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Abstract
Symbiotic nitrogen (N) fixation is the largest non-anthropogenic N input to many terrestrial ecosystems. The energetic 
expense of symbiotic N fixation suggests soil phosphorus (P) availability may regulate symbiotic nitrogen fixation directly 
through nodule development and function, and/or indirectly through plant growth. Since P availability is heterogenous 
in the landscape, we sought to understand if symbiotic nitrogen fixation responds to both P availability and heteroge-
neity. To test how P availability affects symbiotic nitrogen fixation, we grew Robinia pseudoacacia seedlings under high 
(8.1 g P  m−2) and low (0.2 g P  m−2) conditions. Soil P heterogeneity was simulated by splitting roots into soil patches 
receiving P or no-P fertilizer. At the whole plant level, P availability limited seedling and nodule biomass. However, the 
low P treatment had higher nitrogenase efficiency (acetylene reduced (AR) g−1 nodule; a nodule efficiency proxy). High 
P seedlings had significantly more root and nodule biomass in the patches directly receiving P fertilizer, but patch prolif-
eration was absent in the low P treatment. AR g−1 seedling did not differ between P treatments, suggesting P indirectly 
limited symbiotic nitrogen fixation through plant growth, rather than directly limiting symbiotic nitrogen fixation. This 
relatively consistent AR g−1 seedling across treatments demonstrates the ability of seedlings to respond to low P condi-
tions with increased nitrogenase efficiency.
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1 Introduction

The factors that determine when and where symbi-
otic nitrogen fixation (SNF) occurs have been an area 
of inquiry for decades, and influence the productivity 
of both agricultural and natural ecosystems [1–3]. In 
association with their host plants, symbiotic nitrogen 
(N)-fixing bacteria convert atmospheric N into a form 
of readily available N for plant-use, adding reactive N 
to ecosystems through the plants they help to fertilize. 

N-fixing Rhizobia reside in root nodules on plants in the 
Fabaceae family (hereafter legumes) and receive carbon 
(C) in exchange for N [4]. While this relationship has been 
explored for over a century [5], and the rate at which 
SNF occurs varies widely in response to abiotic factors, 
such as soil nutrient, light and water availability [6–12]. 
The availability of these resources in the environment 
is often heterogenous [13–18]. An understanding how 
legumes and SNF rates are influenced by this resource 
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heterogeneity at the plant-scale will increase our under-
standing of this globally important process.

Theory and empirical experiments suggest SNF can 
be limited by soil phosphorus (P), which is important 
for legume growth and Rhizobia activity [4, 9, 19–21]. 
The exact mechanisms by which P limits SNF remains 
unresolved, with some evidence of direct effects to 
nodule development and function observed under low 
P conditions, as well as, indirect SNF limitation by lower 
plant growth in other studies [8, 9, 21–25]. P fertiliza-
tion often increases SNF in shadehouse-grown seedlings 
[8, 9, 22, 23, 26–29], but this effect is not universal and 
may depend on the plant species or genotype [9, 11, 12, 
25, 30]. Much of the previous work has been on agricul-
tural legumes. For example, the SNF response to low P 
conditions in the agricultural legume Phaseolus vulgaris 
depended on genotype [11, 12], and some genotypes 
had increased SNF efficiency under low P conditions [12]. 
Similar results of higher nitrogenase efficiency under P 
deprived conditions were found in the wild legume, Aca-
cia mangium [31]. Thus, previous studies have found a 
myriad of SNF responses to P availability and our under-
standing of how P availability may affect SNF, especially 
in non-agricultural legumes, continues to evolve.

The difference between direct and indirect P limita-
tion to SNF might be further complicated by how leg-
umes and their symbionts respond to heterogenous soil 
nutrients. For example, if plant growth is limited by P, 
and a root tip encounters a patch of high P soil, does 
SNF (nodule biomass and/or nitrogenase activity) pro-
liferate on that root? Or is there a SNF response through-
out the root system if this process is regulated by the 
overall nutrient status of the plant? It has long been 
known that when plants grow under nutrient limitation, 
roots can proliferate in patches of high nutrient avail-
ability [14, 32]. Proliferation of SNF specifically has been 
observed in response to water availability and bacterial 
strains [33, 34]. A previous study demonstrated local-
ized nodule proliferation in legume seedlings exposed 
to patchy water availability [33]. Similarly, higher SNF 
was observed on roots that were exposed to preferred 
bacterial strains [34]. However, whether SNF responds in 
a similar manner to soil nutrient patches has not been, to 
our knowledge, previously examined. If SNF is regulated 
at the whole plant level, there may be no upregulation 
of SNF where a patch of soil P is encountered. Upregu-
lation may not occur because plant growth is limited 
by P, or the upregulation of SNF will be throughout the 
root system and not at the specific point the root sys-
tem encounters P. In contrast, if SNF is controlled at the 
localized root level, then an increase in SNF would occur 
where a soil nutrient patch is encountered, even when 
whole-plant growth is limited by P.

