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Abstract

Although diversity-dependent plant-soil feedbacks (PSFs) may contribute significantly to plant diversity effects
on ecosystem functioning, the influence of underlying abiotic and biotic mechanistic pathways have been little
explored to date. Here, we assessed such pathways with a PSF experiment using soil conditioned for 212 years
from two grassland biodiversity experiments. Model plant communities differing in diversity were grown in
soils conditioned by plant communities with either low- or high-diversity (soil history). Our results reveal that
plant diversity can modify plant productivity through both diversity-mediated plant-plant and plant-soil
interactions, with the main driver (current plant diversity or soil history) differing with experimental context.
The underlying mechanisms of PSFs were explained to a significant extent by both abiotic and biotic pathways
(specifically, nematode richness and soil nitrogen availability). Thus, effects of plant diversity loss on ecosystem

functioning may persist or even increase over time because of biotic and abiotic soil legacy effects.
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78 Introduction

79  Increasingly positive plant diversity effects on ecosystem functioning over time have been found in

80  experimental ecosystems (Cardinale ¢z 2/ 2007; Reich e al. 2012; Guerrero-Ramirez ez a/. 2017). Temporal

81  strengthening of the biodiversity-ecosystem functioning (B-EF) relationship can be driven, depending on the
82  experimental context, by an increase in primary productivity in high-diversity communities, a decrease in

83  primary productivity in low-diversity communities, or both (Guerrero-Ramirez ez al. 2017). Therefore,

84  temporal changes in the B-EF relationship depend not only on mechanisms underlying an increase of

85  ccosystem functioning in communities with high-diversity, which has been the main focus in previous work
86  (Cardinale ¢t al. 2007; Reich ez a/. 2012), but also mechanisms underlying a decrease of plant primary

87  productivity in communities with low-diversity (Meyer ¢f a/. 2016; Guerrero-Ramirez et al. 2017).

88  From a mechanistic perspective, a strengthening of the relationship between plant diversity and primary
89  productivity may result from dynamic temporal interactions between plants and their soil biotic and abiotic
90  environment (Eisenhauer 2012; van der Putten ez 2/ 2013). High- and low-diversity plant communities may
91 increase or decrease their productivity over time, respectively, by moditying positively or negatively their soil
92  environment, i.e. by inducing positive or negative plant-soil feedbacks (PSFs). Positive PSFs may be the result
93  of high-diversity plant communities allowing for the diversification of soil microhabitats that in turn likely
94  promotes the diversity of soil organisms (Hooper ef a/. 2000; Eisenhauer ef a/. 2017). Highly diverse plant
95 communities can also accumulate and exploit more soil nutrients than less diverse communities, creating a
96  resource gradient with increasing plant diversity over time (Fargione ez a/. 2007; Oelmann e a/. 2010, 2011).
97  These changes in the soil biotic and abiotic environment may, in turn, feedback on primary plant productivity
98 (Bever et al. 2010). For example, highly diverse soil communities may increase primary productivity by
99  influencing resource partitioning v increasing the available biotope space (Dimitrakopoulos & Schmid 2004),
100  and the available forms of soil nutrients (Turner 2008; Eisenhauer 2012). Alternatively, negative PSFs may be
101 the result of plant communities with low-diversity accumulating soil communities dominated by plant
102 antagonists (Maron ef al. 2011; Schnitzer ef al. 2011). Low-diversity plant communities may also use soil

103  nutrients in an imbalanced way and thus deplete soil nutrient stocks (Schenk 2006). Thus, soil conditioned by

4
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104  low-diversity plant communities may not only have a negative effect on plant productivity in the long run, but

105  also, when used as a baseline, may co-determine the B-EF relationship.

106  Evidence for the role of PSFs on the B-EF relationship has usually been compartmentalized by focusing on
107  cither the effect of plants on soil abiotic or biotic conditions (e.g. De Deyn ¢ a/. 2004; Fargione ef al. 2007), or
108  on the effect of soil abiotic or biotic conditions on ecosystem functioning (e.g. Fridley 2002; Wagg e¢# al. 2014).
109  Yet few studies have included the effect of plant communities on ecosystem functioning #z soil, i.e.

110 sequential plant-soil-plant responses. One of the few studies that included sequential responses highlighted a
111 negative PSF in plant communities with low-diversity (Yang ef /. 2015). These negative feedbacks were

112 attributed to the accumulation of plant pathogens and herbivores in low-diversity plant communities.

113 However, a direct approach identifying which mechanisms are underlying PSFs, such as specific changes in
114 the soil biotic and abiotic environment are assessed directly rather than inferred indirectly, e.g. by sterilizing

115 soils, is still missing.

116  The effect of plant communities on plant primary productivity »z soil typically has been determined using
117  responses at the species-level and, to a lesser extent, responses at the community-level. Evidence suggests that
118  the direction and magnitude of PSFs may differ between levels of organization, with a stronger negative PSF
119  at the species level as compared to the community level (Kulmatiski ez a/. 2008). However, caution is required
120 due to the lack of available information at the community level. In the context of B-EF relationships, it is

121 likely that a positive PSF may influence responses at the community level and not at the species level.

