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232  equation (4) from the antagonistic resource scenario and using it for these two

233  weakly interacting scenarios. Indeed, equation (4) tends towards linear

234  consumption when a tends towards 1.

235

236  Fig. 1 illustrates how each of these resource types affects trade-off relations among
237  minimum resource requirements for the two resources. Previous work has almost
238  exclusively focused on the strongly complementary scenario (e.g. Tilman et al. 1997,
239  Gross and Cardinale 2007, Hodapp et al. 2016); however, we found that different
240  types of competition lead to different outcomes of community assembly, associated
241  with distinctive signatures in terms of Complementarity-Selection Effects and

242  Community Assembly components (see Box 1 and "Results’ section).

243

244

245  Figure 1. ZNGIs (colored, thick) and supply points (black dots) for each of the eight
246  resource scenarios. ZNGls are curved upwards or downwards when resources are
247  complementary or antagonistic, respectively, and close to linear for the two weakly
248 interacting scenarios. Within each scenario, the positions of the ZNGIs of the

249  different species indicate where they lie along the generalist-specialist continuum:
250  generalists have symmetrical ZNGIs at equal distance from the two resources axes
251  while specialists on one resource have asymmetrical ZNGIs closer to that resource’s
252  axes. The superimposed supply points helps visualize environmental heterogeneity
253  ineach scenario. In the homogeneous case (top row), we also show how the

254  consumption by the single species or pair of species (colored or gray arrows &
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255  points, respectively) that dominates after community assembly decreases resource
256  availability from the supply point to the resource levels at equilibrium, which is the
257  outcome of invasion analysis (See main text and Box 1). Similar arrows could have
258  been used to show the variation in outcome from each supply point in the

259  heterogeneous case (lower panels) but are omitted for clarity purposes.

260

261  Resource Supply: We also considered how adding environmental heterogeneity at
262  the local scale affects the results obtained from the Complementarity-Selection

263  (Loreau and Hector 2001) and Community Assembly components methods. We ran
264  our model assuming two different, spatially-implicit scenarios for the supply of

265  resources over the local community: homogeneous resource supply and

266  heterogeneous resource supply. The homogeneous environment was characterized
267 by aconstant influx of both resources (i.e. a single ‘supply point’, sensu Tilman

268  1982). The second scenario examines a heterogeneous environment, where species
269  compete in an ecosystem characterized by 100 microhabitats, each with a separate
270  supply point (see Fig. 1).

271

272  Generating a species pool: BEF experiments consist of replicate communities where
273  species are selected from a common species pool. To generate this species pool, we
274 created a global pool of ten species whose acquisition traits for the two resources
275  areregularly spaced along a generalist-specialist continuum defined by a linear
276  trade-off between the two acquisition traits. We implemented this with the

277  Schreiber and Tobiason equation (equation 2) that we used to model species growth
278  rates. In equation (2), x;; and x,; control how efficient species j is at acquiring

279  resources. We assumed that these two traits are bound by a trade-off, which we
280  assumed to be linear for simplicity (x;; + x,; = 1). Varying these two traits between
281 0 and 1 generates a generalist-specialist continuum.

282

283  Community Assembly Outcomes:

284

285  For each resource competition scenario (complementary vs. antagonistic,

286  homogeneous vs. heterogeneous), we imitated the conditions used in standard BEF
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287  experiments to generate multiple individual species pools with different subsets of
288  species from the global pool that differ in their species richness and composition.
289  Our species pool of ten species yields 1023 possible subsets of this species pool,

290  including the 10 different monocultures and the full species pool. We then

291  considered the equilibrium states of communities initialized with all possible

292  subsets of this global pool, arranged by their starting richness (e.g., 10 one-species
293  communities, 45 two-species communities, etc.). This was performed using a global
294  invasion analysis (Box 1), based on ZNGIs and their envelopes (Koffel et al. 2016). In
295  the homogeneous case (a single supply point), only one or two species can subsist at
296  equilibrium on two resources (Levin 1970) but more species can coexist if supply
297  points are heterogeneous. In the heterogeneous case, 100 supply points were drawn
298  from a multivariate normal distribution with the same mean as in the homogeneous
299  case and a variance of 0.5 (See Fig. 1). The equilibrium community state was

300 determined for each supply point. Because these equilibria for both the

301 homogeneous and heterogeneous cases are deterministic, only one or two species
302  will ultimately persist for any single supply point (more species can coexist for

303  multiple supply points), and the identities of coexisting species and their

304  abundances are predetermined by their growth functions and consumption vectors.
305  Each resulting equilibrium community was characterized by the identity of the

306  species remaining after community assembly and their equilibrium biomass. In the
307 homogenous case, total ecosystem function is simply the sum of biomass for all

308 species in the equilibrium community. For the heterogeneous case, equilibrium

309 biomasses were obtained by averaging over the set of supply points, enabling a

310  more direct comparison with the homogeneous case.

311

312  We then consider key properties of the communities that emerge under each

313  resource scenario (across diversity levels and all initial compositions). These

314  include the final biomass of each species, which together determine the total

315 biomass or function of the ecosystem, and realized species richness (the final

316 number of species present). This information for each of the subsets was then used

317  in the Complementarity-Selection and Community Assembly calculations.
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318

319

320

321 e

322  Box 1: Mechanisms

323

324 Inthis box, we give a mechanistic explanation of how different competitive

325  scenarios determine the identity and function of persistent species. In turn, these
326  will determine the sign and magnitude of the Community Assembly components
327  that arise from comparing communities assembled from high and low diversity
328  species pools. We consider both strongly antagonistic and complementary resource
329  scenarios. We show a simplified example where the full species pool only includes
330 five species, three of which appear in the low diversity subset. We focus on a

331 homogenous environment (with one supply point; black dot) in the antagonistic
332  example and a heterogeneous environment (with three supply points) in the

333  complementary case.

