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15 Abstract
16 Aims Anthropogenic nitrogen deposition can provide
17 legumes with a cheap source of nitrogen relative to
18 symbiotic nitrogen fixation, leading to the potential
19 breakdown of this critical symbiosis. Here, the effects
20 of nitrogen deposition were tested on a native symbiosis
21 between legumes and rhizobia.
22 Methods Deposition rates, soil nitrogen concentration,
23 and plant nitrogen isotopic composition were quantified
24 along a predicted deposition gradient in California.
25 Acmispon strigosus seedlings were exposed to fertiliza-
26 tion spanning nitrogen concentrations observed in the
27 plant’s California range. Both wild and experimental
28 plants from pristine and nitrogen polluted sites were

29tested using rhizobial strains that varied in nitrogen
30fixation.
31Results Deposition intensity was tightly correlated with
32nitrogen concentration in soils. The growth benefits of
33rhizobial nodulation were dramatically reduced by even
34modest levels of mineral nitrogen, and all Acmispon
35lines failed to form root nodules at high nitrogen
36concentrations.
37Conclusions Our dataset suggests that anthropogenic
38deposition has greatly increased soil nitrogen concen-
39trations in Southern California leading to significantly
40reduced benefits of rhizobial symbiosis. If nitrogen de-
41position increases continue, plant host mortality and a
42total collapse of the symbiosis could result.

43Keywords Anthropogenic nitrogen deposition .

44Biological nitrogen fixation . Legume rhizobium
45symbiosis . Mutualism breakdown

46Introduction

47In the legume-rhizobium symbiosis, rhizobia form nod-
48ules on the roots of legume hosts and fix dinitrogen (N2)
49into ammonium (NH4

+) and other chemically active
50forms of nitrogen (Nr; i.e., all N species other than N2;
51(Galloway et al. 2013)). Prior to industrialization, bio-
52logical nitrogen fixation (BNF) from this symbiosis
53dominated natural inputs of nitrogen into terrestrial eco-
54systems (Cleveland et al. 1999). Human industrial ac-
55tivity in the past 150 years has more than doubled Nr

56production globally and the total rate of anthropogenic
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57 Nr production is increasing (Vitousek et al. 1997;
58 Cleveland et al. 1999; Galloway et al. 2004, 2008).Most

59 anthropogenic Nr is emitted into the atmosphere as
60 gaseous NOx and NH3 (Galloway et al. 2004) that can
61 be deposited into aquatic and terrestrial ecosystems
62 (Vitousek et al. 1997). As industrialization has spread
63 over the last century, Nr enrichment driven by nitrogen
64 deposition has become global in scale (Galloway et al.
65 2004; Dentener et al. 2006; Holtgrieve et al. 2011).
66 Most atmospheric Nr deposition into terrestrial eco-
67 systems likely occurs on historically nitrogen-limited
68 soils (Vitousek et al. 1997; Padgett et al. 1999;
69 Egerton-Warburton et al. 2001). Nr deposition and the
70 resultant fertilization of soils can reduce plant species
71 richness (Roem et al. 2002; Carroll et al. 2003; Maskell
72 et al. 2006; Clark and Tilman 2008; Maskell et al. 2010)
73 by altering outcomes of competitive interactions among
74 plants, and by making the environment unfavorable for
75 nitrogen-sensitive species (Bobbink et al. 2010). Nr

76 deposition can also alter composition of soil fungal
77 communities (Egerton-Warburton et al. 2001) and harm
78 soil bacteria that decompose litter (Janssens et al. 2010;
79 Hobbie et al. 2012; Kamble et al. 2013). Finally, Nr

80 deposition can negate the benefits of plant-microbe
81 symbioses in which root-associated bacteria and fungi
82 provide Nr to plants in exchange for photosynthates. In
83 the case of mycorrhizal fungi, some Nr-enriched soils
84 can render these symbionts superfluous to host plants
85 (Johnson et al. 1997; Egerton-Warburton et al. 2001;
86 Hoeksema et al. 2010; Kivlin et al. 2013). In contrast,
87 less work has examined consequences of Nr deposition
88 for rhizobial symbiosis, despite the central role of
89 rhizobia in terrestrial BNF.
90 Nr fertilization can reduce or eliminate the immediate
91 growth benefits of rhizobial nodulation for legumes
92 (Regus et al. 2014, 2015) in part because soil Nr can
93 be less costly for legumes to use than biologically fixed
94 nitrogen (Voisin et al. 2002). In the short term, some
95 legumes have been shown to reduce nodule formation
96 when exposed to high concentrations of nitrate (Streeter
97 1988), but it is unknown whether plants reduce nodule
98 formation in response to a loss of benefit from rhizobial
99 nodulation or other factors such as nitrogen toxicity.
100 Moreover, the nodulation response to nitrogen addition
101 can depend upon both the plant and the rhizobial geno-
102 type (Heath et al. 2010). Over longer time scales, expo-
103 sure to Nr deposition and enrichment could favor plants
104 that adapt to better utilize mineral Nr for growth or
105 tolerate high soil Nr concentrations, as can occur in

