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16 Real communities of virtual plants

Table 3. Statistics for Gaussian maxima in Shannon value (with lower and upper 95 % con dence limits) in temporal treatments.
Signi cantincreases (P < 0.05) above the value for no treatment are shown in bold. Treatments taken forward into double-

treatment experiments are asterisked.

Figure Treatment Maximum 95% LCL 95% UCL
Step TIR TfD

No treatment 0.587 0.539 0.635
10A 2 0.0125 0 0.613 0.564 0.661
10A 2 0.0125 0.00625 0.667 0.616 0.718
10A 2 0.0125 0.0125 0.604 0.553 0.655
10A 2 0.025 0 0.586 0.540 0.633
10A 2 0.025 0.00625 0.602 0.552 0.651
10A 2 0.025 0.0125 0.576 0.528 0.624
10A 2 0.05 0 0.537 0.489 0.585
10A 2 0.05 0.00625 0.538 0.492 0.584
10A 2 0.05 0.0125 0.539 0.492 0.586
10B 4 0.0125 0 0.587 0.538 0.636
10B 4 0.0125 0.00625 0.560 0.514 0.607
10B 4 0.0125 0.0125 0.624 0.572 0.677
10B 4 0.025 0 0.602 0.555 0.650
10B 4 0.025 0.00625 0.652* 0.601 0.703
10B 4 0.025 0.0125 0577 0.528 0.625
10B 4 0.05 0 0.558 0.515 0.601
10B 4 0.05 0.00625 0.534 0.490 0.578
10B 4 0.05 0.0125 0.495 0.450 0.539
10C 8 0.0125 0 0.695* 0.643 0.748
10C 8 0.0125 0.00625 0.653 0.604 0.702
10C 8 0.0125 0.0125 0.633 0.585 0.682
10C 8 0.025 0 0.623 0.573 0.674
10C 8 0.025 0.00625 0.562 0.514 0.610
10C 8 0.025 0.0125 0.589 0.541 0.637
10C 8 0.05 0 0.522 0478 0.566
10C 8 0.05 0.00625 0.526 0.483 0.569
10C 8 0.05 0.0125 0.540 0.494 0.585
10D 16 0.0125 0 0.542 0.496 0.589
10D 16 0.0125 0.00625 0.592 0.542 0.642
10D 16 0.0125 0.0125 0.552 0.501 0.602
10D 16 0.025 0 0.589 0.539 0.640
10D 16 0.025 0.00625 0.549 0.502 0.597
10D 16 0.025 0.0125 0.576 0.528 0.624
10D 16 0.05 0 0.447 0.405 0.489
10D 16 0.05 0.00625 0.449 0.408 0.491
10D 16 0.05 0.0125 0.514 0.470 0.558

was virtually identical to that obtained from the 1000-iteration experiment
(Fig. 15A) and this was true of all intermediate stages (Fig. 15B).

Second, when the neutral theory option (see previously) was
superimposed upon the same experiment, the results (not shown)
found no interactions between functional type, spatial or temporal
heterogeneity, or neutral seed rain.

5. DISCUSSION
5.1 Caveats
It hardly seems necessary to point out how far removed from physical
reality the plants in these experimentsare. ey are simply 2D stickers

which are either present or absent from individual squares on a cheg-
uerboard. ey contain no explicit representation of physical structure,
such as above- or below-ground components, and certainly possess
no surrogates for organs, tissues or plant cells.  eir morphological,
physiological and reproductive properties are represented only with
the greatest simplicity, and the di erent plant types are distinguished
only by starkly graduated a ribute values.

e environmental conditions with which the virtual plants
interact also appear at no lower level than the whole cell of the array
and are presented as random locations within just two continua.
Between-plant interactions are mediated exclusively by changes in the
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Hunt and Colasanti 17

Table 4. Statistics for Gaussian maxima in Shannon value (with lower and upper 95 % con dence limits) in seed rain treatments.
Signi cantincreases (P < 0.05) above the value for no treatment are shown in bold. Treatments taken forward into double-
treatment experiments are asterisked.