As a starting framework, we consider two end mem-
bers hypotheses that describe the potential SNF response 
to patches of soil nutrients: generalized or localized. We 
hypothesize that legumes could have a “generalized 
response” to favorable soil nutrient patches (e.g. high 
nutrients) by increasing SNF throughout the root system 
(not just in that patch of soil). In contrast, legumes could 
have a “localized response” in the case when nodules pro-
liferate only in a patch of soil with favorable conditions. We 
hypothesize that localized responses will be more preva-
lent in low nutrient conditions, when limitation to plant 
growth by nutrients is also pronounced.

We test these hypotheses using a split-root greenhouse 
study for seedlings of a common N-fixing woody legume 
(Robinia pseudoacacia) that were grown under high and 
low P fertilization. To test for localized vs. generalized 
responses of SNF, we split the roots of each seedling in 
both high and low P treatments into separate pots (to 
simulate patches of soil nutrients), which received either 
P-fertilizer or no P-fertilizer. We then asked: (1) was plant 
growth and SNF limited by soil P, and if so, was SNF directly 
or indirectly limited by P? (2) Did SNF for an individual 
plant differ between roots growing in P-fertilized vs. no 
P-fertilized pots? (3) Did SNF response (local vs. general-
ized) vary between seedlings grown in the high vs. low 
P fertilizer treatments? We hypothesize, based on root 
proliferation experiments [32] and previous split-root 
SNF experiments [33, 34], that roots and nodules would 
proliferate in fertilized patches, particularly under overall 
low P conditions.

2  Material and methods

2.1  Split‑Root Design

The results we report below are from roots in high vs. 
low P treatments with roots split between patches of 
soil with and without P additions. However, we initially 
implemented a four-way split root greenhouse experi-
ment manipulating both P and molybdenum (Mo), as 
Mo is an important element for the nitrogenase enzyme. 
Roots from each plant were split between treatments 
of + P−Mo, + P + Mo, −P−Mo, and−P + Mo. We saw no 
effects of Mo on any measured response variables. Further, 
because it is not likely our seedlings depleted the Mo seed 
reserve during the duration of this study and Mo is easily 
translocated through the plant [35], we describe results 
for two types of soil patches–with ( + P−Mo, + P + Mo) and 
without P fertilizer (−P−Mo, − P + Mo).

We chose Robinia pseudoacacia (common name of Black 
locust) as our study species as it is a fast-growing, decidu-
ous, and drought tolerant legume tree species that was 
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amenable to split root experiments (USDA, 2018). Seeds 
were obtained from Sheffield’s Seed Company ((https 
://sheff ields .com/seeds -for- sale/Robinia/pseudoaca-
cia///////1302//Black-Locust,-Yellow-Locust, False-Aca-
cia). Seeds were scarified with sulfuric acid and individu-
ally placed in Root Riot® cubes to support the seedlings 
once the root system was split. Seedlings were grown in a 
growth chamber at 22 °C for 12 h per day for 1 month and 
received no N fertilizer. After a month, the seedlings were 
transferred to the greenhouse at Brown University (Provi-
dence, RI, USA) and left to adjust to greenhouse conditions 
for 1 week.