106agricultural systems (Herridge and Danso 1995).
107Moreover, increased Nr concentrations in soil is pre-
108dicted to lead to plants that depend less on BNF and
109thus evolve relaxed control over rhizobia (Kiers et al.
1102007; Akcay and Simms 2011; Regus et al. 2014;
111Weese et al. 2015).
112Here we examined both the immediate and potential
113evolutionary effects of nitrogen deposition on legume-
114rhizobium interactions. Populations of the native annual
115legume Acmispon strigosus (formerly Lotus strigosus)
116are found throughout much of California, including sites
117that are predicted by simulation models to receive little
118Nr deposition (coasts and high deserts) and regions with
119predicted intense Nr deposition (Los Angeles and Santa
120Ana River basins; (Fenn et al. 2010)). To infer the
121relationship between nitrogen deposition and soil fertil-
122ity at our field sites, we quantified atmospheric deposi-
123tion rates and soil nitrogen across the predicted deposi-
124tion gradient. To quantify the relative contributions of
125symbiotic versus mineral nitrogen fixation at different
126sites, we conducted nitrogen isotopic analyses on wild
127collected host seeds and also on host plants inoculated
128with soil rinsates. Finally, we generated four plant lines
129sourced from two Acmispon populations at opposite
130extremes of predicted deposition and exposed them to
131an experimental gradient of mineral Nr concentrations in
132the greenhouse. Plants were grown axenically or were
133exposed to one of two single-strain rhizobial inoculation
134treatments that represent the most and least effective
135strains we have tested (Sachs et al. 2010a, 2011). Previ-
136ous work on A. strigosus showed that host differential
137investment to effective versus ineffective rhizobia was
138not affected within a range of nitrogen fertilization
139(Regus et al. 2014), but this range is greatly expanded
140upon here and multiple plant genotypes are tested. We
141examined how plants responded to the simulated Nr

142deposition gradient and whether the response depended
143on the plant’s past history of Nr deposition.

144Materials and methods

145Atmospheric sampling and deposition estimates

146We measured daily ambient atmospheric concentrations
147of gaseous nitrogen species (NH3, NO2, HNO3) at elev-
148en A. strigosus populations in California (Table 1) using
149passive samplers and following published methods
150(Bytnerowicz et al. 2002). We also measured deposition
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151 of aerosol nitrogen species (particulate fraction of
152 NH4

+ and NO3
−) which is calculated as a fraction of

153 ambient gas concentrations following Zhang and
154 colleagues (Zhang et al. 2003). The fractions of
155 NH3 and HNO3 were based on mean concentrations
156 of HNO3, NO3

−, NH3, and NH4
+ measured in the

157 San Bernardino Mountains in southern California
158 (Bytnerowicz and Fenn 1996). Measurement periods
159 included July 2012, September 2012, February
160 2013, and August 2013.
161 Deposition of gaseous nitrogen species into soils was
162 calculated as the product of daily ambient gas concen-
163 trations and gas deposition velocity (Hanson and
164 Lindberg 1991), for which we used published average
165 values for land use categories (LUC) that best corre-
166 spond to each sampled site (Table 1; (Zhang et al.
167 2003)). Annual dry nitrogen deposition was calculated
168 as the sum of deposition of atmospheric gaseous nitro-
169 gen species (NH3, NO2, HNO3) and deposition of aero-
170 sol nitrogen species (NH4

+, NO3
−). Total annual nitro-

171 gen deposition was calculated as the sum of annual dry
172 nitrogen deposition and estimated wet deposition. Based
173 on historical precipitation records, wet nitrogen deposi-
174 tion was estimated as 1.0 kg N ha−1 yr.−1 for inland sites
175 and 1.5 kg N ha−1 yr.−1 for the coastal sites (Table 1;
176 (EPA 2012).

177Soil nitrogen sampling

178We estimated concentrations of extractable NO3
− and

179NH3 in soil at the same eleven A. strigosus populations
180using published methods (Regus et al. 2014). For each
181plant population we sampled three soil cores (10 cm
182depth) along a 3 m transect where A. strigosus plants
183had been collected previously. Soil samples were col-
184lected in February and August 2013. Soil was sieved,
185dried, and analyzed using published methods (Santiago
186et al. 2005). Nitrogen analysis was performed at the
187FIRM Isotope Facility at UC Riverside. We used regres-
188sion analysis to determine the relationship between an-
189nual rates of atmospheric nitrogen deposition and the
190local concentrations of extractable NO3

− and NH3 (col-
191lectively, mineral N) in soils.

192A. strigosus plant lines

193We developed lines of A. strigosus from seeds collected
194at the Bodega Marine Reserve (BMR) in Northern Cal-
195ifornia and from a natural site at the University of
196California, Riverside (UCR) in Southern California.
197Simulation models predict that BMR experiences neg-
198ligible Nr deposition (e.g. < 5 kg Nr ha

−1 yr.−1) and that
199UCR has high levels of deposition (e.g. > 20 kg Nr

t1:1 Table 1 Field Sites and measures of atmospheric and soil nitrogen

t1:2 Site Land Use
Categorya

Total Soil
N ± (%)b

Mineral N
(ppm)b

Modeled N
Deposition
(kg ha−1 yr.−1)c

Dry N
Deposition
(kg ha−1 yr.−1)

