrate
uptake rate was estimated from treatments with the solu-
tions containing just nitrate and nitrate plus ammonium,
and the ammonium uptake rate was estimated using solu-
tions with just ammonium and ammonium plus nitrate.
Nitrogen uptake expressed per unit of root biomass dif-
fered between plant functional types across solutions with
different NH,":NO; ™~ ratios (Fig. 3). Plant functional types
showed no significant difference when ammonium was
the only N source (F;4 = 1.207, P = 0.33), a marginal
difference when both forms were present (F,, = 6.22,
P = 0.07), and a significant higher N uptake by shrubs than
grasses when nitrate was the only N source (¥, = 20.5,
P = 0.01). These rates were estimated in solutions with
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Fig. 3 Inorganic N uptake (nug-N mg root-biomass™! day~!) for
grasses and shrubs in solutions with different NH,":NO,™ ratios.
Bars are mean values (£SE). Different uppercase letters above bars
indicate significant differences at P < 0.05 between plant functional
types within each solution treatment
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Fig. 4 Total inorganic N uptake calculated as the difference in N
concentration between treatments and the control solution for three
shrub species (Adesmia volckmanni, Mulinum spinosum, and Senecio
filaginoides) and three grass species (Pappostipa. humilis, Poa ligu-
laris, and Pappostipa speciosa). Bars are means (£SE) for each spe-
cies (n = 10). Asterisk indicates significant difference among shrub
species (F,g4; = 8.4, P < 0.05), double asterisks indicate significant
difference among grass species (F,g; = 3.61, P < 0.05). Solid and
dashed lines indicate mean total inorganic N uptake rates by shrubs
and grasses that were significantly different (F; ;, = 14.51, P < 0.01)
and calculated from all solution treatments combined

only ammonium, nitrate plus ammonium, and only nitrate,
respectively.

The total inorganic N uptake rate was significantly
higher for shrubs than for grasses (F; g = 14.51, P < 0.01;
Fig. 4, solid and dashed lines). Species within each plant
functional type showed different total N uptake rates, but
these differences were smaller than those between func-
tional types (Fig. 4). Among the grasses, P. ligularis had
the highest inorganic N uptake rate (F, g, = 3.61, P < 0.05;
Fig. 4), and among the shrubs S. filaginoides had the high-
est inorganic N uptake rate (F,g, = 8.4, P < 0.05; Fig. 4).
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Table 1 Mean dry biomass for two plant functional types

Plant part Grass Shrub

Root 100.56 (35.5)* 42.57 (10.2)°
Shoot 169.64 (43.7)* 68.72 (20.2)b
Root:shoot 0.64 (0.064)* 0.80 (0.034)%

Data are presented as the mean (standard error). Values followed
by different lowercase letters are significantly different (P < 0.05)
between plant functional types

These specific responses were not modified by the form of
N source within either the grasses (F,g; = 0.63, P = 0.53)
or the shrubs (F, ¢, = 0.31, P = 0.73).

Root and shoot dry mass was greater in grasses than in
shrubs (root F, |, = 6.74, P = 0.02; shoot F ;, = 12.12,
P < 0.01; Table 1), but the root:shoot ratio of both plant
functional types was similar (Fy;, = 3.94, P = 0.09,
Table 1). The different solution treatments had no effect on
either root biomass (¥ 1, = 0.07, P = 0.93) or shoot bio-
mass (F, = 0.37, P = 0.69). There was also no inter-
action between solution treatment and plant functional
type root biomass or between treatment and plant func-
tional type shoot biomass (F;, = 0.024, P = 0.98 and
Fy 15, = 0.029, P = 0.97, respectively). We did not find a
significant difference between plant functional types in rel-
ative growth rate (F; 4 = 5.47, P = 0.10). The mean rates
for grasses and shrubs were 0.013 and 0.0094 g g~! day !,
respectively.

Discussion

In response to question (1) (Given that nitrate abundance
relative to ammonium increases with depth, do shrubs
show a preference for nitrate over ammonium? And, vice
versa, do grasses have a preference for ammonium over
nitrate?), our results show that the shrubs tested in our
study preferred nitrate over ammonium whereas the grasses
preferred ammonium over nitrate. The difference between
plant functional types in terms of the NH,":NO,~ uptake
ratio from a solution in which both N forms were equally
available shows that shrubs absorbed on average more N as
nitrate than as ammonium and that grasses absorbed more
N as ammonium than as nitrate (Fig. 1). Shrubs had higher
nitrate absorption rates than grasses but a similar ammo-
nium uptake rate (Fig. 2), suggesting that the adaptation
which explains higher total N uptake rates in shrubs than
in grasses may be associated with rapid nitrate absorption
kinetics. Although nitrate has higher uptake and assimila-
tion costs than ammonium (Bloom et al. 1992), it can be
stored in vacuoles, while ammonium accumulation is lim-
ited by its toxicity (Britto and Kronzucker 2002).