12
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335  These situations are represented and analyzed using the graphical approach to

336  resource competition (MacArthur 1972, Tilman 1982, Leibold 1995, Chase and

337  Leibold 2003, Koffel et al. 2016). We perform the invasion analysis by drawing the
338  ZNGlIs of the species in the community all together. The species whose ZNGIs are
339 entirely located above other species’ ZNGIs are systematically excluded (e.g. purple,
340  orange, and green in A). When the impact vectors of the remaining species (red and
341 bluein A) are combined with a supply point, we obtain the set of these species that
342  actually end up persisting in the equilibrium community (e.g. red and blue coexist in
343  A).Inaheterogeneous environment (C and D), we perform the invasion analysis for
344  each supply point independently and average the productivity of the resulting

345  persisting species to obtain the equilibrium community.

346

347 Inthe antagonistic case, when all members of the full species pool are initially

348 present (A), the three intermediate species (purple, orange, green; dotted lines) are

349  excluded by the two extreme specialists (red and blue; solid lines), which coexist.
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350 However, if one of these two specialists (e.g., blue) is randomly absent from a low-
351 diversity community (B), it is replaced by its closest functional equivalent among
352  the intermediate species (here, green). This species is not completely specialized on
353  resource 2, so it does not perform as well as the lost specialist. Due to weak

354  competition with this intermediate species, the performance of the remaining

355  specialist (red) is lower than in the full species pool.

356

357 Inthe complementary case, the most diverse species pool (C) experiences the

358 exclusion of the two most extreme species (orange and green), while the three

359 intermediate species (blue, red, and purple) coexist, as each one is locally adapted to
360  aparticular supply point. If two of these intermediate species, which dominate the
361 full species pool, are absent in a smaller community (e.g., red and purple), an

362  extreme species (e.g., green) can survive and coexist with the remaining dominant
363  species (blue). This extreme species (green) only partially compensates for the loss
364  of function that occurs due to the absence of the purple species. Similarly, the

365 remaining dominant species (blue) partially compensates for the loss of function
366  due to the absence of the red species by increasing in abundance.

367 e

368 Complementarity-Selection analysis:

369

370  The outputs from our competition models serve as inputs to the Complementarity-
371  Selection approach (Loreau and Hector 2001). For the purposes of this calculation,
372  we assumed all species had equal 'initial' abundances. The decomposition divides
373  total function into the Selection effect (SE) and Complementarity effect (CE) for each
374  ofthe 1023 communities. SE and CE were averaged across all possible species pools
375 ateach level of introduced richness regardless of how many species actually existed
376  atequilibrium.

377

378  Community Assembly analysis:

379

14
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380 No supplementary assumption was needed to apply the Community Assembly

381 Components (Fox and Kerr 2012; Bannar-Martin et al. 2018). We compared the

382 community initialized with the entire pool of ten species (our baseline, sensu

383  Bannar-Martin et al. 2018) to each less diverse community. Using the Community
384  Assembly configuration of the Price equation as described in Bannar-Martin et al.
385  (2018), we calculated the impact on ecosystem function of species lost (SL), species
386 gained (SG) and the changes in function of species shared between the most diverse
387 (and hence, productive) community and each comparison community (CDE). We
388 then averaged each of these components across all possible species pools within
389 each level of introduced richness.

390

391 Comparison with experimental studies:

392

393  To illustrate how our approach can provide insights about actual patterns of

394 community assembly and the functioning of ecosystems in empirical systems, we
395 applied the same analyses to data from a well-studied, representative BEF

396  experiment conducted at Jena (Roscher et al. 2004; 2005; Weigelt et al. 2016).

397 Established in 2002, this experiment manipulated grassland communities,

398 controlling the seeded species richness (2, 4, 6, 8, and 16 species, as well as the full
399 60 species pool) and functional group representation (1 to 4 groups) of 66 plots;
400  additional small monocultures (3.5 x 3.5 m plots) were established for each species.
401 Randomly selected subplots were sampled in the spring and summer of each year:
402  above ground biomass was clipped, sorted to species, dried, and weighed (see

403  Roscher et al. 2004, 2005 for additional experimental details). Roscher et al. (2005)
404  found evidence of positive selection and complementarity effects across plots with 2
405 - 8 species, focusing on data from May of the second year of the experiment (2003).
406  Using data available from Weigelt et al. (2010), we expanded this Selection-

407  Complementarity analysis to cover 2003-2008 (focusing on spring data, as do

408 Roscher et al. 2005), and augmented it by applying the Community Assembly

409  approach. Prior to analysis, we averaged species’ biomasses across replicate
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410  subplots within each experimental plot. The results provide an empirical case study
411  for comparison with our modeling exercise.

412

413  Complementarity-Selection results for each year are based on monoculture biomass
414  data collected during the corresponding year. Generally, monoculture biomasses
415  declined over the six-year horizon of this analysis (Marquard et al. 2013; declines in
416  polyculture yield were weaker). Consequently, there is a tendency for the

417  magnitude of Complementarity-Selection components to grow more pronounced
418  over time, due to their mathematical definition (Loreau and Hector 2001). As the
419  Community Assembly calculations are independent of monoculture data, they were
420  not similarly affected.