In June 2017, after the adjustment period to green-
house conditions, the roots from each of 70 seedlings were 
randomly split into 4 separate Cone-tainers (2 of which 
had P fertilizer added and 2 of which did not). We split the 
roots after about 1 month because at least 70 seedlings 
had 4 roots at least 5 cm in length emerging from the Root 
Riot® cubes. There were no nodules present at the time of 
root splitting and each root section was inoculated with 
a slurry of inoculum (produced by grinding up nodules 
excised from other R. pseudoacica plants sourced from the 
Menge Lab at Columbia University) the day after root split-
ting and replanting. All roots were placed in 100% silica 
sand to avoid exposing the seedlings to nutrients outside 
of fertilizer treatments. All seedlings received a Hoagland 
solution with no N and either low P (0.2 g m−2 over the 
course of the experiment, n = 30) or high P (8.1 g m−2, 
n = 29; see Table S1 for details on Hoagland solution com-
position). However, only 2 of the 4 root sections directly 
received fertilizer with P (Fig. 1). The other 2 root sections 

of a given plant received the same Hoagland solution but 
with no P (Fig. 1). To test if response variables were influ-
enced by patches in soil nutrients and not only responding 
to a split-root effect, we grew high and low P controls (low 
P n = 5 high P n = 5). Controls received the same amount 
of P as their respective P treatment (high or low), but all 
four containers of a given plant received equal amounts 
of either high or low P (Fig. S1).

In order to harvest the seedlings before leaves were 
shed in the fall, we collected the plants 4 months after 
treatments began. SNF was measured on each root sec-
tion immediately after harvest (see Symbiotic nitrogen fixa-
tion measurements), and then nodules were dried on silica 
gel for dry mass estimates. Biomass (leaves, shoots, roots) 
were measured after the plants were dried at 60 °C for at 
least 48 h. Leaf, shoot, and root biomass were combined to 
estimate final seedling biomass (hereafter “total biomass”).

2.2  Symbiotic nitrogen fixation measurements

We harvested each of the 4 root sections of a plant sepa-
rately and immediately performed acetylene reduction 
assays (ARA) if nodules were present [36, 37]. For each ARA, 
we randomly selected 10 nodules from each root section 
and placed them in a 60 mL gas tight jar fitted with a sep-
tum and incubated them for one hour in an atmosphere of 
10% acetylene. We made acetylene from calcium carbide 
each day. We used both controls and blanks to established 
background ethylene produced by the sample or present 
in the acetylene, respectively. For controls of each sample, 
we randomly selected 10 additional nodules and placed 

Fig. 1  Image of split-root experimental design for high and low P 
plants. Two root sections of a seedling received P fertilizer directly 
 (PH and  PL), the amount of P in those fertilizer treatments was 

determined by whether the seedling was in a high or low P treat-
ment group. The other two root sections of a seedling received fer-
tilizer with no P (-PH and -PL) 

https://sheffields.com/seeds-for
https://sheffields.com/seeds-for


Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:1785 | https://doi.org/10.1007/s42452-020-03518-z

them in another 60 mL gas tight jar to incubate for one 
hour without adding acetylene. For blanks, we added 
acetylene to jars with no nodules. All gas samples were 
stored in pre-evacuated gas-tight Labco Exetainers vials 
and analyzed for ethylene concentration on a Shimadzu 
GC-2014 gas chromatograph equipped with a flame ioni-
zation detector (330 °C) and Poropak-T column (80 °C) at 
Brown University.

We report four main SNF response variables in this 
study: nodule mass (g), nitrogenase efficiency (μmol C2H4 
 h−1 g−1nodule), acetylene reduced per gram of seedling 
(μmol C2H4  h−1 g−1) and acetylene reduced per gram of 
root section (μmol C2H4  h−1 g−1). We also estimated AR 
per seedling (μmol C2H4  h−1) by multiplying nitrogenase 
efficiency and total nodule biomass. We used AR per g−1 
seedling to compare whole seedlings in the high and low 
P treatments and AR per g−1 root section to compare root 
sections in patches of soil nutrients under high and low 
P treatments. We used these data to explore if P limita-
tion leads to overall lower AR, and if this is driven by direct 
SNF limitation (lowered nodule biomass or nitrogenase 
efficiency) or indirect limitation (lower AR associated with 
lower plant biomass rather than a decrease in AR g−1 of 
seedling or root section, or nitrogenase activity).

For the split-root analyses we report these variables for 
each treatment group  (PH, – PH,  PL, – PL).  PH indicates root 
sections receiving P fertilizer in seedlings growing under 
high P conditions. -PH indicates root sections receiving fer-
tilizer that contained no P in seedlings growing under high 
P conditions. Seedlings growing in the low P treatment 
also had root sections directly exposed to P fertilizer  (PL) 
and root sections exposed to fertilizer that contained no 
P (-PL). For the split-root results we also reported average 
mass per nodule to examine if differences in nodule bio-
mass between treatments is driven by the number or the 
size of the nodules. We assessed localized versus general-
ized responses by testing whether there were differences 
between P-fertilized and no P-fertilized root sections of 
the same seedlings in a given P treatment (high versus 
low). Finally, we reported total biomass (g) for whole plant 
results and root biomass (g) for spilt-root results to deter-
mine treatment effects on plant growth.