Total N
Deposition
(kg ha−1 yr.−1)d

t1:3 Anza-Borrego Deserts (24) 0.01 ± 0.01 c 2.02 (0.20)d 5.0–7.0 1.68 2.68

t1:4 Bernard Field Station Urban (21) 0.11 ± 0.01 a 10.81 (1.78)b,c >25.0 7.42 8.42

t1:5 Bodega Marine Reserve Deserts (24) 0.01 ± 0.01 c 4.08 (2.38)c,d 3.0–5.0 0.34 1.84

t1:6 Burns Pinon Ridge Reserve Deserts (24) 0.03 ± 0.01 c 7.04 (0.30)b,c,d 3.0–5.0 1.61 2.61

t1:7 Griffith Park Broadleaf shrubs (10) 0.04 ± 0.02 b,c 6.70 (2.58)b,c,d 19.0–25.0 4.32 5.32

t1:8 Guadalupe-Nipomo Dunes Deserts (24) 0.03 ± 0.01 c 1.69 (0.09)d 3.0–5.0 1.35 2.85

t1:9 Madrona Marsh Preserve Urban (21) 0.03 ± 0.01 c 3.94 (0.88)c,d 15.0–19.0 3.42 4.92

t1:10 Sweeney Granite Mountains Deserts (24) 0.01 ± 0.01 c 1.65 (0.07)d 3.0–5.0 4.08 5.08

t1:11 Motte-Rimrock Preserve Broadleaf shrubs (10) 0.05 ± 0.01 b,c 12.65 (1.88)b 9.0–15.0 12.57 13.57

t1:12 UC Riverside Broadleaf shrubs (10) 0.07 ± 0.02 b 20.47 (1.54)a 11.0–15.0 7.67 8.67

t1:13 Whitewater Preserve Deserts (24) 0 Q2.01 ± 0.01 c 5.47 (0.64)b,c,d 11.0–15.0 3.73 4.73

a Numbers in parenthesis refer to LUC from Zhang et al. 2003
b Letters show significant differences in pairwise t-test corrected for multiple comparisons (p < 0.05)
c Estimates of N deposition taken from model of Fenn et al. 2010
d Total N deposition is the sum of dry and wet deposition. Wet deposition data was taken based on published estimates based on land use
categories above
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200 ha−1 yr.−1; (Fenn et al. 2010)). Consistent with these
201 deposition models, BMR soils have low N concentra-
202 tions (0.01% total N, ~ 4.00 ppm mineral N) and UCR
203 has high N concentrations (0.1% total Nr, ~20.00 ppm
204 mineral N; (Regus et al. 2014)). For context, the UCR
205 soil N concentrations are comparable to tilled agricul-
206 tural soils (Bremner 1965).
207 Seeds were collected from wild plants at BMR in
208 June 2005 (BMR05) and 2007 (BMR07) and fromUCR
209 in April 2008 (UCR08) and April 2009 (UCR09) from
210 separated locations within each field site. To generate
211 seed sets for the experiment, plant lines were developed
212 that only included descendants from a single wild-
213 collected seed. Plants for seed production were grown
214 in one gallon pots in sterile soil (UC Mix-3) from
215 January to June, 2011. Plants were only allowed to
216 self-pollinate (greenhouses were sprayed weekly with
217 the insecticide Mavrik). We refer to these four descen-
218 dent seed sets as lines BMR05, BMR07, UCR08, and
219 UCR09.

220 Isotopic analysis of wild-collected A. strigosus seeds
221 and hosts inoculated with soil rinsates

222 Wild A. strigosus seeds were collected from the BMR
223 and UCR field sites between 2005 and 2014. Mature
224 pods were collected from 3 to 12 plants at each of 9 GPS
225 locations per field site. Approximately 30 seeds per GPS
226 location were dried 2–3 days at 60o C, weighed, and
227 pulverized in a bead beater (using a 5 mm stainless steel
228 bead) ≥ 4 times at 4 m/s for 10 s. Samples were analyzed
229 for %N, C:N ratio, and δ15N (UC Santa Cruz Stable
230 Isotope Laboratory).
231 Soil cores were collected from the BMR and UCR
232 field sites in March 2015. Twenty soil cores of ~13 cm
233 depth were collected from each field site within a radius
234 of ~10 m, always sampling nearby but not directly over
235 A. strigosus plants. Soil cores were homogenized and
236 sieved under sterile conditions to <2 mm, combined
237 with sterile water to form a 1 g soil / mL H2O slurry,
238 and allowed to settle overnight. The resultant superna-
239 tants were used as inoculants for axenic A. strigosus
240 seedlings, either using 5 mL of the supernatant directly
241 (live soil treatment) or after autoclaving (dead soil treat-
242 ment). Each soil rinsate was inoculated onto the
243 A. strigosus plant lines derived from the same field site
244 (2 plant lines per field site × 2 field sites × 2 soil
245 treatments [live, dead] (Zhang et al. 2003) × 10 plant
246 replicates =80 plants total). Inoculation took place 9