421

4272  Results:

423

424  Overall we studied eight different scenarios with our model. These varied in the
425  type of competition and the degree of resource heterogeneity as shown in Table 1
426  and Fig. 1. Although ecosystem function (here total biomass or yield) was always a
427  saturating function of initial species richness (size of the species pool), different
428  scenarios produced qualitatively distinct relationships between realized species
429  richness (at equilibrium) and initial species richness (Fig. 2). These and other

430 results were often similar for different combinations of resource type and/or

431 environmental heterogeneity. We focus on qualitatively distinct outcomes as

432  follows:

433

434  Table 1. The eight modeling scenarios in our study, which differ in the type of

435  resource competition and degree of environmental heterogeneity they feature, as
436  described in text and illustrated in Fig. 1. Our results showed that both competition
437  and heterogeneity produced variable effects on complementarity (CE), selection
438  (SE), species loss (SL), species gain (SG) and context dependence (CDE). We also
439  found that comparisons between SG and CDE were informative. The magnitude of

440 these effects is summarized qualitatively through the categories “exactly zero” (0),
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441  “approximately zero” (= 0), “negative” (-), “positive” (+) and “strongly positive”

442  (++).
443
Environmental Predicted effect (see Results) on:
vi
Scenario | Resource type _ CE SE SL SG <Gos | COE
heterogeneity
CDE
t 1 T ~ - " 8 "
1 > rong.y. homogeneous
antagonistic
t 1 it - - " S "
2 > rong.y. heterogeneous
antagonistic
Kl tt - - ++ > _
3 wea .y . homogeneous
antagonistic
Kkl Tt = - ” S -
4 wea _y . heterogeneous
antagonistic
Kkl ~0 N - ” S ;
5 weaey homogeneous
complementary
Kkl ~0 N - " > -
6 weary heterogeneous
complementary
t 1 ~0 N - " S ;
7 STOngY homogeneous
complementary
St 1 A N - " 5 -
8 Tonsy heterogeneous
complementary
444
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446  Figure 2. A) Realized richness obtained after species sorting, averaged across all
447  possible species pools at each level of introduced richness. In the four antagonistic
448 resource scenarios, realized richness quickly saturated at two species. In the

449  complementary resource scenarios, average realized richness is hump-shaped in the
450 homogeneous case, but increasing in the heterogeneous case. B) Total community
451 yield obtained after species sorting, averaged across all possible species pools at
452  each level of introduced richness; values are scaled relative to the yield of the most
453  productive monoculture (solid horizontal line). All scenarios give saturating

454 responses butin scenarios where resources are close to substitutable (central

455  panels), moving from monocultures to polycultures causes weaker increases in
456 yields.
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457
458  Figure 3. Complementarity (CE) and selection effects (SE) vary in magnitude and

459  sign as a function of introduced richness, competitive scenario (columns), and

460  supply point heterogeneity (rows). Antagonistic resources lead to CE > 0 and SE < 0,
461  while complementary resources result in CE > 0 and SE > 0. As in Fig. 2, violin plots
462  indicate averages and variability across all possible species pools at each level of
463  introduced richness.

strongly antagonistic weakly antagonistic weakly complementary strongly complementary

1
-
o
3
&
g
5 g
g i 7
5 Component
c
=
= SL
=
g i °C
S DE
s . e
S b b g
LT S
[
=
8
| 5

678910 12345678910 12345678910

464 Introduced richness

465  Figure 4. Community Assembly Components method, comparing the most diverse
466  polyculture (initial richness of 10) against less diverse mixtures. CDE is nearly
467  always zero or slightly negative, except when resources are complementary and
468 have a heterogeneous supply. As in Fig. 3, violin plots indicate averages and

469  variability across all possible species pools at each level of introduced richness.
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470  Antagonistic resources:

471

472  Antagonistic resources, whether weak or strong, or supplied uniformly or

473  heterogeneously, produced similar results. First, the maximum yield of polycultures
474  was always greater than the maximum monoculture. Second the realized richness
475  was always two species or fewer. In these scenarios, the average complementarity
476  effect (CE) was always positive — setting aside the weakly antagonistic case with
477  introduced richness of two — whereas the average selection effect (SE) was always
478  negative (Fig. 3). Finally, the average Community Assembly Components always
479  showed positive species gains (SG) and negative species loss (SL) components

480  whereas the CDE was always small or zero (Fig. 4).

481

482  Strongly complementary resources in homogeneous environment:

483

484 In contrast to antagonistic resources, results varied substantially depending on just
485  how strongly resources are complementary and on the degree of environmental
486  heterogeneity. Starting with strongly complementary resources (almost equivalent
487  to essential resources), we found that maximum yield in polycultures did not differ
488  from that of the most productive monoculture. Both selection (SE) and

489 complementarity effects (CE) were positive, in contrast with antagonistic resources
490  (Fig. 3). The increase in yield with diversity was largely due to an increase in the
491 mean selection effect: as the size of species pools grew, more productive

492  competitors were more likely to be present. The relationship with complementarity
493  was unimodal and reflected the increased role of complementarity on yield in small
494  species pools where the better competitors were absent. The effects of

495  complementarity were also generally small. Community Assembly Components
496  showed that effects of CDE were zero and that all of the effects involved positive
497  effects of SG and negative effects of SL (Fig. 4). We also found that mean realized
498  species richness was a unimodal function of the size of the initial species pool in the

499  homogeneous scenario (but still limited to two or fewer species; Fig. 2.A and S1).
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500  This means that the relationship between realized diversity and yield appears

501 complex (Figure S1).

502

503  Strongly complementary resources in heterogeneous environments:

504

505 The patterns differed from the homogenous environment results in several respects.
506  First, the maximum productivity was typically higher than that of the most

507  productive monoculture. Also, realized species richness was now positively related
508 to the size of the species pool. In contrast with the homogeneous case, the positive
509 complementarity effect (CE) persisted at high diversity levels (Fig. 3), while species
510 gains (SG) had much smaller effects and CDE was positive, counteracting a similar
511 SL effect (Fig. 4). We also examined an intermediate scenario, with smaller

512  variance in supply point heterogeneity, and found intermediate patterns between
513 the homogenous case and the full variance case: intermediate SE and CE, and CDE
514  and SG of comparable magnitudes (not shown).

515

516  Weakly complementary resources:

517

518  With resources that were only weakly complementary, the increase in yield with
519 diversity was less pronounced. Both CE and SE results were similar to the

520 complementary case (Fig. 3), except that environmental heterogeneity did not

521 support a sustained positive CE effect at high diversity levels.