2.3  Statistical analyses

We tested the assumptions of normality and homoscedas-
ticity for t-tests using Shapiro–Wilk test and the Levene’s 
test, respectively. Since these assumptions were not met, 
we used non-parametric Wilcox rank sum tests to test for 
differences in total biomass (g), nodule mass (g), nitroge-
nase efficiency (μmol C2H4  h−1 g−1 nodule), and acetylene 

reduced (AR) per g−1 seedling (μmol C2H4  h−1 g−1) between 
our high and low P fertilization treatments.

In order to understand how roots responded to patchy 
nutrient supply when grown under high or low P condi-
tions, we analyzed the responses of root sections in the 
four P treatments  (PH,−PH,  PL,−PL) using Kruskal–Wallis 
tests to compare root biomass (g), nodule mass (g), nitro-
genase efficiency (μmol  C2H4  h−1 g−1nodule), and acety-
lene reduced (AR)  g−1 root section (μmol  C2H4  h−1 g−1 
biomass). We used Pairwise Wilcoxon Rank Sum tests for 
post-hoc comparisons to determine pairwise differences 
between treatment groups. All statistical analyses were 
performed in R version 3.6.2.

3  Results

3.1  Whole plant (high vs. low P)

Seedlings in the high P treatment exhibited significantly 
higher total biomass (P = 0.005, Fig. 2a), and total nodule 
mass (P  <  0.001, Fig. 2b). However, nitrogenase efficiency 
(μmol  C2H4  h−1 g−1nodule) was significantly higher in the 
low P treatment (P = 0.003, Fig. 2c), and thus the AR g−1 
seedling did not differ between high and low P treatments 
(P = 0.39, Fig. 2d). Total nodule biomass was twice as high 
in the high P treatment (P  <  0.001), leading to the AR per 
seedling being 40% higher than in the low P treatment 
(P = 0.02).

The whole plant controls, whose roots were split into 
four pots that all received the same nutrient treatment 
[either high P (n = 5) or low P (n = 5)] also indicated P limi-
tation to growth and nodule mass in the low P treatment. 
High P controls had higher total biomass (P = 0.056) and 
total nodule mass (P = 0.059) than low P controls. How-
ever, AR  g−1 seedling and nitrogenase efficiency were not 
significantly different between high and low P treatment 
groups (P = 0.79, P = 1, respectively). Controls had far fewer 
samples in each treatment (n = 5) than in the rest of the 
experiment (n = 29 and 30).

3.2  Split‑root analysis

While P limitation to seedling growth and SNF was estab-
lished at the whole plant level, we did not observe local-
ized responses to patches of P in the low P treatment. 
Within low P seedlings, root biomass (P = 0.93), total nod-
ule biomass (P = 0.88), nitrogenase efficiency (P = 0.94), and 
AR g−1 root section (P = 0.99) did not differ between the 
root sections directly receiving low P fertilizer  (PL) and root 
sections not receiving fertilizer directly (−PL, Fig. 3a–d).

In contrast, there was significantly higher root biomass 
in root sections receiving high P fertilizer  (PH) compared 
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with root sections of high P plants receiving no high P fer-
tilizer (−PH; P = 0.023, Fig. 3a). Roots directly receiving P 
fertilizer in the high P  (PH) treatment had more than twice 
the nodule mass compared to root sections of the same 
plants not receiving P fertilizer (−PH; P = 0.044, Fig. 3b). The 
nodule mass increase in the  PH treatment resulted from 
more nodules rather than larger nodules, as the average 
mass per nodule on roots directly receiving P  (PH) was not 
significantly different from the average mass per nodule 
on roots not directly receiving P fertilizer (−PH, P = 0.94). 
Similar to the roots of the low P plants, nitrogenase effi-
ciency and AR g−1 root section did not vary significantly 
between the root sections receiving  (PH) and not receiv-
ing P fertilizer (−PH) in the high P plants (P = 0.33, P = 0.99, 
respectively).