247March, 2015, and plants were raised in a greenhouse
248and fertilized weekly with N-free Jensen’s solution.
249Plants were harvested at 8 weeks post inoculation,
250checked for nodulation, and plant shoot tissue was
251dried in a 60 °C oven for 2–3 days. Dry leaves were
252removed from stems and powdered with a 5 mm
253stainless steel bead for 10 s at 4 m/s. Four out of
25410 plant replicates per treatment were analyzed for
255%N, C:N ratio, and δ15N (UC Santa Cruz Stable
256Isotope Laboratory).
257We calculated%Ndfa (%N derived from atmospheric
258N2) for both the wild-collectedA. strigosus seeds and for
259the plants inoculated with soil rinsates. We used the
260method of Wanek and Arndt (Wanek and Arndt 2002),
261which requires estimation of δ15N for non-nitrogen fix-
262ing reference plants (‘δ15Nrefplant’) and for legumes with
263N2 as the sole source of Nr (‘B’). The δ15Nrefplant was
264estimated based on A. strigosus inoculated with
265autoclaved soils from each soil sample and B was esti-
266mated based A. strigosus inoculated with our most ef-
267fective strain (#49) and no access to mineral nitrogen
268(B = −2.75).

269Nitrogen gradient inoculation experiment

270We inoculated experimental plants with two genetically
271diverged Bradyrhizobium strains (referred to as #s 2 and
27249), which were originally collected from A. strigosus at
273BMR (Sachs et al. 2009). Strain #49 is highly effective
274on A. strigosus from BMR, providing ~500% increase
275in A. strigosus shoot biomass when hosts are grown in
276soil without soil nitrogen, and #2 is ineffective, not
277significantly affecting shoot biomass (Sachs et al.
2782010a). These strains bracket the natural variation of
279Bradyrhizobium symbiotic quality on A. strigosus
280(Sachs et al. 2010a). Both strains readily nodulate this
281host in single strain inoculations and attain high
282population density within nodules, both in the absence
283of mineral nitrogen (Sachs et al. 2010a) and when
284fertilized with mineral nitrogen (Regus et al. 2014).
285Bradyrhizobium strains were grown on agar plates with
286modified arabinose gluconate medium (MAG), and
287cultures were scraped and resuspended in sterile ddH2O
288to generate inocula of 1 × 108 cells ml−1, with 5.0 ml
289inoculated per plant (Sachs et al. 2009).
290Seedlings were prepared under axenic conditions and
291grown in sterilized quartzite sand, which is inert and
292provides negligible nutrients (Sachs et al. 2009). Seed-
293lings were moved to the greenhouse one week prior to
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294 inoculation, and after four days in the greenhouse, plants
295 were fertilized with 10.0 mL nitrogen-free Jensen’s so-
296 lution with dissolved KNO3 for nitrogen treatments
297 (Somasegaran and Hoben 1994). Three days after initial
298 fertilization, plants were inoculated with 5.0 ml of either
299 strain #2, #49, or sterile ddH2O. Four days after inocu-
300 lation, plants were fertilized per treatment as above and
301 then once per week until harvest. For each plant line,
302 126 size-matched sterile-grown seedlings were random-
303 ly assigned to inoculum/fertilizer treatment groups. Fer-
304 tilizer treatments consisted of a range of Nr concentra-
305 tions that bracket and exceed the Nr levels observed at
306 the two sites (0.00, 0.25, 0.50, 1.00, 3.00 and 5.00 g L−1

307 KNO3). For comparison, the third fertilizer concentra-
308 tion (0.50 g L−1 KNO3) provides plants with approxi-
309 mately 15 ppm NO3 or 75% of mineral nitrogen content
310 at UCR. We used KNO3 because plants most readily
311 take up NO3

− in nature and soil processes convert most
312 mineral nitrogen to NO3

− (Streeter 1988). The ex-
313 periment ran for eight weeks, from inoculation to
314 harvest (12 March to 7 May, 2012). At harvest,
315 plants were carefully depotted, and all nodules were
316 dissected, counted and photographed. Roots, shoots
317 and nodules were separated and dried in an oven
318 (60 °C, > 4 days) before weighing dry biomass. The
319 experiment included 504 plants in total (7 replicate
320 plants per treatment, 4 plant lines, 3 inoculation
321 treatments, 6 Nr treatments).
322 Host plant mortality was analyzed using multiple
323 logistic regressions (Fit Model Platform, JMP 10.0;
324Q3 SAS Institute Inc. 2012). Host growth response to nod-
325 ulation was calculated as the percent difference in dry
326 shoot biomass between inoculated plants and size-
327 matched uninoculated control plants (Sachs et al.
328 2010a). We tested whether growth response differed
329 significantly from zero (i.e., no growth response to
330 nodulation) using a one sample t-test (JMP 10.0; SAS
331 Institute Inc. 2012). Mean individual nodule mass was
332 calculated as total per-plant nodule mass divided by
333 nodule number. Differences in host growth response,
334 nodule number, mean nodule mass, and shoot weight
335 of uninoculated plants among plant lines or fertilizer
336 treatments were assessed with general linear models
337 (GLM; Fit Model Platform in JMP 10.0) to test main
338 effects (rhizobial genotype, fertilizer, host line) and in-
339 teractions among effects within each experiment. We
340 also used pairwise analyses correcting for multiple com-
341 parisons using Tukey’s Honestly Significant Difference
342 test (HSD).