122 Specifically, potential PSFs of soil conditioned by high-diversity plant communities, e.g. 27z increases in soil
123 biodiversity and available nutrient forms, may be exploited more completely by diverse plant communities,
124 e.g. through plant resource use complementarity (e.g. Loreau & Hector 2001; David Tilman ez 2/ 2014), and

125  not by low-diversity communities.

126  The impact of plant communities with low-diversity on ecosystem functioning #zz soil may differ based on the
127  functional relatedness between the plant community that conditioned, and the plant community currently

128  growing in the soil (Bezemer ez a/. 2006; Cortois ef al. 2016). Sharing plant functional identity may amplify
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129  negative PSFs due to accumulation of specialized plant antagonist and/or depleting specific nutrient stocks.
130  Alternately, sharing plant functional identity may amplify positive PSFs due to accumulation of specialized
131  plant facilitators (Cortois ef al. 20106). Therefore, not only plant diversity but also plant functional identity may

132 play a key role in PSFs.

133 Nematode communities potentially provide a mechanistic link in PSFs (Cortois ¢z al. 2017). Nematodes are
134 commonly used as indicators of soil health and plant growth (Neher 2010). Nematode communities not only
135  respond to differences in plant communities (De Deyn ¢ a/. 2004; Eisenhauer ¢f a/. 2011) but also provide
136  information about potential functional roles and soil feedback effects on plant productivity, e.g. plant

137  antagonists versus plant growth facilitators (Neher 2010; Cortois ef a/. 2017). Plant-feeding nematodes are

138  important plant antagonists that are known to be able to cause substantial losses in crop yields (Neher 2010).
139 Alternately, microbial-feeders, predators and omnivores are regarded as plant growth facilitators as they

140  accelerate nutrient cycling and consumption of plant-feeders (Neher 2010). While microbial-feeders may

141  suppress nutrient availability by affecting the abundance of microbes, the positive effects on nutrient cycling
142 generally surpass the losses by stimulating microbial activity, recycling immobilized nutrients, and enhancing

143 bioturbation (Ettema 1998).

144 Here, we aimed to assess the role of PSFs in the B-EF relationships in two long-term plant diversity

145  experiments. To do so, we determined sequential plant-soil-plant responses using soil conditioned for more
146  than ten years by plant communities with either low- or high-diversity (soil history). To consider multiple
147  potential mechanistic pathways that underlie the effects of PSFs on plant productivity, we explored the roles
148  of soil biotic (soil nematode communities) and abiotic (available soil nutrients) conditions. We hypothesized
149 that plant species richness may influence primary productivity »zz dissimilar biotic and abiotic soil conditions.
150  On the one hand, we expected positive effects of soil conditioned by high-diversity plant communities on
151  plant productivity by increasing soil nematode richness, the density of plant-growth facilitating nematodes,
152 and available soil nutrients. On the other hand, we expected a negative effect of soil conditioned by low-
153  diversity plant communities through an increase in the abundance of plant-feeding nematodes and a reduced

154  availability of nutrients. Moreover, we expected that the positive PSF of soil conditioned by high-diversity
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155  plant communities to be higher in plant species mixtures in the feedback phase than in plant communities
156  with only one plant functional group. Finally, we expected the negative PSF of soil conditioned by low-

157  diversity plant communities to be higher in low-diversity plant communities in the feedback phase growing in
158  soil conditioned by their own plant functional group than in soil conditioned by other plant functional

159  groups.

160

161 Materials and methods

162 Conditioning phase

163  Soil from two long-term grassland biodiversity experiments, the BioCON Experiment (Reich e 2/ 2001) and
164  the Jena Experiment (Roscher ef a/. 2004), was used to establish a PSF experiment. The BioCON Experiment
165  islocated at the Cedar Creek Ecosystem Science Reserve in Minnesota, USA on sandy soil (Nymore series,
166  Typic Upidsamment). The BioCON Experiment was planted in 1997 using a pool of 16 species including
167  grasses, forbs, and legumes (Reich e7 a/. 2001). The Jena Experiment is located in Jena, Germany on the

168  floodplain of the River Saale, and the soil is Eutric Fluvisol. The Jena Experiment was sown in 2002 using a

169  pool of 60 species including grasses, forbs, and legumes (Roscher ez a/. 2004).