Combining the results of P-fertilized and no−P fertilized 
seedlings in both the high and low P treatments indicated 
if there were differences in SNF responses to nutrient 

patches when seedlings were grown under P abundance 
or limitation. We observed a significant localized prolifera-
tion of root growth (P = 0.010, Fig. 3a) and total nodule bio-
mass (P = 0.006, Fig. 3b) in the root sections of the high P 
plants that directly received fertilizer  (PH). However, there 
were no differences among the other 3 treatments (− PH, 
 PL, − PL), even though seedlings attached to root sections 
receiving the −PH treatment were receiving substantially 
more P than those in the  PL and −PL treatments. The aver-
age biomass per nodule did not vary significantly within 
high (P = 0.94) or low (P = 0.27) P treatments, but  PH and 
−PH had nodules that were on average two times larger 
than nodules from the  PL and −PL root sections (P = 0.001).

The root biomass, total nodule biomass, and nitroge-
nase efficiency of the root sections receiving no fertilizer 
(−PH and − PL) were also not different from one another 
(P = 0.928, P = 0.781, P = 0.246, respectively). Further there 
was no large difference between the four treatments 

Fig. 2  Whole plant comparisons of high and low P treatment for 
a total biomass expressed in grams, b nodule biomass expressed 
in grams, c nitrogenase efficiency expressed in μmol  C2H4  h−1  g−1 
nodule, and d acetylene reduced (AR) per gram of seedling 
expressed in μmol  C2H4 h−1 g−1 biomass. Boxes represent the inter-

quartile range, the line is the median, and the whiskers are the low-
est or highest value within 1.5 times the interquartile range. Points 
represent the values from individual seedlings within each treat-
ment. Points were jittered within treatment to prevent overlap
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when nodule biomass was normalized by root biomass 
 (PH, − PH,  PL, − PL; P = 0.08). However, nitrogenase efficiency 
was higher in the root sections associated with the low P 
plants  (PL and −PL) compared with the high P plant root 
sections  (PH and − PH, P = 0.012, Fig. 3c). Nitrogenase effi-
ciency of the −PH root sections were intermediate between 
the nitrogenase efficiency values of root sections receiv-
ing high P fertilizer  (PH) and the low P root section treat-
ments  (PL and −PL, Fig. 3c). Finally, the AR g−1 root section 
(μmol C2H4  h−1 g−1 biomass, Fig. 3d) did not vary signifi-
cantly between the four treatment types (P = 0.29).

4  Discussion

Counter to the long−standing hypothesis that P limits SNF 
directly by influencing nodule development and function, 
our study finds evidence suggesting P limits SNF indirectly 
by limiting plant growth. We found that when R. pseudo-
acacia was grown under low P conditions that SNF was 
maintained (AR g−1 seedling) by increasing nitrogenase 
efficiency.

These results document P limitation to plant growth 
and AR per seedling when P is in low supply, and provide 
insight into the mechanism by which limitation to SNF 
can occur in a non-agricultural legume associated with 
Rhizobia. Seedlings in high P treatments had higher AR 
per seedling than those in low P treatments because the 
high P seedlings had larger seedling biomass supporting 
greater nodule biomass. Roots grown in patches of soil 
nutrients did not have more nodule mass  g−1 root com-
pared to roots grown in unfertilized soil in either high 
or low P treatment groups. This suggests that there may 
be a limit to how much SNF can be supported by a given 
mass of root. In order to increase SNF, an increased invest-
ment in root and/or plant biomass must be realized. Thus, 
we infer higher AR per seedling in the high P treatment 
resulted from the high P seedlings being able to grow 
more roots. Since the AR  g−1 seedling did not differ among 
P treatments, we conclude (1) higher SNF rates of these 
seedlings is linked to increases in seedling biomass and, 
(2) there are mechanisms for smaller seedlings to maintain 
this AR g−1 seedling.

The smaller, low P, plants were able to somewhat 
compensate for their lower root and nodule biomass 

