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Abstract

While many dynamic processes have been proposed to produce diversity differences
among communities, most empirical investigations focus on static system attributes.
An ideal analysis would consider multiple dynamic processes and their impact on
many community members, but such analyses can be logistically daunting. I
compared Markov chain models of ecological communities to explore general
processes leading to diversity differences of sessile species between coral reefs and
rocky intertidal mussel beds. As predicted by diversity theory, high diversity coral
reefs had lower species replacement probabilities and higher disturbance rates than
did lower diversity mussel beds. Intransitivities in species replacements, recruitment
limitation and responses to perturbing species from equilibrium (Jacobian elements)
did not differ significantly between systems. Tradeoffs between the displacement risk
or displacement ability of a species and either disturbance risk or colonising ability
were not apparent. Manipulating the coral reef model to eliminate disturbance or
intransitivities caused declines in species diversity, whereas removing recruitment
limitation or increasing the probability of interspecific replacement did not. Higher
overall disturbance levels can explain part of the diversity difference between systems,
but much remained unexplained, indicating that details of the pattern and strengths of
species interactions were probably extremely important.
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INTRODUCTION

Furthermore, large-scale analyses generally consider only
snapshots of species abundances, and focus on static

Ecologists have long been fascinated by the causes of the
vast differences in species diversity seen in different
habitats (Wallace 1876; Fischer 1960; MacArthur 1965,
1972). This interest has spawned numerous hypotheses
about the cause of variation in diversity (reviewed in
Ricklefs & Schluter 1993; Huston 1994). Pinpointing the
mechanisms underlying diversity patterns has been
challenging, however, because of the complexity of the
systems under study. Ecosystem complexity hampers
developing general conclusions of the causes of diversity;
detailed experimental studies generally can only tractably
evaluate mechanisms of coexistence among a few species
(e.g. Werner & Hall 1976; Pacala & Roughgarden 1985;
Pfister 1995), and these mechanisms may not characterise
the community as a whole or be responsible for the
diversity differences observed in different habitats. For
example, high water velocity in aquatic habitats may
represent a disturbance to some species but not to others.
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variables (e.g. latitude or altitude; Fischer 1960; Pianka
1966; MacArthur 1972; Currie & Paquin 1987; Stevens
1989; Roy er al. 1994) whereas many hypothesised
mechanisms involve dynamic processes such as distur-
bance (Connell 1978), colonisation rates (MacArthur &
Wilson 1967; Roughgarden er al 1988; Tilman 1994),
environmental fluctuations (Hutchinson 1961; Chesson &
Huntley 1997) and the strengths and nature of species
interactions (Paine 1966; May 1973; Buss & Jackson 1979;
McCann et al 1998). With the exception of system
primary productivity (reviewed in Rosenzweig &
Abramsky 1993), general characterisations of the dynamic
processes potentially involved in species coexistence are
rarely available (but see Simberloff & Wilson 1969).
Finally, multiple mechanisms which may affect species
diversity are rarely considered simultaneously. Ideally a
multispecies, multimechanism dynamic framework would

be used both to compare different systems and to evaluate
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the consequences to diversity of eliminating any differ-
ences in processes between systems, but obtaining the
necessary empirical information is logistically daunting.
Perhaps the most empirically accessible frameworks
meeting these criteria are Markov chain models of
communities (Waggoner & Stephens 1970; Horn 1975).
Here, I report a comparative analysis of Markov chain
models to illustrate one possible approach to explore the
relationship between species diversity and multiple
dynamic processes.