522

523  Relations between realized species richness and biomass:

524

525 Ineach of our scenarios, we also examined how total biomass was related to the
526 realized species richness (the number of species coexisting at equilibrium). Over all
527 initial richness levels, there was generally a positive relationship between standing
528 biomass and realized species richness (Fig. S1). However, scenarios differed in the
529  strength of this relationship and in the structure of covariation between biomass

530 and realized species richness when the size of the species pool was accounted for.
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531 In most scenarios (scenarios 1-6 and 8 in Table 1), we found that biomass was

532  positively related to realized species richness and that this was true both at the

533  global scale of analysis and within subsets of communities that differed in the size of
534  the introduced species pool. In contrast, when resources were strongly

535 complementary and environmental heterogeneity low (scenario 7) we found that
536 total biomass was negatively related to realized species richness for any given level
537 ofinitial richness (Fig. S2).

538

539  Mechanisms underlying relationships between resource scenarios and

540  Complementary-Selection and Community Assembly patterns

541

542  The striking differences between the antagonistic and complementary resource

543  competition scenarios captured by the Community Assembly components can be
544 linked to the influence of resource type on the outcomes of community assembly. In
545 the antagonistic case, a pair of extreme specialists dominates all the other species
546  for any supply point (Box 1, panels A, B). This strongly affects both the

547  complementarity and selection effects (CE and SE), and the Community Assembly
548 components (SL, SG, and CDE). Dominance by a pair of specialists leads to a realized
549 richness that cannot exceed two even in the heterogeneous case. In monoculture,
550 each specialist strategy generally performs worse than the intermediate generalist
551  strategies, which explains why the selection effect is negative. Yet, the two

552  specialists together perform better than any other set of one or two species, driving
553  the positive CE pattern. When one of the two dominant specialist strategies is absent
554  (causing a negative SL component), it is replaced by a less specialized species with
555 lower function than the missing specialist (which results in a positive SG component
556  but|SL| > |SG]). The less specialized species competes more strongly with the

557 remaining specialist due to greater niche overlap, reducing the performance of the
558 remaining specialist, which creates the negative CDE.

559

560 Inthe complementary cases, there is usually a unique generalist species from the

561  full species pool that dominates for a given supply point (Box 1, panels C, D). This
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562 dominant species is also the one that performs the best - better than any other set
563 of one or two species - for this supply point, which explains why selection is

564 positive and complementarity weak and hump-shaped. The CDE of exactly zero in
565 the homogeneous case is a direct consequence of having a single dominant strategy:
566 either this dominant strategy is absent from a low diversity community, which will
567 then ultimately share no species with the high diversity community, or the

568 dominant strategy is present, producing an endpoint identical to the high diversity
569 community. Finally, the positive CDE in the heterogeneous case arises because in the
570 absence of one or more of the dominant strategies, other dominant species that still
571  occur compensate for functional losses. Such CDE is larger than the SG component
572  on average because the functional contributions of new species (able to join a

573 community due to the loss of at least one dominant species) are smaller than

574  increases in function occurring through compensation by the remaining dominants.
575

576  Comparisons with experimental data:

577

578  Although all of our scenarios produce broadly saturating BEF patterns, our results
579 indicate that we can qualitatively discriminate among most of these eight different
580 community assembly scenarios (Table 1) by combining the Community Assembly
581 (Foxand Kerr 2012, Bannar-Martin et al. 2018) and the Complementarity-Selection
582  (Loreau and Hector 2001) analyses. This suggests that applying these methods to
583  empirical data may offer insights into which competitive scenarios drive assembly,
584 giving rise to empirically-obtained BEF relationships (or at least provide evidence
585  about which mechanisms may be ruled out). To assess this, we analyzed data from a
586 representative BEF experiment, conducted at Jena, Germany, to determine if we
587  could identify the community assembly mechanisms underpinning the functioning
588 of this grassland ecosystem. We used six years of data from the Jena experiment,
589  starting in 2003 (a year after the experiment was established), to consider whether
590 results were stable over time.

591
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We found that the data from Jena did not match any of the scenarios shown in Table
1. On the one hand, we see a divergence between increasingly negative selection
effects and increasingly positive complementarity effects from 2003 to 2008 (Fig. 5),
creating a pattern consistent with the antagonistic resource scenario using the
Complementarity-Selection approach (Fig. 3, see also Marquard et al. 2009). On the
other hand, we see persistent trends in the Community Assembly components,
including positive CDE effects across the entire time span (Fig. 6), which were only
observed in our model scenarios given competition for heterogeneous,

complementary resources (Fig. 4).

Consequently, the analysis of Complementarity-Selection effects (Fig. 5) is
consistent with antagonistic resources, be it in homogeneous or heterogeneous
supply points (compare with Fig. 3), whereas the Community Assembly
Components suggest a scenario of complementary resources in the presence of
environmental heterogeneity (comparing Fig. 5 with Fig. 4). This indicates, perhaps
unsurprisingly, that the eight simplistic scenarios we considered probably lack
additional mechanisms involved in regulating or modifying the effects of community

assembly on ecosystem function (and hence the metrics used to study it).

