Moreover, the direct link of the ALVZ to the basal detachment
under the eastern plateau margin, as well as its correlation with the
extent of the entire shortened plateau upper crust (Fig. 2), strongly
supports its relevance to the tectonic shortening process. The
mechanical weakness of the mid-crustal ALVZ and the Eastern
Cordillera basal detachment, as inferred from the presence of melts
and fluids, probably separates crustal shortening in an upper-crust
imbricate belt’™ from a deeper crust with an unknown mode of
internal deformation. The continuity of the deep crustal structure
across the entire plateau suggests a single crustal thickening process,
namely tectonic shortening, rather than important additional con-
tributions from other processes that involve the mantle”. As a
consequence, bulk crustal shortening from surface observations
may have been substantially underestimated.

Our interpretation of the ALVZ is similar, in its tectonic aspect, to
the interpretation of the low-velocity zone in Tibet—which has
remarkably similar depth, thickness and lateral extent***. More-
over, as documented by a study of xenoliths®, the middle crust (30—
50 km depth) of the northern Tibetan plateau consists of hot and
dry refractory rocks similar to those we expect below TRAC2. The
existence of analogous low-velocity zones below the Earth’s two
highest plateaux suggests their fundamental role in the plateau-
building process, possibly as decoupling zones that partition crustal
shortening into a largely brittle upper-crust domain and ductile
deep crust. O
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External agents of mortality (disturbances) occur over a wide
range of scales of space and time, and are believed to have large
effects on species diversity. The “intermediate disturbance
hypothesis”~, which proposes maximum diversity at inter-
mediate frequencies of disturbance, has received support from
both field"* and laboratory®’ studies. Coexistence of species at
intermediate frequencies of disturbance is thought to require
trade-offs between competitive ability and disturbance tolerance?®,
and a metapopulation structure, with disturbance affecting only a
few patches at any given time’~"'. However, a unimodal relation-
ship can also be generated by global disturbances that affect all
patches simultaneously, provided that the environment contains
spatial niches to which different species are adapted'’. Here we
report the results of tests of this model using both isogenic and
diverse populations of the bacterium Pseudomonas fluorescens. In
both cases, a unimodal relationship between diversity and dis-
turbance frequency was generated in heterogeneous, but not in
homogeneous, environments. The cause of this relationship is
competition among niche-specialist genotypes, which maintains
diversity at intermediate disturbance, but not at high or low
disturbance. Our results show that disturbance can modulate the
effect of spatial heterogeneity on biological diversity in natural
environments.

Selection in heterogeneous environments may act to maintain
diversity”™", and the conditions under which this can occur have
recently been derived' using a modification of the classic Levene
model". There are two key requirements. First, each species must be
fitter than the other in one of the two niches, so that selection is
antagonistic. Second, each niche must contribute approximately
equal numbers of individuals to the global population. If one niche
contributes many more individuals to the community than the
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other, the type that is better adapted to this niche will become fixed,
even if it is greatly inferior in the less productive niche. We have
previously shown how productivity affects diversity through its
effect on the relative production of niches'®. We now show that
disturbance can be treated in a similar way.

The frequency of disturbance is likely to affect diversity in a
heterogeneous environment because the production of individuals
from each niche will be a function of time since the last disturbance.
Consider a population growing logistically'® with an initial time lag
during which the individuals adjust physiologically to local condi-
tions but do not reproduce. If disturbance is very frequent, the niche
associated with the smaller time lag will produce the most individ-
uals, and at equilibrium the community will be dominated by the
type better adapted to this niche (Figs la and 2a). Conversely, if
disturbance is very infrequent the niche with the greater carrying
capacity will contribute more individuals to the global population,
and the type adapted to this niche will dominate (Figs 1a and 2a). At
intermediate levels of disturbance, the number of individuals
emerging from each niche becomes approximately equal, which
permits the two types to coexist. This generates a unimodal
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Figure 1 The effect of disturbance frequency on diversity, in the case where competitive
ability and disturbance tolerance are negatively related. a, The number of individuals of
type /produced from niche jas a function of time between disturbance follows the logistic
model:

KU
Ny =5 Fae M

where K'is the carrying capacity of a given niche, a; is a constant defined as

[(K; — N;(0))/N;(0)], where N(0) is density at time 0, 7 is the limiting rate of growth, ¢
is time, and T s the lag or acclimation period that elapses before growth begins again.
Parameter values are: type 1in niche 1 (W;4), r=0.12, K= 650, T= 0; type 2 in niche 2
(Wa), r=0.15, K=725, T=10; Ny = 2 in all cases. The less fit type in each niche had a
fitness equal to 90% of that of the more fit type at all time points. b, The behaviour of the
diversity index, 1—\, at equilibrium.
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relationship between diversity and disturbance frequency (Figs 1b
and 2b). Depending on parameter values, this may involve either the
steady replacement of one type by another along a disturbance
gradient (Fig. 1b) or dominance of the same type at both high and
low disturbance frequency (Fig. 2b). We note that it is possible to
obtain a similar relationship between disturbance frequency and
diversity without including a time lag, although the conditions
under which this occurs are more restrictive.

To test the hypothesis that diversity is unimodally related to the
frequency of global disturbance in heterogeneous, but not homo-
geneous, environments we used populations of the bacterium
P. fluorescens'™. In a spatially heterogeneous environment (a
static glass microcosm containing nutrient broth medium)
P. fluorescens populations rapidly diversify, generating a range of
specialist genotypes that are readily distinguished by their colony
morphologies on agar plates”. Three main classes of specialist are
readily distinguishable: smooth (SM) morphs, resembling the
ancestral genotype, which inhabit the liquid phase; wrinkly-spread-
ing (WS) morphs, which colonize the air—broth interface; and
fuzzy-spreader (FS) morphs, which colonize the bottom of the
vial. Within each main category substantial variation exists. Popu-
lations evolving in spatially homogeneous environments (continu-
ously shaken microcosms) show little evidence of diversification
and are predominantly of the SM type'. Because reproduction is
entirely asexual, these variants are analogous to species'.

Two experiments differing in the amount of diversity present in
the founding populations were conducted simultaneously. In the
first, microcosms were founded by populations that had previously
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Figure 2 The effect of disturbance frequency on diversity, in the case where competitive
ability and disturbance tolerance are positively related. Parameter values are: type 1 in
niche 1 (W44), r=0.12, K= 650, T=0; type 2 in niche 2 (W}sy), r= 0.155,

K =550, T=10. a, The number of individuals of type / produced from niche j as a
function of time between disturbance. b, The behaviour of (1 — \) at equilibrium.
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been allowed to diversify, whereas in the second the founding
populations were genetically uniform, comprising a single ancestral
SM genotype. Disturbances were nonspecific mass mortality events:
after thorough homogenization, 99.9% of the culture was discarded
and the remaining 0.1% (~10 bacteria) transferred to fresh media-
filled microcosms. The populations thus went through a minimum
of 10 generations (log,(1,000)) between disturbances. Experiments
were performed over a 16-day period in both shaken (homogenous)
and static (heterogeneous) microcosms under five different dis-
turbance regimes: daily, every second day, fourth day, eighth day, or
not at all during the course of 16 days. After 16 days, cultures were
plated onto agar and diversity determined by scoring the frequency
of colony morphologies.

Under all disturbance conditions, diversity was two to three times
greater in the static than in the shaken environment (Fig. 3),
supporting the main result of previous work—that spatial hetero-
geneity is crucial both to the emergence and to the maintenance of
diversity". Intermediate frequencies of disturbance caused a further
30% increase in diversity in the heterogeneous microcosms, result-
ing in a unimodal relationship between diversity and transfer
frequency (Fig. 3a, linear term, F, ;3 = 0.84, P > 0.1; negative
quadratic term, F, ;; =44.68, P < 0.001). This was not the case in the
homogenous microcosms, where this relationship was negative and
monotonic (Fig. 3b, linear term, F; ;; = 29.7, P < 0.001; quadratic
term, F;76 = 0.19, P > 0.1). In both heterogeneous and homo-
geneous microcosms the relationship between diversity and dis-
turbance frequency was the same, whether the founding cultures
were initially uniform or diverse (P > 0.1 for the interaction
between disturbance frequency and base population).