Marine benthic communities exhibit marked differences
in species diversity which have inspired several hypoth-
eses about the mechanisms determining diversity. For
example, coral reefs are some of the most diverse
ecosystems known (Connell 1978; Ayal & Safriel 1982;
Huston 1985; Ormond ez al. 1997), whereas temperate
mussel bed communities have prompted discussion on the
implications of species monocultures (Paine 1984). Several
factors have been suggested to control diversity in marine
benthic communities. Generally, strong interspecific
interactions, relative to intraspecific interactions, are
predicted to reduce species coexistence (Lotka 1925;
May 1973). Furthermore, skewed distributions of inter-
action strengths among species may facilitate species
coexistence (McCann et al 1998). Additionally, biotic or
abiotic disturbance has been proposed as an important
determinant of diversity by preventing dominant species
from monopolizing resources, as long as it is not so
intense that it drives species to extinction (Paine 19606;
Paine & Vadas 1969; Dayton 1971; Connell 1978; Sousa
1979; Paine & Levin 1981). A tradeoff generally is
predicted between displacement ability and disturbance
susceptibility of a species for disturbance to facilitate
coexistence (Levin & Paine 1974), but this is not necessary
in open systems (Wootton 1998). Recruitment limitation
has been postulated to reduce the intensity of species
interactions (Gaines & Roughgarden 1985; Roughgarden
et al. 1988; Connolly & Roughgarden 1999), thereby
facilitating coexistence, although extremely low recruit-
ment could directly limit the number of species present
(Menge & Sutherland 1987). Additionally, recruitment
limitation can promote high species coexistence in models
with strong asymmetric competition when there is a
tradeoff between displacement ability and colonisation
ability of a species (Tilman 1994). Furthermore, intransi-
tivities in species dominance patterns, such as competitive
reversals or situations where a competitive subordinate of
a species can beat the competitive dominant of the same
species, have been proposed to lead to species coexistence
in marine benthic habitats (Buss & Jackson 1979; Tanner
et al. 1984, but see Quinn 1982).

Markov chain models are derived from a time series of
censuses of multiple fixed points in space, where the

ecological state of each point is characterised at each
census. Ecological states might include different species or
combinations of species, different size classes or empty
space. One can derive from these data transition
probabilities that points in one ecological state will either
remain in that state or change to another state over the
next census interval. Although transition probabilities are
not explicit descriptions of different processes, they are
likely to reflect different processes. Transitions to empty
space reflect disturbance, transitions from empty to
occupied space reflect colonisation rates, and transitions
from one species to another may reflect species interac-
tions. The correspondence may not be perfect, however,
because multiple transitions might occur over shorter time
scales than those used to derive transitions or may involve
species which were not included in the model. For
example, the transition of one species to another over a
long time scale might arise from a transition to empty
space over a shorter interval, followed by rapid colonisa-
tion of space by another species. Recently, detailed
Markov models of an Australian coral reef (Tanner et al.
1994) and a Washington mussel bed community (Woot-
ton, in press) have become available. Here, I illustrate
how Markov models might shed light on processes
leading to different diversity levels between systems by
comparing the mussel bed and coral reef models and
asking (1) how their structure differs in relation to
differences in species diversity between these two systems
and (2) whether eliminating general differences in
structure can lead to predicted changes in diversity similar
to the observed variation in diversity between systems.

METHODS

Methods of parameterising the coral reef Markov chain
models ate described in detail by Tanner et al (1994).
Briefly, the study took place at Heron Island, Queensland,
Australia. Starting in 1962 and continuing through 1989 at
approximately two-year intervals, quadrats were placed at
fixed points in wave-exposed reef crest, wave-exposed pool
and wave-protected reef crest habitats and photographed.
The photographs were then analysed in the lab by placing a
grid over the quadrat to determine the ecological state
(species, bare rock) at each point at each census. The
transitions from one ecological state to another in
consecutive censuses were then incorporated into three
separate models for different habitats, depending on where
the data were collected: wave-exposed reef crest (z = 9522
transitions), wave-exposed pool (7= 11 233 transitions)
and wave-protected reef crest (7 = 20 245 transitions).
Details of the paremetrisation of the mussel bed Markov
chain have been described by Wootton (in press). This
study was carried out in the rocky intertidal zone of
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Tatoosh Island, Washington state, located off the north—
western tip of the Olympic Peninsula (see Paine & Levin
1981 for details). In this study, quadrats (15 quadrats with
100 points each, one of which was lost after 1 year) and
transects (11 transects with 30 points each) were placed at
fixed locations and orientations on wave-exposed hot-
izontal rock benches in the spring (late May) and early fall
(late August to early September) from 1993 to 1998 and
each of the fixed points was censused visually for the
ecological state occurring under it. The approximately 17
700 transitions among ecological states between consecu-
tive censuses derived from these data were then pooled
and incorporated into a Markov chain with annual
transitions generated from the product of two seasonal
matrices. Predictions of this model were tested against, and
successfully matched, both the natural community on
horizontal benches, and communities arising under several
novel conditions (experimental bird exclusions, vertical
walls) after appropriately manipulating the model (Woot-
ton, in press). Therefore, analysis of these models to
understand factors affecting species diversity is reasonable.