Fig. 3  Comparison of response variables across P split-root treat-
ments  (PH,−PH,  PL,−PL) for a root biomass expressed in grams, 
b nodule biomass expressed in grams, c nitrogenase efficiency 
expressed in μmol  C2H4  h−1  g−1 nodule, d acetylene reduced (AR) 
per gram of root section μmol  C2H4 h−1 g−1 biomass. Different let-
ters signify significant differences (P < 0.05) between treatment 

groups. Boxes represent the interquartile range, the line is the 
median, and the whiskers are the lowest or highest value within 
1.5 times the interquartile range. Points represent the values from 
individual root sections within each treatment. Points were jittered 
within treatment to prevent overlap
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by increasing nitrogenase efficiency, but not enough to 
compensate for the advantage in SNF conferred by more 
total plant and nodule biomass. While our study is one of 
the first to illustrate this result in non-crop legumes [31], 
Christiansen and Graham [11] found nodule P concentra-
tions in P. vulgaris were not affected by P limitation despite 
decreases in P shoot concentrations. This allowed for some 
genotypes of P. vulgaris to maintain SNF even under low P 
conditions. Further, [31] find similar increases in nitroge-
nase efficiency for Acacia mangium seedlings grown under 
low P conditions, though, these seedlings were inoculated 
with Bradyrhizobia opposed to Rhizobia. These results sup-
port the idea that plants for which whole seedling and root 
growth is P limited may increase nitrogenase efficiency to 
somewhat buffer declining rates of SNF. As demand for N 
changes, the SNF rates of a tree can vary throughout its 
lifetime [38]. Therefore, further study is needed to deter-
mine if our findings hold in adult N-fixing legumes as well.

There has been several decades of discussion on the 
suitability of using ARA to estimate SNF [39–44]. It is 
important to consider that discussion here, since several 
of our response variables (nitrogenase efficiency, AR g−1 
seedling or root, and AR per seedling) were derived from 
ARA [36, 37]. Our method of ARA [37] includes the exci-
sion of nodules and incubation in acetylene, both of which 
can affect nitrogenase activity [39, 40]. While the inhibition 
of nitrogenase activity by acetylene was only minimally 
observed in our study species using the same inoculum 
[45], nitrogenase activity could have been affected by nod-
ule excision [39, 43]. Minchin et al. (1986) reported that 
ARA on nodules still attached to soybean plants grown 
under low-temperature stress had lower nitrogenase activ-
ity compared to ARA on excised nodules in a closed jar 
(as we did in this experiment), which is contrary to what 
the authors found at normal growing temperatures. The 
authors further speculated that other experimental treat-
ments might cause similar treatment “reversal” effects 
[39, 41]. Such a treatment “reversal” would invalidate our 
conclusion that nodule efficiency is increased in seed-
ling in our low P treatment. However, Ribet and Drevon 
(1996) grew seedlings under high and low P conditions, 
compared ARA from excised and attached nodules, and 
observed no significant difference in acetylene inhibition 
between excised and attached nodules. In the absence of 
evidence of acetylene inhibition [45] or of P treatment dif-
ferentially affecting the disturbance response associated 
with nodule excision [31], we follow suit with many recent 
authors [8, 24, 30, 46–51] and acknowledge that ARA does 
not scale easily with SNF, but can be useful in interpreting 
differences between experimental treatments as an indica-
tion of differences in SNF.

We predicted a stronger localized response of root 
biomass and SNF to nutrient patches for seedlings 

grown under P limitation, similar to previous studies that 
observed root proliferation into soil nutrient patches [14, 
32] or increased SNF on root sections under favorable 
water conditions or with bacterial symbionts [33, 34]. How-
ever, we only observed patch proliferation in seedlings 
grown under high P conditions. Though this patch prolif-
eration was not significant enough to increase the AR g−1 
root section in our high P seedlings, as we no observed 
difference in the four split-root treatments for AR g−1 root 
section.

4.1  Conclusion

The tradeoff between high nodule biomass (high P plants) 
and high nitrogenase efficiency (low P plants) that main-
tains a relatively constant AR g−1 of seedling illustrates 
the difficulty of using nodule biomass alone to estimate 
rates of SNF. Further, it highlights the multiple pathways 
by which legumes may respond to nutrient availability and 
up- or down-regulate SNF. While we hypothesized that 
SNF would be upregulated in low P plants encountering 
a patch of P, only the high P plants demonstrated a local-
ized response to soil nutrient patches. This result points 
to a limit on biotic flexibility, albeit in severe conditions 
relative to what might be encountered in the field (most 
soils are not silica sand). Further, soil nutrient availability is 
likely more spatially and temporally variable in a field set-
ting compared to this split-root study. Thus, field tests are 
needed to determine if (1) localized SNF responses to high 
soil P patches and (2) increased nitrogenase efficiency are 
realized. These results will have implications for where SNF 
occurs on the plant- and landscape-scale and how nutrient 
limitation controls SNF rates.
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