2003 2004 2005 2006 2007 2008

20004 i
10004 1 * t | 1 4 | A | A . Component
" - . L st B l ok UAE t A
.@-?—@-Fi_ o o e — | - : 3 cE
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Introduced species richness
Figure 5. Complementarity (CE) and selection (SE) effects (top row), and
Community Assembly components comparing the most diverse (60 species)
community to less diverse communities (bottom row) over successive years at the
Jena Experiment, as a function of introduced species richness (log scale). Early in the
experiment, CE and SE were both positive, and weakly related to diversity (as found
by Roscher et al. 2005). However, by the end of the period we examined, the CE
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618  effect was positive and increased strongly with diversity, while the SE effect was
619 negative and decreased with diversity. Although there is some variation in the

620 magnitude of the Community Assembly components through time, at all lower

621 diversity levels, CDE effects are consistently positive, SG is negligible, and SL

622  strongly contributes to declines in function. Trend lines show Generalized Additive
623  Models (GAMs) fit to the observed plot-level values; points jittered for visual clarity.
624

625  We thus considered other possible factors that might have affected community

626  assembly at Jena. One of these is that the observed dynamics may not have reached
627  steady state as assumed by our models above. To address this possibility, we

628 simulated the temporal dynamics of community assembly for the heterogeneous,
629 complementary resources scenario (because previous work has mostly emphasized
630  that this scenario is more likely than others for plants; see Tilman 1982, Tilman et
631 al. 1997, Gross and Cardinale 2007, Hodapp et al. 2016). Starting from an initial
632  condition where all species are seeded at an equally low density, we let their

633  populations grow and compete over time. When a species’ density dropped under a
634  certain minimal threshold (set equal to 10-4), we considered it extinct and set its
635  density equal to zero. We then extracted species densities at representative time
636  points and applied both partitions as previously described. Although this exercise
637  shows that there are important transient dynamics in the community assembly
638  dynamics of BEF experiments (Fig. 6), none of the resulting patterns are consistent
639  with the patterns we observed in Jena (Fig. 5). Intriguingly, we found that the

640 dynamics in our model (Fig. 6) showed a strong qualitative shift in the relative

641 importance of CE and SE through time and a somewhat subtler shift from linear to
642 unimodal CDE and an increase in SG through time. However, the data from Jena
643  show no such trends.

644
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646  Figure 6: Transient dynamics in Complementarity-Selection effects and Community
647  Assembly components as assembly proceeds towards equilibrium in the scenario
648  where species compete for heterogeneous, strongly complementary resources.

649

650 We also considered that facilitation, perhaps due to the nitrogen (N) fixing effects of
651 legumes, may play an important role in assembly, and consequently affect

652  ecosystem functioning. To address this, we adapted the model of Koffel et al.

653  (2018), and again applied Complementarity-Selection and Community Assembly
654  analyses (see SI for details). For the case with high environmental heterogeneity
655  and strong facilitation under high initial N-limitation, our results (Fig. 7) correspond
656  atleast qualitatively to our observations at Jena. Both the facilitation model and
657 Jena data demonstrate greater complementarity effects (CE) in comparison to

658  selection (SE) and, at least for Jena’s 2007 and 2008 data, a negative SE in the

659  Complementary-Selection Effects analysis (Fig. 5,7A). This seems consistent with
660  observations from the Jena Experiment that showed that N fixation rates by

661 legumes, and thus potentially facilitation, increased from 2004 to 2008 (Roscher et
662 al. 2011). The Community Assembly Components also show similarities, with a

663  substantial and humped CDE effect that emerges from the model (Fig. 8B) also being
664  seen in the Jena data (Fig. 6). The addition of facilitation creates a combination of
665 Complementarity-Selection Effects and Community Assembly Components patterns
666  that otherwise appear to point to divergent resource competition models in the

667  absence of facilitation.

668
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671  Figure 7: Model results from including nitrogen fixing plants that compete with
672  non-fixers. Complementary-Selection Effects (panel A) and Community Assembly
673  Components (panel B).

674

675  Discussion:

676

677  There are two major implications of our work. First, we find that the joint use of the

678  Community Assembly (Bannar-Martin et al. 2018) and the Complementarity-
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679  Selection (Loreau and Hector 2001) approaches can be a powerful tool in inferring
680 mechanisms involved in linking community dynamics to the functioning of

681 ecosystems. Second, we find that empirical results (at least in the case of the Jena
682  BEF experiment) do not match any of the scenarios we examined for purely

683  competitive mechanistic models but that they did when we incorporated facilitation
684 by N-fixing plants. This suggests that the joint evaluation of Complementarity-

685  Selection and Community Assembly components could be a powerful tool for

686 identifying plausible mechanisms that relate community assembly to the

687  functioning of ecosystems.

688

689  Validating the joint use of Community Assembly and Complementarity-Selection

690  partitions to interpret mechanisms involved in BEF dynamics:

691

692  Numerous studies in controlled and replicated conditions (such as those that prevail
693  in the large literature involving BEF studies) have shown that there is generally a
694  positive and directional effect between the size of the species pool with access to a
695 community and the function of at least some aspects of ecosystems, and in

696  particular the total biomass of the organisms involved. Previous work on

697 relationships between species pool diversity and ecosystem function has largely
698 focused on two very general effects that can explain this pattern: selection (the

699  species pool, when large, is more likely to include highly competitive and highly

700  productive species) and complementarity (the species pool, when large, is more
701  likely to include species that coexist and whose production is less mutually

702  inhibitory). To date, theoretical explanations for these two general effects have

703  focused on resource competition and used models based on complementary

704  resources (e.g., Tilman et al. 1997, Gross and Cardinale 2007, Leibold et al. 2017).
705  However, other mechanisms may also be involved. Here we explored the joint

706  consequences of manipulating the mechanisms governing species competition

707  (ranging from strongly antagonistic to strongly complementary resources), resource
708 heterogeneity and the size of the species pool on realized species richness,

709  composition, and production. We found that selection enhanced production when
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710  resources were complementary, but undermined production when resources were
711  antagonistic. Complementarity between species had little effect on production

712  except when resources were antagonistic and/or heterogeneous.