The two systems differ markedly in species diversity
indices. Species richness at the coral reef site (81 coral and
algal species recorded during the Tanner et al. 1994 study)
was higher than the mussel bed (32 sessile species
recorded in the Wootton, in press study). The coral reef
also had higher evenness in the abundance of taxa (mussel
bed = 0.165; exposed crest coral reef = 0.492, exposed
pool coral reef = 0.458). These differences in species
diversity index suggested that it was worth comparing the
Markov chain models of the two systems to determine
whether their structures differed in a manner consistent
with several species diversity hypotheses.

The models were compared in several ways to test
particular diversity hypotheses using Kolmogorov—Smir-
nov tests (Sokal & Rohlf 1995) to examine overall
differences in distribution. If the distributions differed
between habitats, Mann—Whitney U-tests were used to
evaluate differences in central tendency, and the distribu-
tions were examined for skewness and kurtosis (Sokal &
Rohlf 1995). Because the models were derived from small-
scale quadrats within well-defined habitats, the analysis of
diversity in these models is at the local scale (alpha
diversity). I only examined the wave-exposed coral reef
models, because the intertidal model was derived from
wave-exposed sites. Additionally, because of the differ-
ence in census intervals between the coral reef and mussel
bed study, the annual transition matrix for the mussel bed
was multiplied by itself to reflect expected transitions over
a two year interval. To aid in the analyses and their
presentation, the transition matrices from each study were
restructured so that transitions involving empty space
were contained in the last row and column (see Table 1),
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and taxa were ordered by increasing displacement ability,
defined as the average of the transitions from other taxa to
the target taxon (see Table 1). I tested different diversity
hypotheses as follows.

To test the hypothesis that stronger interspecific
interactions among sessile species lead to lower diversity,
I compared the distribution of the total probability of
displacement by other species across each taxon between
the two habitats (Table 1). More intense interspecific
interactions should produce higher rates of interspecific
displacement, particularly as a result of competitive
displacement. I also calculated the net short-term effect of
perturbing each taxon away from steady state on the other
members of the community. This measure is conceptually
equivalent to estimating the elements in the ‘““Jacobian
Matrix,” the index of interaction strength originally
explored in May’s (1973) analysis of the effects of species
diversity on food web stability. T altered the stable stage
distribution for the mussel bed or coral reef transition
matrices by shifting 1% cover from empty space to a target
taxon, and then multiplied the resulting vector by the
transition matrix to project the expected change in the
cover of each taxon in the following two year interval (see
Table 1). This procedure mimics the PULSE experimental
protocol suggested by Bender er al. (1984) for estimating
Jacobian elements. I explored both raw estimates of the
Jacobian elements and standardised estimates derived by
dividing by the magnitude of the estimated intraspecific
elements. The interaction strength hypothesis (May 1973)
predicts that the coral reef should have lower interspecific
displacement rates and lower magnitude Jacobian elements.
The skewed interaction strength hypothesis (McCann ez 4/.
1998) predicts that the coral reef should have a greater skew
than does the mussel bed.

I explored two aspects of the hypothesis that
disturbance affected diversity. First, I examined whether
the distribution of probabilities of a taxon being replaced
by rock over two years was different between the two
habitats (Table 1). Because the coral reef model had fewer
ecological states (9) than the mussel bed model (14),
transitions would be expected to be higher in the coral
reef model due to chance. Therefore, I tested transitions
after multiplying those in the coral reef models by 9/14.
Because previous coral reef studies emphasised distur-
bance as a mechanism promoting diversity (Connell 1978;
Tanner et al. 1994), T expected higher disturbance rates in
more species-diverse coral reefs than in mussel beds. I
also tested for the tradeoff between disturbance suscept-
ibility and displacement ability hypothesised in several
models of disturbance-facilitated diversity. To evaluate
this prediction, I plotted the transition probability that a
taxon was replaced by bare space after two years against
either (1) the displacement ability of a species or (2) the
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Table 1 Summary of Markov chain model structure, indices compared between models, and model manipulations used in the paper