Heterogeneous microcosms all contained variants of both the
broth-colonizing SM and air—broth interface-colonizing WS
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Figure 3 Mean diversity (1 — N) at different frequencies of disturbance in heterogeneous
and homogeneous environments, after 16 days. Values of the mean are given as
+1s.e.m., n= 8. a, Heterogeneous environment; b, homogeneous environment.
Cultures were initiated with either isogenic (circles) or diverse (squares) base populations.
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morphs; some contained a small proportion (<1%) of FS
morphs. Cultures disturbed at intermediate frequencies contained
approximately equal numbers of SM and WS morphs, whereas at
high or low disturbance SM or WS morphs dominated in different
replicates. Only variants of the ancestral-like SM morph were
present in the homogeneous microcosms. The negative relationship
between diversity and disturbance frequency in these microcosms
(Fig. 3b) is probably an effect of the number of generations and
hence the opportunity for periodic selection to purge transient
variation. Asexual populations in homogeneous environments are
characterized by periodic selective sweeps®"?, therefore clonal
replacement would occur more slowly in undisturbed populations
(fewer generations) revealing more diversity.

Differently adapted specialists can coexist if each has greater
fitness than the other when rare (negative frequency-dependent
selection)™*, If stable coexistence is more likely at intermediate
disturbance frequencies, then competing WS and SM genotypes
should both be more likely to invade a population dominated by the
other type under this regime. To test this, 12 independent pairs of
SM and WS genotypes, with opposing genetic markers, were
cultured as mixtures. The frequency of the rare genotype was 0.01
in each case, and populations were cultured for 16 days under high,
medium and low disturbance frequencies (daily, 4-daily and no
disturbance over a 16-day period, respectively). The frequencies of
genotypes were scored on agar plates and used to calculate relative
fitness. Before conducting this experiment we confirmed that
diversity in the paired SM—WS populations was indeed greatest at

Fitness of rare genotype, W

Competition pairs

Figure 4 Relative fitness (1) of WS (solid bars) and SM (hatched bars) genotypes after 16
days when initiated at a ratio of 1:100. Each pair of bars shows the fitness when rare of the
WS and SM genotypes in each of the 12 competition pairs. The same genotype pairs were
competed under daily transfer (a), no transfer (b) and 4-daily transfer (c) conditions. The
horizontal line across each graph indicates equal fitness of the rare and common
genotypes in each competition (W = 1).
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intermediate disturbance (F, 35 = 5.20, P < 0.01), and that diversity
at high and low disturbance were comparable (effect of combining
high and low disturbance treatments: F,;; = 1.18, P > 0.1).

Under the intermediate disturbance regime the rare genotype
increased in frequency relative to the common genotype in every
instance (Fig. 4). However, in populations subjected to either high
or low disturbance only certain genotypes were able to invade when
rare. We failed to observe the operation of negative frequency-
dependent selection in five populations subjected to high distur-
bance and in three populations subjected to low disturbance (Fig. 4).
Moreover, the mean variance in fitness of each WS and SM pair was
significantly lower under intermediate (0.03), than high (0.11) or
low (0.16), disturbance frequencies (intermediate versus high:
F,, =3.67, P < 0.05; Fig. 4).