713

714  Consequently, the mechanisms involved are not necessarily clearly resolved by the
715  study of complementarity and selection alone. We found that additional insights
716  could be gained by also considering the Community Assembly components (Bannar-
717  Martin et al. 2018). Our work shows that these components can provide additional
718 and complementary insights into the mechanisms structuring the relationships
719  among species pool size, ecosystem function, realized species richness and

720  community composition. In our case, the joint use of Community Assembly and
721  Complementarity-Selection approaches provided well-defined criteria by which we
722  could distinguish between competition for complementary vs. antagonistic

723  resources as well as evaluate the role of environmental heterogeneity and

724  facilitation.

725

726  Insights about mechanisms that drive community-ecosystem function relations:

727

728  Our study also highlights the fact that we do not necessarily understand all the

729  mechanisms that drive community-ecosystem relationships. Patterns in the data
730  from the Jena experiment did not correspond to any of the eight scenarios we

731 modeled and allowed us to reject all eight of these hypotheses. On the one hand,
732 this shows how powerful the joint application of Community Assembly and

733  Complementarity-Selection metrics can be. However, this also shows that the

734  mechanisms governing the diversity and function of communities must involve

735  other processes besides simple resource competition. This is not totally surprising
736  since our theoretical models are quite simplistic caricatures of how species interact.
737  Here we used the joint analysis of Community Assembly and Complementarity-

738  Selection metrics to evaluate two other possible explanations. In one, we evaluated
739  the possibility that community assembly at Jena was not in final equilibrium — a

740  hypothesis supported by the directional changes in Complementarity-Selection
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741  components across years (Fig. 5) but found that this did not explain the data at Jena.
742  Inthe other, we derived predictions that included the role of N-fixing plants and
743  found that this model with facilitation did qualitatively correspond to the

744  observations at Jena. Critically, we note that a correspondence between theory and
745  observation is not definitive proof that a particular mechanism is operating. For
746  example, even though our model was explicitly based on N fixation, there is no

747  reason to believe that the facilitation mechanism that emerge in our model is

748  restricted to this ecological situation. Results similar to ours could arise from a

749  broader range of facilitation mechanisms at play in BEF experiments, such as

750  facilitation related to other abiotic factors (Wright et al. 2017) or based on soil

751  organisms (Eisenhauer et al. 2012). Of course, there are probably a number of other
752  mechanisms that could also be modeled, including interactions mediated via other
753  organisms such as grazers, pathogens and other mutualists.

754

755  Community assembly and the functioning of ecosystems in other scenarios:

756

757  How then does community assembly determine the functioning of ecosystems in
758  general? We focused on a very simple scenario for community assembly that

759  mimics the experimental design of ‘classic’ BEF experiments. This scenario consists
760  oflooking at all possible subsets of introduced species combinations for a given

761  ‘total species pool’. This can be thought of as a filter on potential to ‘arrive’ in a

762  community via dispersal limitation. Assembly is then followed by species

763  interactions in which some species within this subset of potential species are

764  excluded by competition for resources. We find that this process can be related to
765  analysis by both the Complementarity-Selection and the Community Assembly

766  approaches. However, community assembly in real communities can involve

767  numerous factors not typically incorporated in BEF experiments, including species
768  invasions, disturbance and dispersal dynamics, environmental change, and

769  stochastic processes (e.g. Thompson and Gonzalez 2016, Hodapp et al. 2016, Leibold
770  etal. 2017, Bannar-Martin et al. 2018). The approach developed here on the well-
771  known BEF experimental setup could potentially be adapted to the study of these
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772  other natural conditions. This would, however, require careful thinking about how
773  to model these mechanisms and their interaction with resource competition.

774

775  While using the Community Assembly and the Complementarity-Selection

776  approaches together can be a useful way to assess mechanisms, it is important to
777  note that Complementarity-Selection partitions require estimates of ecosystem

778  function in monocultures. These are readily available in most 'classic' BEF

779  experiments as a pro-forma aspect of the experimental design. However, these are
780  almost always absent in other experiments that examine how community assembly
781  affects ecosystem functions (e.g. disturbance, invasions, extinctions, environmental
782  change), let alone in observational data. The logistical challenge is even greater in
783  studies examining the effects of environmental change on ecosystem function, as
784  monoculture treatments would be required for all the relevant environmental

785  conditions. Additionally, many organisms are not easily grown in monocultures
786  due, for example, to dependencies on biotic resources, or movement. Thus, the

787  scenarios where the Complementarity-Selection approach can be used are limited.
788  In contrast, the Community Assembly approach can be calculated for any pair of
789  communities. Given the design of BEF studies, we opted to use the most diverse
790  species pool as our baseline for comparisons, but this is not required (see Bannar-
791  Martin et al. 2018 for examples). While the Complementarity-Selection approach is
792  constrained by the requirement of monoculture data, it did appear to more clearly
793  distinguish between antagonistic and complementary resource scenarios. This

794  ability in part may rest in the definition of these metrics: both CE and SE are affected
795 by changes in the abundance of a species. In contrast, of the three Community

796  Assembly components, SL and SG are mostly influenced by the actual loss or gain of
797  species from a community; all effects of less extreme changes in abundance are

798 relegated to the CDE component alone. For this reason, while it is possible to apply a
799  Community Assembly approach in a manner directly analogous to

800 Complementarity-Selection (contrasting an observed polyculture with an idealized
801  polyculture where species perform proportional to their monocultures), the results

802 are somewhat less informative.
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803

804  Our work shows that, while both methods exhibit their own advantages and

805 limitations, together they provide a more powerful means of diagnosing

806  mechanisms. Future work could focus on continuing to refine these metrics. This
807  mightinclude developing analogs of Complementarity-Selection partitions that do
808 notrequire monoculture data. Alternatively, new or existing extensions of the

809 Community Assembly approach (e.g., 5-part Price equation; Fox & Kerr 2012;

810 Bannar-Martin et al. 2018) could be applied to these or other model scenarios. For
811 example, while empirical applications of the trait-based version of the Price

812 equation (Fox & Harpole 2008) can be hampered by the availability of trait data, in
813 modeling exercises these traits are explicitly known (e.g., species’ ZNGIs in our

814  scenarios). Further work could elucidate not only the mechanisms structuring

815 ecosystem function across communities of different diversity levels but relate

816  ecosystem properties to the functional composition of communities.