343Results

344Nitrogen deposition estimates

345Atmospheric sampling took place over time periods
346without precipitation. Estimates of N deposition varied
347>35× among the tested sites, ranging from total annual
348dry deposition of 0.34 kg ha−1 yr.−1 at BMR to
34912.57 kg ha−1 yr.−1 at Motte Rimrock Reserve (Table 1;
350Supplemental Table 1). Our empirical measures of N
351deposition paralleled but were lower than the published
352simulation data for these same locations (Table 1;
353Supplemental Table 1).

354Soil nitrogen concentrations

355Measures of mineral N in soils varied >12× among
356the sampled sites, ranging from 1.65 ppm in the
357Granite Mountain Preserve to 20.47 ppm at UCR.
358Measures of mineral N and total N percentage
359roughly paralleled each other among sites (Table 1;
360Supplemental Table 1).
361Regression analysis that only compared simulta-
362neously gathered data from atmospheric and soil
363sources indicated that local annual dry nitrogen
364deposition was an excellent predictor of mineral
365soil N (R2 = 0.754; p < 0.0011; Fig. 1). A regres-
366sion of all the atmospheric and soil data gathered
367without respect to sampling date was also significant
368(R2 = 0.250; p < 0.0018).

369Isotopic analysis of wild-collected A. strigosus seeds

370Seeds collected from wild plants at BMR had signifi-
371cantly lower mean %N (BMR, 2.68%; UCR, 3.45%;
372F1,17 = 24.106, p = 0.0002) and significantly higher
373C:N ratio compared to seeds from UCR (BMR, 16.7;
374UCR, 13.2; F1,17 = 24.827, p = 0.0001), suggesting that
375UCR plants at the Nr polluted site are incorporating
376more nitrogen on average. However, seeds from BMR
377had significantly lower δ15N values than seeds from
378UCR (BMR, −1.56; UCR, 0.47; F1,17 = 6.366,
379p = 0.0226) and higher %Ndfa (BMR, 85.00%; UCR,
38066.63%; F1,17 = 8.440, p = 0.0103), suggesting that
381UCR plants at the Nr polluted site are receiving a lower
382percentage of their nitrogen from BNF (Supplemental
383Tables 2 and 3).
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384 Isotopic analysis of A. strigosus hosts inoculated
385 with soil rinsates

386 A. strigosus hosts inoculated with live soil rinsates were
387 nodulated in every case, whereas none of the hosts
388 inoculated with autoclaved rinsates had nodules. Com-
389 paring effects of live and dead soil rinsates, we found
390 that plants inoculated with live soil rinsates exhibited
391 higher %N, lower C:N ratios, and lower δ15N values at
392 both sites, indicating that compatible nitrogen-fixing
393 rhizobia exist in the sampled soils (BMR: %N,
394 F1,15 = 1735, p < 0.0001; C:N, F1,15 = 205.9,
395 p < 0001; δ15N, F1,15 = 412.8, p < 0.0001; UCR: %N,
396 F1,15 = 46.54, p < 0.0001; C:N, F1,15 = 34.38, p < 0001;
397 δ15N, F1,15 = 48.38, p < 0.0001; Supplemental Tables 2
398 and 3).
399 Plants inoculated with the live BMR soil rinsates had
400 significantly higher %N than plants inoculated with the
401 live UCR soil rinsates (F1,15 = 4.809, p = 0.0457).
402 However, plants inoculated with the autoclaved
403 rinsates did not show a difference in %N between
404 field sites (F1,15 = 0.598, p = 0.4521), suggesting
405 that the differences in plant nitrogen content is
406 caused by the rhizobia and possibly other microbes
407 in the soils, rather than abiotic differences. No signifi-
408 cant differences were found in C:N ratio, δ15N, or
409 %Ndfa in the live soils between BMR and UCR, al-
410 though the trends were the same as in the seed samples,
411 with evidence of (C:N, F1,15 = 1.4181, p = 0.2535; δ

15N,

412F1,15 = 1.1886, p = 0.2940; %Ndfa, F1,14 = 2.0788,
413p = 0.1730; Supplemental Tables 2 and 3).

414Response of uninoculated A. strigosus to Nr gradient

415For shoot biomass of uninoculated A. strigosus, the
416GLM uncovered significant effects of nitrogen treat-
417ment (F5,148 = 40.29, p < 0.0001) but no effect of plant
418line (F3,148 = 2.360, p = 0.0747) or their interaction
419(F15,148 = 1.292, p = 0.2129). Shoot mass of uninocu-
420lated plants increased over the span of the four lower N
421fertilizer concentrations (0.00–1.00 g L−1 KNO3) and
422then leveled off or decreased in the highest concentra-
423tions (3.00–5.00 g L−1 KNO3; Fig. 2; Supplemental
424Table 3). Three uninoculated plants became contaminat-
425ed by rhizobia in the greenhouse, each exhibiting <5
426nodules (compared to inoculated plants which averaged
427~46 and ~78 nodules for strains #2 and #49, respective-
428ly). The contaminated plants were removed from anal-
429ysis (BMR05, 0.25 g L−1 KNO3; BMR07, 5.0 g L−1

430KNO3; UCR08, 0.5 g L−1 KNO3).
431Twenty of the 168 uninoculated plants died during
432the experiment. A multiple logistic regression of mor-
433tality found significant main effects of both fertilizer
434(p < 0.0001) and plant line (p < 0.001). Mortality of
435uninoculated plants increased with increased nitrogen
436for all plant lines (χ2 = 20.80, p < 0.0001), although
437mortality was greater for BMR05 than other plant lines
438(χ2 = 17.11, p < 0.0007; Table 2).