170  From each biodiversity experiment, soil samples from 12 plots with one plant species (low-diversity plots)
171  and 5 plots with either nine (BioCON Experiment) or eight (Jena Experiment) plant species (high-diversity
172 plots) were collected in summer of 2014. Soil was conditioned for 17 and 12 years in the BioCON and Jena
173  Experiments, respectively. Notably, in the BioCON Experiment, we only sampled plots with ambient

174 atmospheric CO; concentrations and N availability. For low-diversity plots, a minimum of three plots was
175  selected for each plant functional group: grasses, forbs, and legumes. In each plot, three soil cores were taken
176  (depth 20 cm, diameter 3.8 or 5 cm) and mixed gently in a plastic bag (between 600 and 800 g of fresh soil
177  were collected per plot). Afterwards, the soil was sieved using a 4 mm mesh. From each soil sample, a sub-

178  sample of 25 g of fresh soil was taken to extract nematodes using a modified Baermann method (Ruess 1995,
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179 Appendix S1 in Supporting Information). Nematodes were then grouped into different feeding groups:

180 abundance of plant-feeders, bacteria-feeders, fungal-feeders, omnivores, and predators. This information was
181  used in a principal component analysis (PCA) to determine variation in the functional composition of

182  nematode communities among experimental plots (Figs. S1 and S2). PC axis two was used in the statistical
183  analyses, because it represents a gradient from plant antagonists (plant-feeders) to plant growth facilitators

184  (fungal-feeders) in both biodiversity experiments.

185  Plant available nitrogen (N) and phosphorus (P) were also quantified using sub-samples taken from the soil in
186  the two biodiversity experiments. A proxy of extractable or available N (mg kg') was calculated by adding the

187 N concentrations of ammonium (NH4) and nitrate (NO3; Appendix S1).
188  Feedback phase

189  Soil collected from each plot was divided into four sub-samples to establish four new plant communities in a
190  microcosm experiment: one plant community for each plant functional group (grasses, forbs, and legumes)
191  and one plant community that contained all three plant functional groups (Fig. 1a). The feedback experiment
192 was established in microcosms (diameter of 6 cm at the bottom and 9 cm at the top, and a height of 7 cm,
193  Appendix §2). Two plant species for each plant functional group were selected for each experimental site. To
194  avoid species-specific PSFs, the selected plant species used in the feedback experiment were present in the
195  study area but were not present in the sampled plots (Appendix S2). Each microcosm contained six plant
196  individuals to keep plant density constant among treatments. After transplanting, the experiment was run for

197 six weeks.

198  In total, 136 microcosms were established: two studies (the BioCON and Jena Experiments) X 17 plots (12

199  soils conditioned by low- and five soils conditioned by high-diversity plant communities, i.e. soil history) X 4
200  plant communities (grasses only, forbs only, legumes only, and a mixture of all three plant functional groups).
201 At the end of the experiment, shoot and root biomass was harvested and dried at 70°C for 72 h and weighed

202 (0.001 g).
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203  To determine plant diversity effects, proportional deviance was calculated (Loreau 1998, Appendix S3). To
204  test whether non-additive diversity effects were found in plant mixtures, 95% confidence intervals (CI) were
205  calculated using 10,000 bootstrap replicates (adjusted percentile bootstrap). Non-additive effects are

206  considered to occur when the 95% CI do not overlap with zero.

207  Based on Baxendale e a/. (2014), a PSF index was calculated to determine the role of plant functional identity
208  of low-diversity communities (Appendix S4). To test whether plant functional identity affected PSFs, 95% CI
209 were calculated using 10,000 bootstrap replicates (adjusted percentile bootstrap). Positive values indicated
210  higher plant biomass in plant communities growing in soil conditioned by their own plant functional group
211 than in soil conditioned by other plant functional groups. In contrast, negative values indicated higher plant
212 biomass in plant communities growing in soil conditioned by other plant functional groups than in soil

213 conditioned by their own plant functional group. Strong (positive or negative) PSFs are considered to occur

214 when the 95% CI do not overlap with zero.

215

216  Statistical analysis

217  The effects of soil history (conditioning phase), plant diversity in microcosms (feedback phase), and their
218  interaction on total, shoot, and root biomass of plant communities in the microcosm experiment were

219  determined with a linear mixed-effect model using the “nlme” package (Pinheiro ez a/. 2018). To account for
220  potential heterogeneity in soil conditions (Reich e a/ 2001; Roscher ez al. 2004), plot nested in experimental
221 blocks/rings were included as a random effect. To fulfill the assumptions of linear mixed-effect models,

222 square-root transformations were used in the BioCON Experiment (Appendix S5).

223 To assess the influence of soil history on plant biomass operating »ia soil biotic and abiotic conditions,

224 structural equation modeling (SEM) based on piecewise fitting of linear mixed-effect models using the

225  “piecewiseSEM” package were performed (Lefcheck 2016). The SEM allowed us to test a hypothetical causal
226  model based on a priori knowledge of PSFs (Fig. 1b). A direct path was included between soil history (plant

227  diversity levels in the conditioning phase) and nematode communities, i.e. nematodes richness and functional
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228  composition (PC axis 2), and between soil history and soil available nutrients (N and P). As nematode

229  communities and soil available nutrients are potential mechanistic pathways explaining PSFs, alternative paths
230 between them and plant biomass were added, if this improved the model fit (based on modification indices,
231 p-value < 0.05). Effects of soil history through mechanistic pathways were calculated by multiplying the effect
232 of soil history on the biotic/abiotic explanatory variable and the effect of the biotic/abiotic explanatory

233 variable on plant biomass in the microcosms. Mechanisms which were not capture by neither mechanistic
234 pathways are represented by the direct path between soil history and plant biomass of plant communities in
235 the microcosm experiment. Experimental blocks/rings were also included as a random effect. Independent
236  path models were fitted for each biodiversity experiment (the BioCON and Jena Experiments). To fulfill the
237  assumptions of the models in the BioCON and Jena Experiments, natural logarithmic and square-root