General Model Structure

Xi11 = P * X}, where X; is a column vector describing the proportion of points in different ecological states () at a given time ¢, and
P is a square matrix containing transition probabilities (p;;) in the i-th row and j-th column, defined as the probability of a point in
ecological state j at time ¢ being in state ¢ at the next census (time ¢ 4 1). P has dimension §' 4 1, whete .S is the number of taxa in the
model. Column and row S + 1 contain transition probabilities of points either starting from empty space or ending up as empty space,

respectively. Taxa in P were arranged from lowest to highest displacement ability, defined for taxon ¢ as

s S+1
(X pii/(S—1);i# 7). Al S pij =1, and pi; >0
=1 i=1

The eigenvector of the dominant eigenvalue of P gives the predicted equilibrium community composition.

Indices compared between models
Displacement Risk: for taxon 4, defined as

(1 = pjj — P(s+1)j Z Pij;t 7# )

Jacobian Elements. predlcted change after one census interval of taxon i from steady state (2]) as a result of a small change (A) in taxon j

(0f;/0x;), calculated as:

[ 8f1/c’“)xj 1 I @] 1 i z |
Of;/0x; x;‘ z;
S I T -
af;/0x; 33;+A :E;-Q-A
LOfs41/0x; ] _$§+1 7A_ _$g+17A_

For interspecific (i # j < S+ 1) elements, df;/0x; simplifies to (pij — prs11);) A

Disturbance Rate: For taxon j, defined as p(g41);.
Colonisation/Recruitment Ability: For taxon 1, defined as pj(g11).
Transition Intransitivity. I = p;j/(pij +pji);i < j< S+ 1.

Model manipulations (modified transition probabilities indicated by p):

Shannon’s Diversity Index calculation: D = 1/ Z zi/(1 —z501)°

state. i=1

Increase displacement risk: For each taxon j, p;i =0. 2 % pijs Dif = Dij + pij * 0.8/(1 — pjj —
Remove recruizment limitation: p(sy1ys+1) = 05 Pis+1)’ = Pics+1) T Prs+1)(s+1) * Pics+1)/ (1 — D(ss1)(s+

, where x; is the proportional abundance of ecological state ¢ at steady

P(S4+1)j), Where i # 7, and 4,5 < S+ 1.
)i <S4+ 1.

Eliminate disturbance: row and column S+ 1 deleted; i = pij + pij * ps1);/ (1 — Pessny)- 1

Remove transition intransitivity. For i < j < S+1,p;// =0; for S+1>14 > j,p;i' =pij* (1 +

[Z q7/ Z quD

q=1 q=J

displacement risk of a species, defined as the probability
of displacement of the target taxon by other taxa (see
Table 1). 1 used Spearman rank correlations (Sokal &
Rohlf 1995) to determine whether a significant positive
association existed between disturbance rate and dis-
placement ability, and whether a significant negative
association existed between disturbance rate and dis-
placement risk. Because columns in the transition
matrices must sum to 1, the probability of disturbance
and displacement risk by other species might be
negatively correlated due to chance. I used Monte Carlo
procedures to verify that any negative correlations did
not arise by chance, by comparing the relationship
between disturbance probability and displacement risk

in 100 matrices with the observed transitions randomly
reshuffled within each column.

To examine the hypothesis that recruitment limitation
produces diversity differences, I tested whether distribu-
tions of transitions from empty space to various taxa (see
Table 1) were different in coral reefs than in mussel beds.
Again, coral transitions were adjusted by 9/14 to eliminate
effects due to different numbers of taxon categories in the
different models.

To test the hypothesis that a tradeoff between
recruitment probability and the ability to displace other
species leads to larger numbers of coexisting species, I
plotted the relationship between the probability that a
taxon colonised bare rock and either the taxon’s
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displacement ability or displacement risk (Table 1).
Relationships between the variables were tested with
Spearman rank correlations. The recruitment—displace-
ment hypothesis predicts a negative relationship between
recruitment probability and displacement ability, and a
positive relationship between recruitment probability and
displacement risk. Furthermore, the coral reef is expected
to show stronger relationships than the mussel bed.