Figure Curve Maximum 95% LCL 95 % UCL

No treatment 0.587 0.539 0.635
11 1E-04 0.606 0.558 0.655
11 5E-04 0.646 0.593 0.700
11 1E-03 0.658 0.610 0.705
11 5E-03 0.903 0.856 0.950
11 1E-02 1.114* 1.071 1.157
11 2E-02 1.548* 1.510 1.586
11 3E-02 1.856 n/a n/a
11 4E-02 2.143 n/a n/a
11 5E-02 2.302 n/a n/a
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Figure 10. Diversity biomass curves at 1000 iterations under treatments supplying temporal environmental heterogeneity (see
Table 1). Di erent levels of variation (time steps, parts A D) and temporal frequency are depicted.
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18 Real communities of virtual plants
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Figure 11. Diversity biomass curves at 1000 iterations under
treatments supplying seed rain. e uppermost three curves
are Rational (see Table 1).

environments of neighbouring cells. Community biodiversity is calcu-
lated only from a single presence-abundance metric, with community
biomass estimated similarly crudely.

5.2 Conclusions

But just as these caveats comprise a cost, they also bring bene ts in
scale. It appears from our modelling that realistic, very long-term pat-
terns of plant biodiversity can indeed be sustained by the presence of
distinct functional types and by manipulations in the levels of, and
degree of heterogeneity in the supply of, resources, external distur-
bances and invading propagules. All appear to be jointly necessary and
cannot be substituted by the assumptions of uni ed neutral theory.
Other, and possibly more complex, sets of processes might also lead
to the long-term maintenance of plant biodiversity, but we consider
it unlikely that any combination of conditions more minimal than
the set demonstrated here would be su cient to deliver the same
outcome.

Trade-0 sinresearche ortapply justas much asin plant evolu-
tion (Harper 1982; Hunt and Doyle 1984). Modelling which aims
to reproduce community dynamics over a multiplicity of genera-
tions cannot hope also to incorporate all our detailed current under-
standing of plant morphology, physiology and reproductive biology.
To work at scale, Simple, high-speed, parsimonious models are
required (Hammer et al. 2019). Plant functional types, for all their
approximation and generalization, seem to provide exactly the level
of detail that is required to advance towards a mechanistic under-
standing of previously inaccessible processes at the higher levels of
biological organization.
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Figure 12. (A) Diversity biomass curves at 1000 iterations
with added spatial and temporal heterogeneity. (B) With added
spatial heterogeneity and seed rain. (C) With added temporal
heterogeneity and seed rain.
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Table 5. Statistics for Gaussian maxima in Shannon value (with lower and upper 95 % con dence limits) in double treatments.
Signi cant increases (P < 0.05) above the value for no treatment are shown in bold.

Figure Curve Maximum 95%LCL 95% UCL
No treatment 0.587 0.539 0.635
12A Spl+Tml 0.847 0.804 0.891
12A Spl+Tm2 0.859 0.814 0.905
12A Sp2 +Tm1l 0.923 0.883 0.963
12A Sp2 + Tm2 0.895 0.858 0.932
12B Spl+SR1 1.402 1.361 1443
12B Spl + SR2 1.787 1.749 1.825
12B Sp2 + SR1 1.557 1.522 1.591
12B Sp2 + SR2 1.976 1.947 2.006
12C Tml+SR1 1.113 1.070 1.156
12C Tml+ SR2 1.522 1.485 1.559
12C Tm2 + SR1 1.122 1.081 1.164
12C Tm2 + SR2 1.552 1514 1.589
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Figure 13. (A) Hump-backed diversity biomass relationship. Asin Fig. 5A, but restored to the level of Fig. 3A by treatment Sp2 +
SD2. (B) Data from (A) as distributed within resource disturbance space.

e experiments described here are novel for two reasons.
First, they are time courses that simultaneously involve vegetative
fecundity, tissue longevity, reproductive fecundity, lifespan, exter-
nal resource levels, degree of destructive disturbance, spatial and
temporal environmental heterogeneity and invasion by propagules.
Second, and because of such complexity, the experiments lie u erly
beyond the possibility of repetition in the physical world. Typically,
our hump-backed curves have arisen from [64  64] environmental
cells 1000 environmental combinations

1000 iterations and thus

relationship.

involve the lives of 4.1 billion individual plants or plant responses.

e total of ninety-one 1000-iteration curves speci ed in Table 1
therefore represents 373 billion individual plant environment inter-
actions, and the three 10 000-iteration or 10 000-replicate curves add
another 123 hillion such events. But only at this colossal scale does
it become possible to address the entirety of the diversity biomass

ese experiments illustrate genuine outcomes of the ecologi-
cal theatre and the evolutionary play (Hutchinson 1965). Plant life
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