238  transformations were carried out (Appendix S5). Model fits were assessed using Fisher’s C statistic based on
239 the test of directed separation; if the test p-value was > 0.05, the data fits the hypothesized causal network

240  (Lefcheck 2016). All analyses were performed using R 3.4.1 (RCoreTeam 2017).
241

242 Results

243 Effects of soil history, plant diversity, and their interaction on plant biomass

244 Soil history (conditioning phase) and the interaction between soil history and plant diversity in the microcosm
245  experiment (feedback phase) influenced plant biomass in the BioCON Experiment (Table S1, Fig. 2). Plant
246  biomass was higher in plant communities that grew in soil conditioned by more diverse plant communities
247  (Fi15 = 6.059 and 6.316 for total and shoot biomass, respectively, p-values < 0.05; F113 = 3.450 for root

248  biomass, p-value < 0.1). The positive effect of soil history on plant biomass in microcosms was stronger in
249  plant mixtures than in plant communities with a single plant functional group (soil history X plant diversity in
250  microcosms: Fi4s = 3.179 and 3.367 for total and shoot biomass, respectively, p-values < 0.1). In the Jena

251  Experiment, soil history did not influence plant biomass in the microcosm experiment (Table S1). Instead,

10
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252 plant biomass increased with plant diversity in microcosms (F149 = 4.235 and 5.175 for total and root

253  biomass, respectively, p-values < 0.05; F149 = 4.235 for shoot biomass, p-value < 0.1; Fig. 2).
254
255 Effects of soil history on total plant biomass throngh differential mechanistic pathways

256  PSFs played a key role in determining total plant biomass in the microcosm experiment in the BloCON

257  Experiment (Table S2, Fig. 3). Total biomass of plant species mixtures was higher in soil conditioned by high-
258  than by low-diversity plant communities (Table S2, Fig. 3). Two mechanistic pathways were responsible for
259  positive PSFs: nematodes richness and soil available N. Both nematode richness and soil available N were
260  higher in soils conditioned by high-diversity than by low-diversity plant communities, with higher nematodes
261  richness and available N increasing total plant biomass in plant mixtures in microcosms (standardized effects
262 pia nematode richness = 0.28 and vz available N = 0.20). Positive PSFs in the BioCON Experiment were not
263 fully explained by the measured mechanistic pathways, with a remaining significant path between soil history

264  and total plant biomass in mixtures (standardized effect = 0.23).

265 Soil available P affected total biomass in plant mixtures in the microcosm experiment in both, the BioCON
266  and Jena Experiments (Tables S2 and S3, Fig. 2). Yet, the effect of available P (standardized effect in the

267  BioCON Experiment = -0.16 and in the Jena Experiment = 0.74) was not related to PSFs associated to plant
268  diversity in the conditioning phase. In the Jena Experiment, we found no evidence of PSFs on plant biomass

269  in mixtures (Table S3, Fig. 3).

270  In the BioCON Experiment, PSFs did not influence total plant biomass of grasses growing alone in the

271  microcosm experiment (Table S4, Fig. 4). In contrast, PSFs influenced the total plant biomass of forbs

272 growing alone (standardized effect = 0.56). Specifically, total biomass of forbs increased in soil conditioned
273 by high-diversity plant communities, suggesting negative PSFs in low-diversity communities. However,

274  neither of the mechanistic pathways explained this negative PSF. Further, PSFs influenced total plant biomass
275  of legumes growing alone via available N (standardized effect = 0.74). In other words, soil conditioned by

276  high-diversity communities had higher available N than soil conditioned by low-diversity communities, with

11
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277  this difference in available N affecting total plant biomass of legumes (legume biomass increased with
278  increasing concentrations of available N). Moreover, total biomass of legumes was negatively affected by soil

279  history (standardized effect = -0.67).

280  In the Jena Experiment, PSFs influenced total biomass of grasses growing alone in the microcosm

281  experiment (standardized effect = 0.54). In other words, grasses grew better in soils conditioned by high-
282  than by low-diversity plant communities, suggesting negative PSFs in low-diversity communities. However,
283  neither of the measured mechanistic pathways explained the PSFs on total biomass of grasses (Table S5, Fig.
284 4). While PSFs did not influence total biomass of forbs, PSFs influenced total biomass of legumes growing

285  alone (standardized effect = 0.39).