I tested the hypothesis that intransitivities, or displace-
ment reversals, promoted species diversity by comparing
the asymmetry of transitions from one taxon to another
and vice versa (see Table 1). An intransitivity index (J)
was calculated for each pair of taxa in a matrix (Table 1).
Transitions involving empty space and self-self (p;;) were
not included. Because the transition matrix was ordered
by increasing displacement ability, / provides a measure of
the intransitivity of displacement among taxa. If displace-
ment is perfectly hierarchical, /= 0 for all pairs of taxa. If
transitions among pairs of taxa are completely symme-
trical (all p; = py), 1= 0.5. 1f 0.5 < I < 1, a transition in
the opposite direction of the overall hierarchy of
displacement ability is indicated. I compared the distribu-
tion of intransitivities among pairs of taxa. The intransi-
tivity hypothesis predicts that the intransitivity index
should be higher in the more species diverse coral reef
than in the mussel bed.

Comparisons of the structure of the coral reef and
mussel bed models only indicate whether particular
hypotheses about the causes of diversity differences are
plausible. T modified the models to explore whether
diversity differences might be explained by the effects of
strong species interactions, disturbance, recruitment
limitation and the intransitivity of interactions. In each
analysis, transitions of interest were adjusted to target
values, and the remaining transitions were then changed
proportionately so that the sum of each column in the
transition matrix was 1. The predicted long-term
composition of ecological states was then calculated for
the modified model, and the percentage change in taxa
diversity, based on Simpson’s Diversity Index (Simpson
1949) was determined from the prediction.

I modified the models in the following specific ways
(see Table 1). To test the effect of eliminating intransitiv-
ities in species replacements, I set all transitions above the
diagonal of the transition matrix involving different pairs
of taxa (i.e. not involving bare space or self-self
transitions) to 0. To test the effect of variation in
colonisation ability among taxa, I set the probabilities of
colonising bare space equal across all species while leaving
unchanged the probability that bare rock remained bare
rock. To test the effect of recruitment limitation, I set the
probability that bare space remained empty to 0. To test
the effect of disturbance, I deleted bare space as a possible
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state in the matrix. To test for the effects of high species
replacement rates, I reduced the probability that a site
occupied by an organism would remain in the same state
by 80% and allocated the difference from the original self-
self transition proportionally to the transitions from one
organism to another. The change in self-self transitions
was based on the average percent difference observed
between the coral reef and mussel bed models. For the
mussel bed models, I evaluated the effect of changing time
scales by modifying both the model describing transitions
over two years, and the seasonal transition matrices upon
which the model was originally based.

RESULTS

Are stronger or less skewed interspecific interactions
associated with lower diversity?

Patterns of transitions in the models of coral reefs and
mussel beds suggested more intense interspecific interac-
tion in mussel beds, in agreement with theory. The
probability of displacement of one taxon by another taxon
over a two-year interval in the mussel bed averaged 4.5
times higher than the coral reef, and the distribution of
displacement probabilities was significantly different
between the two systems (Fig. 1a, Kolmogorov—Smirnov
test, D= 0.923, P < 0.0001; U-test, P < 0.0001). The
distribution of average displacement risks was highly
skewed in the mussel bed (skewness = —3.00, P < 0.001;
Sokal & Rohlf 1995), but not in the coral reef
(skewness = 0.36, P> 0.2). Mussel beds had many high,
but a few very low, displacement risks.

In contrast to probabilities of replacement by other
species, estimates of Jacobian elements did not indicate
stronger mean interaction strength among sessile organ-
isms in mussel beds nor lower skewness in mussel beds.
The distribution of magnitudes of estimated Jacobian
elements differed for both raw and standardised values
(D=0.234, P<0.002 and D= 0.313, P < 0.0001, re-
spectively), but mean magnitudes of raw and standardised
Jacobian elements were 50% higher in coral reefs (U-tests,
both P < 0.0005), contrary to the interaction strength
hypothesis. The difference in distributions also resulted
from the higher skewness in the magnitude of elements
from mussel beds (3.746 and 4.138 for raw and
standardised values, respectively) than coral reefs (1.893
and 2.711, respectively), with mussel beds having many
small and a few large elements.