R2 =
p = 0.0

0.25
0018 

R2 = 0
p = 0.00

.75
011 

Fig. 1 Correlation of mean Nr dry deposition rates and mineral
soil N across the 11 field sites. The left panel shows mean mea-
sures from all three sampling periods. The dashed line is dry
deposition (circles); solid line is the sum of dry deposition and
estimated wet deposition (triangles). The right panel shows single
measures taken in Feb. 2013, the only time point where soil and

atmospheric measures were able to be taken for all sites simulta-
neously (ANZ, Anza Borrego; BFS, Bernard Field Station; BMR,
Bodega Marine Reserve; BPR, Burns Pinon Ridge; GRP, Griffith
Park; GND, Guadalupe-Nipomo Dunes; MAD, Madrona Marsh;
GRM, Granite Mountains Preserve; MOT, Mott-Rimrock Pre-
serve; UCR, UC Riverside; WIT, Whitewater Preserve)
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439 Nodule number of plants in Nr gradient

440 A GLM analysis of nodule number was performed that
441 included the four lowest fertilizer concentrations. It was
442 not practical to make statistical comparisons of nodule
443 number for the two highest fertilizer treatments because

444many plants died or did not form nodules (see mortality
445analysis; Table 2). There were significant effects of
446inoculation treatment (F1,193 = 25.79, p < 0.0001) and
447fertilizer concentration (F3,191 = 16.68, p < 0.0001) on
448nodule number, but plant line was not significant
449(F3,191 = 0.2277, p = 0.8770), and none of the

Fig. 2 Shoot mass of axenic
A. strigosus in a range of mineral
nitrogen concentrations. Error
bars are ± one standard error

t2:1 Table 2 Plant mortality and nodulation status. Seven total repli-
cates per treatment combination. ‘Control’ plants are un-inoculat-
ed. ‘Nodules’ columns show the number of plants that formed

nodules irrespective of nodule counts. ‘Live’ column shows the
number of plants that were alive at the end of the experiment

t2:2 0 g L−1 KNO3 0.25 g L−1 KNO3 0.5 g L−1 KNO3 1.0 g L−1 KNO3 3.0 g L−1 KNO3 5.0 g L−1 KNO3

t2:3 Nodulesa Liveb Nodulesa Liveb Nodulesa Liveb Nodulesa Liveb Nodulesa Liveb Nodulesa Liveb

t2:4 Control BMR05 n.a. 6 1 6 n.a. 6 n.a. 5 n.a. 4 n.a. 3

t2:5 BMR07 n.a. 7 n.a. 7 n.a. 7 n.a. 7 n.a. 7 1 6

t2:6 UCR08 n.a. 7 n.a. 7 n.a. 7 n.a. 7 n.a. 6 1 5

t2:7 UCR09 n.a. 7 n.a. 7 n.a. 7 n.a. 7 n.a. 6 n.a. 4

t2:8 Strain 2 BMR05 6 6 5 6 5 6 5 6 0 5 0 4

t2:9 BMR07 7 7 7 7 7 7 7 7 2 6 0 6

t2:10 UCR08 6 7 7 7 7 7 6 7 1 7 0 5

t2:11 UCR09 7 7 7 7 6 7 5 7 1 7 0 7

t2:12 Strain 49 BMR05 6 6 6 6 6 6 6 6 2 4 0 1

t2:13 BMR07 7 7 7 7 7 7 7 7 3 6 2 5

t2:14 UCR08 7 7 7 7 6 7 2 7 5 7 3 5

t2:15 UCR09 7 7 7 7 7 7 7 7 4 7 1 2

a Total number of plants with nodules
b Total number of plants surviving (out of 7 plant replicates per treatment)
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450 interactions were significant (inocuation x fertilizer,
451 F3,191 = 0.8083, p = 0.4908; inoculation x plant line,
452 F3,191 = 0.3547, p = 0.7858; fertilizer x plant line,
453 F9,191 = 38.11, p = 0.9431).
454 In all cases but one (BMR_05, 0.25 g L−1 KNO3,),
455 plants formedmore nodules with the effective strain #49
456 than with the ineffective strain #2 (Fig. 3). Mean nodule
457 count per plant increased from zero added N to
458 0.25 g L−1 KNO3), and did not further increase when
459 N concentration was raised to 0.5 g L−1 KNO3, but
460 began to decrease at 1.00 g L−1 KNO3. Nodulation
461 was nearly or completely eliminated in the highest two
462 N concentrations (3.00, 5.00 g L−1 KNO3; Fig. 3; Sup-
463 plemental Table 4).

464 A. strigosus nodule size

465 AGLManalysis of mean nodulemass was performed that
466 included only the four lowest fertilizer concentrations, as
467 above for nodule number. The GLM uncovered signifi-
468 cant effects of inoculation treatment (F1,192 = 71.82,
469 p < 0.0001) and fertilizer concentration (F3,190 = 2.72,
470 p < 0.05), but not of plant line (F1,192 = 1.621, p = 0.1863),
471 and only the interaction of inoculation x plant line was
472 significant (inoculation x fertilizer, F3,191 = 1.712,
473 p = 0.1663; inoculation x plant line, F3,191 = 3.723,
474 p = 0.0125; fertilizer x plant line, F9,191 = 0.5848,
475 p = 0.8092). A. strigosus formed significantly larger
476 nodules with the effective strain #49 than with the
477 ineffective strain #2 (Fig. 3; Supplemental Table 4).