286  Nematode functional composition affected total biomass of forbs growing alone in both, the BioCON and
287  Jena Experiments (Tables S4 and S5, Fig. 4). Yet, their influence was not related to PSFs induced by plant
288  diversity in the conditioning phase. In the BioCON Experiment, soils with a higher abundance of fungal-

289  feeder and lower abundance of plant-feeder nematodes increased the total biomass of forbs (standardized
290  effect = 0.54). In the Jena Experiment, soils with higher abundance of plant-feeders and omnivores as well as
291  alower abundance of fungal-feeder nematodes increased the total biomass of forbs (standardized effect =
292 0.50). In the Jena Experiment, available P affected total biomass of legumes growing alone, but this effect was

293  not related to PSFs induced by plant diversity in the conditioning phase (standardized effect = 0.68).
294
295  Effects of soil history on plant shoot and root biomass

296  The effects of PSFs on plant biomass varied across plant organs. In the BloCON Experiment, shoot biomass
297  of plant species mixtures in microcosms was higher in soil conditioned by high- than by low-diversity plant
298  communities, suggesting a positive PSF in more diverse communities (Tables S6, Fig. S3). This positive PSF
299  acted via nematode richness (standardized effect = 0.34). Therefore, shoot biomass in mixtures was higher in
300  soil with higher nematode richness. The effect of PSFs on shoot biomass of mixtures was not fully explained

301 by the measured mechanistic pathways, which is why a significant path between soil history and shoot

12
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biomass of mixtures remained significant in the model (standardized effect = 0.52). PSFs also affected root
biomass of mixtures (standardized effect = 0.65). However, PSFs on root biomass of mixtures were not

related to neither of the measured mechanistic pathways.

In the Jena Experiment, shoot biomass of plant species mixtures in microcosms was higher in soil
conditioned by high- than by low-diversity plant communities (standardized effect = 0.38, Tables S7, Fig. S3),
which was in line with the findings in the BloCON Experiment. In contrast, PSFs associated to plant
diversity did not influence root biomass of plant species mixtures in microcosms. Available P affected both,
shoot and root biomass in mixtures (standardized effect for shoots = 0.65 and for roots = 0.79, Table S7, Fig.

S4). However, the effect of available P was not related to PSFs associated to plant diversity.

In the BioCON Experiment, PSFs affected shoot biomass but not root biomass of grasses growing alone.
Thus, shoot biomass was higher when grasses grew in soil conditioned by more diverse communities
(standardized effect = 0.49, Table S8, Fig. S4). The effects of PSFs on shoot biomass of grasses were not
explained by neither of the explored mechanistic pathways. The inverse pattern of that for grasses was
observed for shoot and root biomass of forbs growing alone (Table S9, Fig. S4). While shoot biomass of
forbs was not affected by PSFs associated with plant diversity, root biomass of forbs was. PSFs on root
biomass acted via available N (standardized effect = 0.62). Therefore, root biomass was higher in forbs
growing in soil conditioned by high- than by low-diversity plant communities, suggesting a negative PSF of
low-diversity communities. PSFs affected both shoot and root biomass of legumes growing alone zia available
N (standardized effect = 0.71 for shoots and 0.74 for roots; Table S10, Fig. S4). For root biomass of legumes,

PSFs were not fully explained by the mechanistic pathways (standardized effect = -0.78).

In the Jena Experiment, PSFs associated to plant diversity did not affect shoot biomass but affected root
biomass of grasses growing alone (standardized effect for root biomass = 0.52, Table S11, Fig. S4). However,
the influence of PSFs on root biomass was not explained by neither of the measured mechanistic pathways.

PSFs associated to plant diversity affect neither shoot nor root biomass of forbs (Table S12, Fig. S4). For

13
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legumes growing alone, while PSFs did not influence shoot biomass, root biomass increased in soils

conditioned by more diverse plant communities (standatrdized effect = 0.41, Table S13, Fig. S4).

In the Jena Experiment, shoot biomass (of forbs and legumes) and root biomass (of legumes) were affected
by biotic and abiotic conditions. Yet, these effects were not linked to PSFs associated to plant diversity.
Specifically, shoot biomass of forbs increased in soils with higher abundance of plant feeding nematodes and
omnivores and lower abundance of fungal-feeders (standardized effects = 0.64). Shoot and root biomass of

legumes increased with available P (standardized effect = 0.71 for shoots and 0.56 for roots).

Effects of soil history on plant biomass: the role of plant functional identity

In the BioCON Experiment, negative values of the PSF index indicated that plant communities with a single
plant functional group grew significantly worse (for total and root biomass) in soil conditioned by low-
diversity communities with the same plant functional group as compared to low-diversity communities
conditioned by other plant functional groups (Fig. 5). In the Jena Experiment, a similar pattern was observed,

but it was not statistically significant.

Effects of soil history on plant diversity effects on plant biomass

Soil history changed not only plant biomass per se but also influenced plant diversity effects in the feedback
phase in the BioCON Experiment (Fig. 6). Particularly, positive plant diversity effects on total and shoot
biomass were observed when plant communities grew in soil conditioned by high- but not by low-diversity
plant communities. In the Jena Experiment, positive plant diversity effects in the feedback phase on total,

shoot, and root biomass were observed independent of the soil history.
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350 Discussion

351  This is one of the first studies that disentangles potential mechanistic pathways undetlying diversity-

352  dependent PSFs on primary productivity and plant diversity effects in long-term biodiversity experiments.
353  Odur results reveal that PSFs may drive positive plant diversity effects on ecosystem functioning by both
354  positive PSFs of soil conditioned by high-diversity plant communities and negative PSFs of soil conditioned

355 by low-diversity plant communities.