Does disturbance differ between systems?

Comparisons between habitats of transitions to bare rock
indicated that disturbance was substantially higher on
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average abilities of particular taxa to replace other taxa.

coral reefs than in mussel beds. The probability that a site
occupied by an organism became bare rock after two years
was 5.8 times higher on coral reefs than in mussel beds
(Kolmogorov—Smirnov test, D=1, P < 0.0001; U-test,
P < 0.0001; Fig. 1d). There was no evidence of a positive
relationship between displacement ability and disturbance
risk in either habitat; the relationships among the
variables were negative in both habitats (Fig. 2a, Table
2). Similarly, there was no evidence of a negative tradeoff
between interspecific displacement and disturbance risk in
either habitat; the relationships among these variables
were positive in both habitats (Fig. 2b, Table 2).

Does recruitment limitation differ between systems?

Evidence for differential recruitment between the two
habitats was weak. Although the probability of bare rock

being occupied by an organism after 2 years was 3.6 times
higher in the mussel bed than on the coral reef,
suggesting greater overall recruitment intensity in that
habitat, the distribution of recruitment rates did not
differ significantly between habitats (Fig. e, Kolmogor-
ov—Smirnov test, D = 0.394, P> 0.1). Contrary to
expectations, the relationship between the displacement
ability of a taxon and its colonising ability was not
negatively related (Fig. 3a, Table 2), nor was the
relationship between displacement risk and colonising
ability positively related (Fig. 3b, Table 2).

Is greater diversity associated with higher intransitivities?

Patterns of intransitivity in transitions among taxa did not
support the hypothesis that intransitivities lead to higher
diversity on coral reefs. The distribution of intransitivities
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Figure 3 Relationship between colonisation ability of a taxon
(probability that a taxon colonises bare space after two years) and
cither (A) its average probability of displacing another taxon
(displacement ability) or (B) its probability of being displaced by
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Table 2 Matrix of Spearman
rank correlation coefficients
between indices of displace-
ment ability or displacement
risk and disturbance or co-

lonisation rates. Note that  Mussel bed (n = 13)

all coefficients are in the
opposite direction of those
predicted by tradeoff hy-
potheses (all one-tailed P-

Colonisation rate Disturbance rate
Displacement Displacement Displacement Displacement
Habitat ability risk ability risk
0.989 —-0.978 —0.533 0.478
Coral reef
Combined (n = 16)  0.929 —-0.262 —0.480 0.438
Crest (n = 8) 0.929 —0.381 —0.429 0.595
Pool (n = 8) 0.850 —0.810 —0.695 0.500

values > 0.5). The negative

relationship between distur-
bance rate and displacement
risk expected by chance is
also not realised
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differed significantly between coral reefs and mussel beds
(Kolmogorov—Smirnov test, D = 0.256, P < 0.04), but
the mean and median intransitivity of transitions among
pairs of taxa were 1.1 and 1.8 times higher in mussel beds
than in coral reefs, respectively (U-test, P < 0.04; Fig. 1f).
Aside from having lower average intransitivity, coral reefs
exhibited (skewness = 1.498,
P < 0.05), with many very low and a few relatively high

skewed intransitivity
values. Two of the six coral reef cases with intransitivity
indices > 0.5 were based on 1 and 7 observations,
however; thus sampling error could have strongly
influenced these estimates.

Effects of model manipulations

Altering models to reflect differences in processes between
coral reefs and mussel beds yielded differing effects on
diversity (Fig. 4). In general, the directional changes in
diversity resulting from different types of model manipula-
tions were concordant between coral reefs and mussel beds,
although the magnitudes of the responses varied. Eliminat-
ing intransitivities among species reduced diversity in both
mussel beds and coral reefs, and did so slightly more
strongly in mussel beds (Fig. 4). Excluding variation in
colonisation ability had minimal effects on mussel beds, but
caused large increases in coral reef diversity. Removing
recruitment limitation had no appreciable effect on diversity
in either system. Eliminating disturbance lowered diversity
in mussel beds slightly, and reduced diversity in coral reefs
by up to 28%, with a stronger effect in pools than on the
reef crest. Increasing the probability of species replacement
caused slight increases in diversity in mussel beds, and
strong increases in diversity in coral reefs. For all model
variants considered, the results of the mussel bed analysis
were insensitive to whether the model was based on
seasonal transitions or transitions over a two year period.