478 A. strigosus growth benefits from Bradyrhizobium
479 nodulation

480 For growth benefits of nodulation, the GLM uncov-
481 ered significant effects of inoculation treatment
482 (F1,264 = 41.11, p < 0.0001) and fertilizer concentration
483 (F5,264 = 36.49, p < 0.0001), but not plant line
484 (F3,264 = 1.552, p = 0.2015), and only the interaction
485 of inoculation x plant line was not significant (inocula-
486 tion x fertilizer, F5,264 = 39.19, p < 0.0001; inoculation x
487 plant line, (F3,264 = 2.238, p = 0.0843; fertilizer x plant
488 line, F15,264 = 2.226, p = 0.0060). All plant lines gained
489 significant benefit from nodulation with the effective
490 strain #49 in zero fertilizer (Fig. 3). Growth benefit from
491 nodulation with strain #49 was eliminated by nitrogen
492 fertilization in most cases (except for three treatment
493 combinations; BMR05, BMR07 × 0.25 g L−1 and
494 UCR09 × 1.0 g L−1). No plant line gained significant

495benefit from nodulation with the ineffective strain #2 in
496any fertilizer concentration (Fig. 3). Negative growth
497responses to inoculation were observed in 8/24 treat-
498ment combinations for UCR lines and never for BMR
499lines (Fig. 3; Supplemental Table 4).

500Mortality analysis for inoculated A. strigosus

501A multiple logistic regression of mortality uncov-
502ered significant effects of fertilizer (p < 0.0001) and
503plant line (p < 0.0001) but not inoculation treatment
504(p = 0.1522; Table 2). We also performed multiple
505logistic regression of mortality within each inocula-
506tion treatment, and main effects of fertilizer and
507plant line were significant for both strain #2 (fertil-
508izer p < 0.01, plant line p < 0.001) and strain #49
509(fertilizer p < 0.0001, plant line p < 0.001).
510Similar to axenic A. strigosus, mortality was negligi-
511ble in the lowest four fertilizer concentrations (0.00–
5121.00 g L−1 KNO3), but increased in the highest two
513fertilizer concentrations (3.00–5.00 g L−1 KNO3;
514Table 2). One plant line had no mortality (UCR09 strain
515#2). Similar to axenic plants, BMR05 tended to have
516greater mortality than other lines regardless of inocula-
517tion treatment.

518Discussion

519Over the past century industrialization has more than
520doubled global Nr output (Galloway et al. 2004), leading
521to intense deposition in natural ecosystems (Dentener
522et al. 2006; Holtgrieve et al. 2011). Nr deposition has
523enriched soils that were historically nitrogen-limited,
524potentially saturating plants for mineral nitrogen
525(Vitousek et al. 1997; Dentener et al. 2006). In southern
526California, deposition has occurred for more than
52770 years (Fenn et al. 2010) and some soils have become
528greatly enriched for Nr over that time span (Egerton-
529Warburton et al. 2001). Our atmospheric sampling of
530gaseous and aerosol nitrogen species largely confirmed
531models predicting significant variation in Nr deposition
532across California (Fenn et al. 2010) and uncovered >35×
533variation in dry deposition statewide. Our data strongly
534supports the key role of Nr deposition in enhancing soil
535fertility at sampled sites by showing a significant rela-
536tionship between Nr deposition and extractable N con-
537centrations in the soils. Previous studies have measured
538the effects of pollution loads on soils (Padgett and
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Fig. 3 Nodule status and host
percent growth response from
symbiosis. Error bars are ±
standard error. Asterisks show
significant difference from zero in
one-sample t-test (p < 0.05)
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539 Bytnerowicz 2001; Vourlitis et al. 2007), but with lim-
540 ited field sampling. No previous work that we are aware
541 of has assessed deposition and soil content over such a
542 wide array of field sites and pollution levels.
543 We analyzed A. strigosus seeds, soils, and experi-
544 mental plant lines from California sites that are mini-
545 mally (BMR) or highly (UCR) polluted in terms of
546 atmospheric Nr deposition (Fenn et al. 2010) (Fig. 1).
547 Nitrogen isotopic data showed that seeds from UCR are
548 enriched for nitrogen compared to BMR and suggest
549 that the enrichment originates from the Nr polluted soils,
550 given the ~20% reduction in biologically fixed nitrogen
551 incorporated into the UCR seeds (relative to BMR).
552 Analyses of plants inoculated with soil rinsates from
553 each of these sites corroborate the seed data and suggest
554 that soils from BMR are significantly enriched for
555 nitrogen-fixing rhizobia compared to UCR. In total,
556 these data suggest that nitrogen deposition patterns
557 across California can cause legume populations to di-
558 verge in nitrogen sources, with some plants largely
559 incorporating biologically fixed Nr and others taking
560 up relatively more Nr from soil that is enriched by
561 anthropogenic deposition.
562 Our experimental Nr deposition gradient tested con-
563 centrations that span and exceed current levels of min-
564 eral nitrogen in the sampled soils. Our greenhouse ex-
565 periments revealed that even modest concentrations of
566 Nr can eliminate the growth benefit of rhizobial nodu-
567 lation. Nodulation with the effective strain #49 actually
568 caused significant growth decreases in three instances
569 for UCR08 in 1.0 g L−1 and for both UCR lines at
570 5.0 g L−1, suggesting the possibility of costs associated
571 with hosting rhizobia in high Nr contexts. Nodulation
572 with the ineffective strain #2 caused a growth decrease
573 only for UCR at the two ends of the simulated deposi-
574 tion gradient (Fig. 3) suggesting that mineral nitrogen
575 availability can reduce the impacts of exploitative
576 rhizobia in low Nr contexts. This pattern could be the
577 manifestation of the significant fertilizer x plant line
578 interaction effect that we uncovered. All negative
579 growth responses were observed in UCR plant lines
580 and both Bradyrhizobium used in this study were isolat-
581 ed from A. strigosus at BMR (Sachs et al. 2009), so it is
582 possible that negative growth responses were influenced
583 by host-symbiont specificity interactions between plant
584 host and allopatric rhizobia (i.e., G x G interactions). It
585 is worth noting that in the highest fertilizer concentra-
586 tion, both UCR lines experienced negative growth ef-
587 fects from inoculation with strain #2 but did not form