356  On the one hand, PSFs of soil conditioned by high-diversity plant communities in the BloCON Experiment
357  mainly influenced diverse plant communities and not communities with a single plant functional group in the
358  feedback phase. Therefore, PSFs in the BioCON Experiment not only affected plant productivity but also
359  explained positive plant diversity effects in our microcosm experiment. On the other hand, low-diversity

360  communities were negatively affected by growing on soil conditioned by their own plant functional group,
361  especially in the BioCON Experiment, suggesting that negative effects associated with low-diversity

362  communities may be amplified when plant species are functionally similar. In contrast, plant-plant

363 interactions, and not plant-soil interactions, drove diversity effects on primary productivity in the Jena

364  Experiment. Taken together, these results suggest that primary productivity and plant diversity effects on this
365 ecosystem function can be driven by plant-soil and plant-plant interactions, with the main driver differing

366  between experimental contexts.

367  Positive PSFs on plant productivity emerge due the influence of plant diversity of both the community

368  conditioning the soil and the community growing in the conditioned soil. The absence of positive PSFs of
369  high-diversity plant communities in other studies (Yang ¢z 2/ 2015) may be the result of assessing PSFs at the
370  species level and not at the community level, such as done in the present study. High-diversity communities
371  may positively affect plant productivity by diversifying the abiotic and biotic biotope characteristics that

372  facilitate plant growth (Hooper ez 2/ 2000; Eisenhauer ez a/. 2012a). Yet potential mechanisms required to
373  capitalize on this positive PSF may be present only in high-diversity communities and not in low-diversity

374 communities (Loreau & Hector 2001, Tilman et al. 2014).
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375  The mechanisms underlying diversity-dependent PSFs on primary productivity are likely interconnected and
376  dynamic, increasing the challenge of disentangling confounding factors in order to establish causality. For
377  instance, plant diversity of the soil conditioning community increased productivity of forbs and legumes via
378  available N. Although it is not surprising that an increase of available N leads to an increase in plant

379  productivity (Craven ef al. 20106), lower N availability was associated with soils previously conditioned by forbs
380  andlegumes (Fig. S5). In other words, biomass of forbs and legumes was lower in soil conditioned by species
381  belonging to their own plant functional groups. Thus, negative PSFs of forbs and legumes likely caused the
382  observed plant identity effects on PSFs in our microcosm experiment for the BioCON Experiment.

383 Interestingly, the same pattern has been observed in the field, in which a decrease in root biomass in forbs
384  and legumes was suggested as a potential mechanism explaining a temporal decrease in available N (Mueller ez
385 4l 2013). Although nutrient depletion (in low-diversity communities) and/or enrichment (in high-diversity
386  communities) may explain the observed PSFs, other potential mechanisms are also possible. For instance,
387  pathogens could exacerbate the decrease of root biomass (and subsequent nutrient depletion), thereby

388  reducing either the recruitment or the performance of specific plant species or functional groups (Fornara &

389 Tilman 2008; Petermann ez a/. 2008; Reich ez al. 2012).

390 Inconsistent PSFs on primary productivity between biodiversity experiments may reflect differences in the
391  environmental context, such as soil fertility. Positive effects of plant species diversity on available N may be
392 more pronounced in soils with low fertility, such as the sandy and organic-poor soil in the BioCON

393  Experiment. Positive effects of plant species diversity on NH4 may emerge because of an increase over time
394 of soil carbon concentration in more diverse communities. Subsequently, cation exchange sites in the soil
395  organic matter may be filled by NH4 ions, resulting in an increase of NHy4 in more diverse communities

396  (Fornara & Tilman 2008; Mueller e a/. 2013). Temporal dynamics of nutrients can be also observed in more
397  fertile soils as in the Jena Experiment (Oelmann ez 2/ 2011). However, weaker effects may emerge due to
398  cither constraints in the potential of plant species diversity to significantly increase nutrient availability in
399  fertile soils or the absence of specific mechanisms driving the contrasting effects of high- and low-diversity

400  plant communities on available nutrients, e.g., differences in root biomass across plant richness levels (Bessler
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401  eral 2009). It is also possible that PSFs in more fertile soils may not affect plant productivity per se but rather
402  the recruitment of specific species (LaManna ¢z a/. 2016). Also changes in primary productivity in fertile soils
403  may be mainly driven by other resources (Hautier ¢f /. 2009) or by plant community evolutionary changes via

404  sclection (van Moorsel ez al. 2018).

405  Dissimilarity between drivers of plant diversity effects on ecosystem functioning between biodiversity

406  experiments may emerge as biotic interactions likely co-vary with environmental conditions. Biotic

407  interactions can be impacted by soil chemical and physical characteristics that directly influence soil

408  communities (Hassink ez a/. 1993; Watdle e al. 2004) and/or modify plant-microbial competition and

409  facilitation (Kuzyakov & Xu 2013; Johnson & Rasmann 2015). The fertility of the ecosystem may shape plant
410  community composition as well as impact brown and green energy channels, with these changes cascading to
411  ecosystem processes (Wardle ez a/. 2004). Positive effects of plant growth facilitators are often more

412  pronounced in nutrient-poor than in nutrient-rich soils (Johnson 2009; van Groenigen e¢7 a/. 2014).