The original formulation of the intermediate disturbance
hypothesis requires a trade-off between competitive ability and
disturbance tolerance®. Although this is not a requirement of our
model, such a trade-off might have affected diversity in our
experimental microcosms. We investigated this possibility by cal-
culating genetic correlations for fitness of the WS and SM morphs
under the high and low disturbance regimes. In 10 of the 12
populations, the same genotype in each pair was fittest under
both the high and low disturbance regimes (sign test of correlation
coefficients: P < 0.05; Fig. 4a and b) showing that no general trade-
off between disturbance tolerance and competitive ability was
expressed.

Explanations for the unimodal relationship between disturbance
and diversity are typically cast in terms of local patch dynamics, and
there is good evidence from field studies** that this is often an
appropriate interpretation. Many natural ecosystems are subject to
disturbances that act more or less uniformly over large areas, such as
grazing or fires. It has long been known that grazing may change the
species composition of the community”, and in many cases grazed
areas have higher species diversity’®. Moreover, experimental
removal of tissue by mowing causes an increase in diversity similar
to that associated with grazing by either exotic”” or native”® herbi-
vores. The mechanism we have identified here may explain why such
uniform disturbances can lead to increased diversity. Disturbance,
like productivity, can modulate the effect of environmental
heterogeneity by changing the relative production'® of different
niches. t

Methods

Disturbance in heterogeneous and homogeneous environments

Cultures were initiated with 107 cells from either an isogenic or diverse population of
P. fluorescens strain SBW25 (ref. 15), and cultured at 28°C in 25-ml glass universals
with loose plastic lids, containing 6 ml of King’s Medium B (KB). An isogenic
population was produced by growing ancestral SBW25 for 18 h under shaken condi-
tions. Two diverse populations were created by culturing ancestral SBW25 for 4 d under
shaken and static conditions. The shaken and static diverse populations were used to
initiate experimental cultures subsequently exposed to shaken and static conditions,
respectively. Five disturbance frequencies were used: 6 pl of culture was transferred to
fresh medium every day, every second, fourth and eighth day, and not at all, during a
16-day period. Four isogenic and 4 diverse replicate populations were established for
each treatment in each environment (shaken and static). The experiment was
replicated, but with different starting populations. Diversity was measured as the
complement of Simpson’s index of concentration (1—\), calculated from approxi-
mately 100 colonies grown on KB agar plates: N = Ip;, where p; is the proportion of
the ith morph®.

Competition experiments

Six SM and 6 WS genotypes were isolated from 4-day-old cultures grown in static tubes
established from both the wild type and an SBW25 pantothenate-requiring auxotroph'®.
Each SM genotype was competed against an independent WS genotype with a different
genetic background at 100:1 and 1:100 ratios (a total of 10 cells per ml starting
populations) under the three disturbance regimes in static tubes containing 6 ml KB
medium supplemented with 0.0024% pantothenic acid, negating any fitness cost of the
panB mutation'®. Diversity (1—\) was calculated from the frequency of wild-type and
panB genotypes, and averaged across the two reciprocal competition cultures. Relative
fitness (W; Fig. 4) was calculated from the ratio of the estimated malthusian parameters
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(m) of the rare: common genotypes™, m = In (N;/N,), where Ny is the starting density and
N the final density (determined by counting at least 2,000 and 200 colonies, respectively
grown on vitamin-free KB agar supplemented with 4.8 X 10~°% pantothenic acid—on this
medium the pantothenate marked strain is readily distinguished by its greatly reduced
size).

Statistical analyses

Analyses were performed by stepwise deletion from full statistical models using GLIM 4;
non-significant terms (P > 0.1) were included in the error variance when calculating test
statistics of remaining terms™. The effect of disturbance frequency on (logit-transformed)
diversity in Fig. 3 was analysed separately for cultures in the shaken and non-shaken
environments. Experiment number (1 or 2) and base population (isogenic or diverse)
were fitted as 2-level factors, and log,(transfer rate + 1) fitted as both a linear and quadratic
covariate. For (logit-transformed) diversity in the competition cultures, both disturbance
frequency (high, low and intermediate) and genotype pair were fitted as factors.
Orthogonal contrasts were performed to determine whether diversity under high and low
disturbance differed™.
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