588any nodules, suggesting that halting nodulation is not
589without systemic costs for legume hosts. Previous work
590has found that induced systemic resistance to pathogens
591was costly in terms of growth and seed production (Heil
592et al. 2000).
593Several A. strigosus sites that we studied exhibit
594mineral Nr soil concentrations comparable to the middle
595treatments used in this study (0.5 and 1.0 g L−1; ~10–
59630 ppm), at which plants gained little or no benefit from
597nodulation by Bradyrhizobium strain #49. Among sev-
598eral Bradyrhizobium strains that have been tested on
599A. strigosus, strain #49 provides among the highest
600levels of growth benefit and nitrogen fixation (Sachs
601et al. 2010a, b; Regus et al. 2014, 2015).We hypothesize
602from these data and from the isotopic analyses that
603A. strigosus populations at the Bernard Field Station,
604the Motte-Rimrock Reserve, and UC Riverside often
605gain a greatly reduced benefit from Bradyrhizobium
606symbiosis compared to the unpolluted sites. We find it
607fascinating that both in our experiment and in the field
608sites we nonetheless observe that A. strigosus plants are
609always highly nodulated. If hosts are gaining little or no
610benefit from rhizobia but continue to allow nodulation,
611this could lead to the evolutionary degradation of host
612traits that differentiate beneficial from ineffective
613rhizobia (Sachs and Simms 2006; Kiers et al. 2010), as
614has been suggested by research on soybean (Kiers et al.
6152007) and experimental populations of clover (Weese
616et al. 2015). An important caveat for our work is that we
617did not assess benefits that UCR lines gain from sym-
618patric Bradyrhizobium strains.
619Based on the limited number of plant lines analyzed,
620we did not uncover any evidence that A. strigosus plants
621from southern California (i.e., two UCR lines) have
622adapted evolutionarily in terms of increased growth rate
623across the spectrum of Nr concentrations tested (relative
624to Northern California lines). Shoot growth universally
625increased for all plant lines up through Nr concentrations
626currently experienced by UCR plant populations (i.e.
6271.0 g L−1; all plant lines, axenic and inoculated) and then
628decreased in Nr concentrations greater than observed at
629UCR (3.0 g L−1, 5.0 g L−1), consistent with toxicity. The
630BMR05 line had significantly greater mortality than
631other lines, and also had more dead plants in the highest
632two fertilizer concentrations for both axenic plants and
633inoculated plants (Table 2). Since plant lines were gen-
634erated in greenhouse conditions, it is unlikely that seed
635quality or other maternal effects explain the mortality
636response in BMR05.
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637 We experimentally assessed mineral Nr concentra-
638 tions beyond those observed for A. strigosus to model
639 predicted increases in the intensity of Nr deposition
640 (Galloway et al. 2008). Some regions, particularly in
641 China, can experience nitrogen deposition rates more
642 than 5× that of California (Fenn et al. 2010; Ti et al.
643 2012; Tu et al. 2014). For comparison, the middle two of
644 our six Nr treatments (0.5 and 1.0 g L−1) bracketed
645 concentrations observed at the high deposition
646 A. strigosus site in this study, and the highest fertilizer
647 treatment represented approximately 6× the observed
648 concentrations. While the UCR site has experienced
649 significant Nr deposition for more than 70 years (Fenn
650 et al. 2010), we found little or no evidence of differential
651 adaptation to high soil Nr by A. strigosus from UCR.
652 Because global Nr deposition is predicted to continue
653 increasing (Galloway et al. 2008) we must understand
654 the effects of extreme nitrogen enrichment on biological
655 nitrogen fixation. Reduction or elimination of symbiosis
656 by legumes would remove a major global contributor to
657 Nr cycling (Galloway et al. 2008) and a replacement of
658 natural cycles with anthropogenic ones.
659
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