413  Differences in soil characteristics like soil texture affect the grazing activity of nematodes (bacterial-feeders),
414 resulting in higher soil N mineralization rates in sandy than in clay soils (Hassink e# /. 1993). Further, effects
415  of plant antagonists may differ between soil fertility levels through changes in compensatory plant growth
416  responses to herbivory. A reduction of compensatory effects in nutrient-poor soils may amplify the negative
417  effects of herbivory, affecting not only plant growth but also herbivore-plant-microbial interactions (Bardgett
418 & Wardle 2003). Thus, soil fertility may co-determine plant-soil biotic interactions as well as the

419  consequences for ecosystem functioning.

420  In conclusion, temporal changes in the B-EF relationship may emerge because of diversity-dependent PSFs.
421  However diversity-dependent PSFs rely on the experimental context, reinforcing the notion that

422  environmental conditions are likely to play a key role in determining not only the patterns (Guerrero-Ramirez
423 et al 2017), but also the mechanisms underlying temporal changes in the B-EF functioning relationship in
424  grasslands. Since plant species diversity can modify ecosystem functioning through both plant-plant

425  interactions as well as through soil legacy effects (Zuppinger-Dingley ez a/. 2016), negative effects of plant

426  diversity loss on ecosystem functioning may persist or even increase over time.
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570  Figure Legends

571  Figure 1. Experimental design of the present study (a). Soils from two long-term biodiversity experiments, the
572  BioCON and the Jena Experiments, were collected in 2014. Specifically, soil conditioned (for more than ten
573  years) by plant communities with either low species diversity (12 plots with one plant species) or high species
574  diversity (five plots either with eight or nine plant species for the Jena and the BioCON Experiments,
575  respectively). Collected soils were used to establish four new plant communities, i.e. grasses only, forbs only,
576  legumes only, and plant species mixtures of all three plant functional groups in a microcosm expetiment. The
577  plant-soil feedback experiment ran for six weeks. Hypothetical causal model explaining soil history effects (b).
578  Positive and negative plant-soil feedbacks on plant biomass may be explained by the long-term influence of
579  plant diversity on biotic drivers, i.e. nematodes communities (A) and/or abiotic drivers, i.e. soil available
580 nutrients (B). Mechanisms that were not captured by neither nematode community nor soil available nutrient

581  pathways are represented by direct effects of soil history diversity on plant biomass (C).

582

583  Figure 2. Total plant biomass in the microcosm experiment was explained by the interaction between soil
584  history, i.c. soil conditioned by plant communities with either low- or high-diversity, and plant diversity in the
585  microcosm experiment in the BioCON Experiment (marginally significant interaction effect, Fi4s = 3.179, p-
586  value <0.1) and by plant diversity in the microcosm experiment in the Jena Experiment (F49 = 4.235, p-value
587 < 0.05). Lines are linear mixed-effect model fits (bands indicate 95% confidence intervals). Points are

588 microcosm level values.

589

590  Figure 3. Structural equation models exploring the influence of soil history, i.e. soil conditioned by plant
591  communities with either low- or high-diversity, on total biomass of plant species mixtures in the feedback
592  experiment. Soils from the BioCON and Jena Experiments were used. Soil history may influence total biomass
593  through biotic and abiotic mechanistic pathways, i.e. »z estimated nematode richness, nematode functional

594  composition, and available nitrogen and phosphorus concentrations; and/or through unmeasured mechanisms
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595  (direct path between soil history and total biomass in microcosms). The location of the plots where the soil was
596  sampled in each biodiversity experiment was also included as a random effect. Nematode functional
597  composition is based on a principal component analysis (PC2); PC2 represents a gradient from plant antagonists
598  (plant-feeders) to plant growth facilitators (fungal-feeders) in both biodiversity experiments. In the BioCON
599  Experiment, PC2 explained 22% of the variation, with positive values associated with a higher abundance of
600  fungal-feeders and a lower abundance of plant-feeders. In the Jena Experiment, PC2 explained 34% of the
601  variation, with positive values associated to a higher abundance of plant-feeders and omnivore nematodes and
602  lower abundance of fungal feeder nematodes. Wide lines show significant effects (p-values <0.05%, <0.01*, or
603  <0.001"), with solid and dotted black lines showing positive and negative effects, respectively. Explained
604  variation (R?) is included for each response variable. Standardized path estimates are shown. The BioCON
605  Experiment: Fisher’s C = 1.62, df = 2, p-value = 0.446, K = 23, n = 17 and the Jena Experiment: Fisher’s C =

606  7.35,df = 6, p-value = 0.29, K =21, n = 17.