817

818  Our study also illustrates that one can discriminate between a-priori hypotheses and
819  ad-hoc hypotheses in ways that relate to the entire issue of ‘replicability’ in science
820  (e.g. Nichols etal. 2019). Here we set out to test 8 different hypotheses about how
821 resource competition affects the relations between community assembly and the
822  functioning of ecosystems. We generated these predictions with a-priori models
823  based on mechanistic resource competition theory (Tilman et al. 1997, Gross and
824  Cardinale 2007, Hodapp et al. 2016). We subsequently tested these predictions on
825 data from a previously conducted experiment that had not been previously studied
826  inthis way and found that we rejected all of our a priori hypotheses. Of course, we
827  might have found that one or more of these hypotheses were not rejected and

828  stopped there with statistically valid inferences. However, the rejection of all

829  hypotheses begs the question ‘what could the explanation instead be?’. Here we did
830  some post-hoc modeling based on two additional mechanisms and found that one of
831 these was consistent with the data. However, the statistical significance of this

832  hypothesis is not clear since we might have rejected it and continued on to testing

833  other hypotheses until we found one that was consistent with the data whereupon

32


https://doi.org/10.1101/2020.02.10.942656
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.10.942656; this version posted February 12, 2020. 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.

834 we would have perhaps stopped. In our discussion we tried to indicate that other
835  mechanisms could also have been similarly successful. The point is not that we
836  don't believe that our tests are useful (they did in fact reject 9/10 hypotheses), but
837  rather that the strength of our inferences about the hypothesis that was supported
838 by the data should be appropriately weighed by the fact that it was an ad-hoc

839  hypothesis rather than an a-priori one.

840

841  Implications for future work:

842

843  These encouraging results suggest a number of ways whereby the analysis of

844 community assembly components could be improved:

845

846 a) Most obviously, one could continue to propose and test other mechanismes,
847 such as plant-soil feedbacks and multi-trophic interactions, that could have
848 produced the patterns we observed in the Jena data, eventually potentially
849 creating a ‘periodic table’ for how the Complementarity-Selection and

850 Community Assembly metrics map onto a diverse array of community

851 assembly scenarios. While there is some allure to this suggestion, there are a
852 considerable number of interacting mechanisms to test requiring careful
853 thinking about how to construct and interpret models (e.g., considering
854 transient dynamics), or how to parse varying contrasts in the data (e.g.,
855 considering facilitation by legumes).

856 b) Discriminating among the wide array of mechanisms driving community
857 assembly and its effects on ecosystem function likely requires moving

858 beyond simple dichotomous tests with one or two metrics since many

859 alternative models/mechanisms are capable of reproducing similar, low-
860 dimensional patterns. Here we demonstrated how the addition of several
861 carefully considered metrics could enhance our understanding of these
862 mechanisms, as well as our ability to differentiate them. It is worth

863 considering whether other additional metrics could similarly advance

864 understanding. The degree to which this is so would depend on finding
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865 metrics that reveal distinct aspects of mechanisms and that, thus, are not
866 simply redundant with each other. Itis also useful when the link between
867 mechanism and metrics is relatively transparent (as we explored in Box 1).
868 In cases where this is not the case this is perhaps less true and other

869 modeling or experimental studies would be needed to consolidate any

870 conclusions. The increase in the number of metrics, however, may be

871 necessary if theoretical models increase in complexity by including missing
872 processes or by assessing different assumptions in order to decrease

873 equifinality and increase inference.

874 c) Another reason to consider additional metrics is that not all data will be

875 suitable for the same metrics. In our case, while Complementarity-Selection
876 was particularly useful in discriminating between different types of resource
877 competition, the approach is constrained by the need for monoculture data.
878 We will need new techniques if we wish to apply these types of approaches
879 to a wider array of experimental conditions, with designs that do not closely
880 target BEF relations or that involve organisms where such monocultures are
881 logistically difficult (e.g. birds, migrating organisms, species-rich tropical
882 communities).

883 d) While we need to explore other metrics to use in studies other than BEF

884 experiments, it would still be interesting to apply the methods in this paper
885 to other BEF experiments. We suspect that this may likely show substantial
886 variation in results across locations, habitats, and organisms. For example, it
887 would be interesting to compare results at Jena with data from sites that are
888 not as likely to be nitrogen limited. Adequately considering such variation
889 would require a far more comprehensive theoretical and analytical effort
890 than is warranted in this paper.

891 e) Even more challenging is to consider how the size of the species pool jointly
892 affects biodiversity, community composition, and ecosystem functioning
893 under other scenarios than those at play in classical BEF experiments.

894 Numerous challenges to BEF research have focused on the degree to which
895 BEF experiments may be unrealistic representations of how biodiversity and
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896 ecosystem function are likely to interrelate because the experimental setup
897 for community assembly in BEF experiments is so artificial (Wardle 2016).
898 We believe the Community Assembly approach can shed light on other

899 situations including arrivals and removals of invasive species as well as

900 environmental change (see Bannar-Martin et al. 2018, Kremer et al. in prep).
901 Linking these scenarios to explicit theoretical models (as we did here by

902 asking how resource types and environmental heterogeneity affect a BEF
903 experiment) represents an exciting avenue for future devoted work.

904

905  Software availability:

906  An R package is available to facilitate future work (including analyzing other

907  biodiversity experiments) https://github.com/ctkremer/priceTools
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1064 Realized richness

1065  Figure S1. Relationship between yield and realized richness for the 8 scenarios. The
1066  small light points represent the equilibrium community resulting from seeding all
1067  possible subsets of the global species pool. The large darker points give the average
1068 yield and realized richness, where the average is taken across all possible

1069 communities for a given level of introduced richness.