Our results regarding question (2) (Given that shrubs
absorb N from a relatively N-poor layer, have they greater
capacity to absorb N from the soil than grasses?) indicate
that the shrubs tested here, which in their natural ecosystem
have deep roots and explore relatively N-poor soil layers,
had a greater potential N uptake capacity than the shallow-
rooted grasses. Shrubs also showed their highest uptake
rates when nitrate was the dominant available form (Fig. 3),
which was expected as nitrate is characteristic of deep soil
layers exploited by shrub roots. The relative growth rate
was similar between plant functional types, suggesting that
observed differences in N uptake were the result of physi-
ological characteristics of the N-absorption process and not
due to different growth rates, as it has been suggested for
other systems (Levang-Brilz and Biondini 2003). N uptake
is controlled by the movement of N through the soil to the
root surface and by the kinetics of its absorption in root
cells (Chapin et al. 2002). The experimental growing condi-
tions of our hydroponic culture, which included a nutrient-
rich solution constantly stirred by air bubbling, provided
constant N availability on the root surface. Thus, the higher
N uptake per unit of root biomass in shrubs compared to
grasses must result from a higher shrub affinity for inor-
ganic N (Fig. 3). High N affinity has a high metabolic cost;
30-50 % of the plant’s carbon budget goes into supporting
nutrient absorption (Chapin et al. 2002). Therefore, a high
N affinity can be interpreted as an evolutionary adaptation
by a plant species exploring N-poor soil layers. Shrubs
show a greater capacity than grasses to absorb N, which is
scarce and may be sporadically available while it is moving
through the soil profile. On the other hand, grasses explore
a soil layer where the N content is relatively large and they
have less affinity to N than shrubs.

The average uptake rates for grass species can be ordered
as: P. ligularis > P. speciosa > P. humilis, which matches
root vertical distribution (Fig. 4; Soriano et al. 1987). Grass
species with the highest N uptake have the deepest rooting
system, which is a pattern that agrees with the plant func-
tional type rationale described above. On the other hand,
the patterns of shrub N uptake rates in our study did not
follow their root distribution. The shrub-uptake ranking
may be modified by the fact that one of the shrub species,
A. volckmanni, is a N-fixing species (Golluscio et al. 2006).

Plants growing in infertile soils generally have a high
capacity to absorb soil ions with high mobility but have a
relatively low capacity to absorb less mobile ions (Aerts
and Chapin 2000). The rationale for this behavior is that
ion movement through the soil matrix limits the uptake of
less mobile ions, while the kinetics of absorption into root
cells limits the uptake of mobile ions. Indeed, Jackson and
Caldwell (1996) found that root proliferation always led
to an increase in the net uptake of phosphate, while higher
uptake kinetics was the factor that increased nitrate uptake.
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Our study contributes a novel perspective to the under-
standing of the complementary use of N forms by different
plant functional types because it focuses on the preference
for nitrate or ammonium, which are by far the dominant
N forms available for plant uptake (Schlesinger 1997). On
the contrary, previous studies have focussed the comple-
mentary use of organic versus inorganic N forms in vari-
ous environments, from the arctic tundra (McKane et al.
2002) and alpine communities (Miller and Bowman 2003;
Raab et al. 1996) to low productivity grasslands (Weigelt
et al. 2003, 2005). All of these sites are strongly N limited
(Schimel and Bennett 2004), and they have high concen-
trations of dissolved soil organic N, which are rare among
ecosystems across the globe. The only study looking at
N-form preferences at a site where dissolved inorganic N
is the dominant form of N available for plants did not dis-
tinguish between nitrate and ammonium (Harrison et al.
2007). Consequently, this study did not find evidence of
species-specific N-form preference. Our results suggest
that at sites where the main source of N is inorganic, most
of the differences in N-form preference among species
occur between nitrate and ammonium.

The results of our study show that, in the Patagonian
steppe, grasses which have fibrous and shallow roots are
adapted to absorb inorganic N mainly as ammonium, the
main inorganic N form in the upper soil (Armas et al. 2008;
Yahdjian and Sala 2006), which has limited mobility in the
soil profile. In contrast, shrubs that explore deep and N-poor
soil layers and have non-fibrous roots have kinetic adapta-
tions to preferentially take up nitrate. Such differences allow
for the complementary use of N between grasses and shrubs
and suggest a more thorough exploitation of resources by
diverse ecosystems than those dominated by just one func-
tional type. The loss of one group or a significant change
in its abundance would therefore represent a reduction in
resource-use efficiency and ecosystem functioning. For
example, overgrazing that usually reduces the grass cover
relative to shrubs (Sala and Paruelo 1997) may result in a
total reduction in N absorption at the ecosystem level since
the ammonium freed by the reduction of grass cover may
not be necessarily available for shrubs. From another point
of view, the differential preference of inorganic N forms by
shrubs and grasses and their different N acquisition strate-
gies (Sala et al. 2012) may constrain the possibility of
dramatic shifts in the relative abundance of these two life
forms. It should be noted that shrub encroachment, which
is a global phenomenon (Eldridge et al. 2011), is rare in the
Patagonian steppe. It is possible that deep nitrate availability
limits the expansion of shrubs in this ecosystem.
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