607

608  Figure 4. Structural equation models exploring the influence of soil history, i.e. soil conditioned by plant
609  communities with either low- or high-diversity, on total biomass of plant communities containing only one
610  functional group in the feedback experiment. Soils from the BioCON and Jena Experiments were used. Soil
611 history may influence total biomass through biotic and abiotic mechanistic pathways, i.e. 7z estimated nematode
612 richness, nematode functional composition, and available nitrogen and phosphorus concentrations; and/or
613  through unmeasured mechanisms (direct path between soil history and total biomass in microcosms). The
614  location of the plots where the soil was sampled in each biodiversity experiment was also included as a random
615  effect. Nematode functional composition is based on a principal component analysis (PC2); PC2 represents a
616  gradient from plant antagonists (plant-feeders) to plant growth facilitators (fungal-feeders) in both biodiversity
617  experiments. In the BlioCON Experiment, PC2 explained 22% of the variation, with positive values associated
618  with a higher abundance of fungal-feeders and a lower abundance of plant-feeders. In the Jena Experiment,
619  PC2 explained 34% of the variation, with positive values associated to a higher abundance of plant-feeders and

620  omnivore nematodes and lower abundance of fungal feeder nematodes. Wide lines show significant effects (p-
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621  values <0.05%, <0.01™, or <0.001*), with solid and dotted black lines showing positive and negative effects,
622  respectively. Explained variation (R?) is included for each response variable. Standardized path estimates are
623 shown. The BioCON Experiment: Fisher’s C = 25.47, df = 20, p-value = 0.184, K = 30, n = 16 and Jena

624 Experiment: Fisher’s C = 16.73, df = 20, p-value = 0.671, K = 30, n = 17.

625

626  Figure 5. Effects of soil conditioned by the same functional group »s. soil conditioned by another plant
627  functional group on total, shoot, and root biomass of low-diversity communities in the BioCON and in Jena
628  Experiments. PSF index (mean = 95% CI) is defined as the biomass of a low-diversity plant community
629  matching in their plant functional composition between the field (conditioning phase) and the microcosm
630  experiment (BiomassMi) (feedback phase) minus the mean of the biomass of low-diversity communities that
631  did not have the same plant functional composition in the field as in the microcosm experiment (BiomassMy),
632  divided by Biomass M». Negative values indicate that plant communities with a single plant functional group
633  grew worse in soil conditioned by low-diversity communities with the same plant functional groups, compared

634  with low-diversity communities conditioned by other plant functional groups.

635

636  Figure 6. Soil history, i.c. soil conditioned by plant communities with either low or high plant species diversity,
637 effects on plant diversity effects on total, shoot, and root biomass in the microcosm experiment (mean * 95%
638  Cl) in the BioCON and Jena Experiments. Non-additive effects are considered to occur when the 95% CI do

639  not overlap with zero.

640

641

642

643
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665
BioCON Jena
Experiment Experiment
Soil history Soil history
(plant diversity) (plant diversity)
By el 0.23’ ,,/ e _" il
0.69" ‘} l
v '
Nematode Nematode Nitrogen Phosphorus Nematode Nematode Nitrogen Phosphorus
richness 5% functional 55% 19% richness o% functional 11% 2%
composition 6% composition 14%
Total biomass Total biomass
Mixture Mixture
Yaos g
62% 49%
666
667
668
669
670
671
672
673
674

29


https://doi.org/10.1101/376269
http://creativecommons.org/licenses/by-nc-nd/4.0/

675 Figure 4
BioCON Jepa
Experiment Experiment
Soil history Soil history
(plant diversity) (plant diversity)
{ 4 . ([ \\\ ~ ( ,.“:‘; | %% .{,
e 0.75" N ; :
a Y |
Nematode Nematode Nitrogen | Phosphorus Nematode Nematode i Nitrogen Phosphorus
richness 45% functional 55% 19% richness o% functional i 11% 2%
composition 6% composition 14% :‘
: - . ; i 0.68™ 0.39°
0.54° "0'56 0.99 -0.67 I 0.54 0.56\."_ 1
Total biomass Total biomass Total biomass Total biomass Total biomass Total biomass
grasses forbs legumes J grasses forbs legumes
SN N sestesie fedels i1y -v;;h);r : i
16% 41% 36% 26% \ 27% 46%
676

30


https://doi.org/10.1101/376269
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/376269; this version posted July 25, 2018. The copyright holder for this preprint (which was not
certified by peer review) Is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

677  Figure 5

678
0.50
@
0.251 o)
o
=
0.00 T Y
©
@
-0.251 §
x 2
S
_E '0.50'
L 0.501
7]
o
[ 4.
0.254 ]
']
Y
0.001 T T T 3
i ! 3
-0.25- | e
-0.501 . . .
Total Shoot Root
679 Biomass
630
681
682
683
684
685
686
687
638
689
690
691
692
693
694

31


https://doi.org/10.1101/376269
http://creativecommons.org/licenses/by-nc-nd/4.0/

Figure 6

695

696

BioCON Experiment

Jena Experiment

Root

high

low

Shoot

high

low

Total

——

high

low

1.24

< <
o o

0.8

™ @ =

(1q) syoeye Ausianig

<
(=}

Soil history

697

32


https://doi.org/10.1101/376269
http://creativecommons.org/licenses/by-nc-nd/4.0/