1070
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1071 realized species richness

1072  Figure S2. Relationship between realized richness and yield for the strongly

1073  complementary case in a homogeneous environment (scenario 7, Table 1). Each
1074  small point represents an equilibrium community resulting from seeding a given
1075  subset of the global species pool, coded by levels of introduced richness (from 1 to
1076  10). For each level of introduced richness, the large points give the average yield
1077  across each level of realized richness. The lines connecting these points highlight the
1078  fact that within scenario 7, total biomass is negatively related to realized species
1079  richness for any given level of introduced richness.
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1084  Figure S3.Jena yield (biomass) over time, relative to hypothetical community based
1085 on monoculture performance, as a function of introduced richness (log scale).
1086 Complementarity-Selection analysis (Fig. 4) partitions these responses.
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1088  Facilitation model
1089
1090 To study the effects of facilitation on the Complementarity-Selection Effects and the
1091 Community Assembly components, we developed a variant of the resource
1092  competition model from the main text specifically tailored to model the interactions
1093  between nitrogen-fixing and non-fixing terrestrial plants. This model is very similar
1094  to the model of Koffel et al. (2018), with a few differences that will be highlighted
1095  below. This model still fits the general form of Eq. (1), with now R; and R,
1096 respectively being soil Phosphorous (P) and Nitrogen (N). Yet, the expressions of
1097  both the per capita growth rate and the consumptive impacts differ from the general
1098  form from Schreiber and Tobiason (2003) presented in the main text. The growth
1099  rate g;(R,,R;) here reads:
1100

gj(Ry,R;) = Min(xy Ry, x5 R, + f;)
1101
1102  Asthe two resources R, and R, correspond to P and N, they are modeled as being
1103  strictly essential (@ = —oo in the approach presented in the main text) which results
1104  in taking the minimum of the growth rates on the two resources via the “Min”
1105 function.
1106
1107  The extra term that is not accounted for by the Schreiber and Tobiason (2003)
1108  approach is the constant fixation rate f; that boosts growth when N is limiting. The
1109  fixationrate f; is the focal trait here, and the species pool was generated by
1110  selecting species with varying values of f;. A species with f; = 0 is a non-fixer, while
1111  species with non-zero values of f; describe N-fixers with various intrinsic abilities to
1112 fix N. We included a cost to N-fixation in the form of a decreasing ability to acquire
1113 phosphorous through x; ; as f; increased, mathematically given by x,; = h(f;), with
1114  h a decreasing function. Conversely, soil nitrogen acquisition x,; was assumed to be

1115 the same for all species, and thus taken constant.

44


https://doi.org/10.1101/2020.02.10.942656
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.10.942656; this version posted February 12, 2020. 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.

1116  For facilitation to happen, N fixed by the N-fixers has to become available to the
1117  other species. This is done by modifying the consumptive impacts to account for N
1118 restitution through recycling, potentially leading to net negative consumptive
1119  impacts when N restitution by an N-fixer is greater than N uptake. This leads to the
1120  following consumptive impacts on N:
1121

C2;(Ry, Ry) = qy;[Min(xy Ry, x5 ;R;) — Azym]
1122
1123 The positive term in C;; (R4, R;) accounts for soil N uptake through growth, and is
1124 thus equal to g;(R,, R,) without the fixation term f; because fixed N comes from the
1125 atmosphere, not the soil. The negative term is N restitution through recycling from
1126  dead plant biomass (generated at the rate m, assuming the same mortality rate for
1127  all species for simplicity) with an efficiency given by A, ;. We assumed that the
1128  efficiency A,;was larger for species with large fixation rate f;, translating the fact
1129  that N-fixing species tend to see their dead biomass more readily recycled. The
1130  coefficient q;; is a stoichiometric coefficient similar to the ones introduced in the

1131 models from the main text.

1132
1133  On the P side, the consumptive impact reads:
1134
C1j(R1,R) = q1j[9; (R, Ry) — Ay ym]
1135

1136  The first term of the sum is here exactly equal to growth g; (R, R;), which translates
1137  the fact that unlike N, all the P entering plant biomass has been taken up from the
1138  soil. We assume that P is also recycled, through an efficiency A, ; assumed to be the
1139  same for all species for simplicity. The coefficient g, ; is again a stoichiometric

1140  coefficient.

1141

1142  The global species pool was generated by selecting 10 equally spaced values for the

1143  fixationrate f;, and the corresponding phosphorous acquisition rates x; ; and N-
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1144  recycling efficiencies A,; given by the trade-offs detailed above. All the other

1145  parameters were chosen to be the same for these 10 species.

1146

1147  For every given subset of the species pool, community assembly was simulated
1148 numerically by seeding the species present in that subset altogether and letting
1149  them grow until an equilibrium was reached.

1150

1151  Because N-fixing species with large f; can, under certain circumstances, have

1152 negative consumptive impacts C,;(Ry, R,), their presence leads to the net

1153  enrichment of the N pool. This results in strong fixers facilitating non-fixers and
1154  weak fixers (species that have small fixation rates f;) through two mechanisms: 1) a
1155  strong N-fixer can coexist at equilibrium with a weak fixer, supplying the latter with
1156 limiting N, preventing the weak fixer from going extinct or enabling it to reach a
1157  higher biomass than in the absence of the strong fixer, and 2) in a initially very N-
1158 limited environment that prevents the weak-fixer from establishing, a strong N-fixer
1159  can establish and lead to soil N accumulation. This makes establishment of the weak
1160 fixer possible, but eventually leads the strong fixer to its own demise as the weak
1161  fixer excludes it. This second mechanism is a pure effect of community assembly
1162  that can generate facilitation-driven succession, as described in detail in Koffel et al.

1163 (2018).
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