M Mussel bed: seasonal matrix
B Musscl bed: 2 year matrix
Coral reef: exposed crest
B Coral reef: exposed pool

48 4

16 4

% Change in Diversity

-32 T T T T T

No Intransitivity Equal No Recruitment  No Disturbance High Species
Colonization Limitation Replacement

Model Manipulation

Figure 4 Percentage change in taxon diversity predicted from
various manipulations of the coral reef and mussel bed models.

DISCUSSION

Comparisons between the structure of Markov chain
models suggested several processes might contribute to
diversity differences between mussel beds and coral
reefs. Rates of species replacement were substantially
higher in the lower diversity mussel bed, consistent with
the proposition that high intensities of interactions
among species might destabilise communities, leading
to lower diversities (May 1973). Conversely, strengths of
species interactions measured by estimates of Jacobian
elements tended to be higher in the high-diversity coral
reef. Rates of disturbance were substantially lower in
mussel beds, supporting suggestions that disturbance can
enhance diversity on coral reefs (Connell 1978; Tanner et
al. 1994). Mussel beds also had higher rates of
colonisation of bare rock, suggesting that they were less
recruitment limited, which might increase intensities of
interactions among organisms and higher interspecific
displacement rates as a consequence (Underwood &
Denley 1984; Menge & Sutherland 1987; Roughgarden
et al. 1988). The evidence of recruitment limitation was
equivocal at best, however, because the observed
distributions in colonisation of bare space were not
statistically different at the 0.05 level.

In contrast, several hypotheses for explaining diversity
differences were not supported by the model comparisons.
Although the distribution of interaction strength indices
differed between systems, mussel beds had more skewed
distributions, contrary to theoretical expectations
(McCann et al. 1998). There was no evidence that a
tradeoff between colonising ability and displacement
ability promoted diversity in either habitat (e.g. Levin
& Paine 1974; Werner & Platt 1976; Petraitis et al. 1989;
Tilman 1994; Pfister 1995, 1996; Hubbell ez al. 1999). In
both mussel beds and coral reefs, there was a positive
association between the two. There was also no evidence
that intransitivities among species promoted higher
diversity in coral reefs, as has been suggested by others
(Buss & Jackson 1979; Tanner er al. 1994). The average
intransitivity in transitions among pairs of taxa tended to
be lower in mussel beds.

Although model comparisons suggested that several
mechanisms might contribute to diversity differences,
analysis of manipulated models indicated that not all of
the mechanisms were likely to play an important role.
Eliminating recruitment limitation had no effect on
diversity in either system, raising doubt that it has a
major effect on differences between systems. Additionally,
increasing the average rates of species replacement
actually increased diversity in the models, in opposition
to predictions that the intensity of interactions among
species tends to reduce diversity. As expected in theory
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(Tilman 1994), the positive association between colonisa-
tion ability and displacement ability reduced diversity,
particularly in coral reef systems. Although removing
intransitivity from the models suggested that it could
promote species diversity, this mechanism probably did
not contribute to differences in diversity between mussel
beds and coral reefs both because it had a stronger effect
on mussel beds, and because the degree of intransitivity
tended to be higher in mussel beds.

Model analysis and manipulations indicated that
disturbance could contribute to higher diversity in coral
reefs relative to mussel beds. Aside from the observation
that the probability of occupied sites becoming bare
space was substantially higher in coral reefs than mussel
beds, eliminating disturbance from the coral reef models
caused declines in diversity in modified models ranging
from 8 to 28%. Taken together, these observations
support the important role suggested for disturbance for
community diversity in general (e.g. Paine & Vadas
1969; Horn 1975; Platt 1975; Sousa 1979). Previous
studies of the coral reefs considered here have empha-
sised an important role for disturbance (Connell 1978;
Tanner er al. 1994). For example, Tanner et al. (1994)
found that, for the index of model sensitivity they used,
transitions associated with disturbance had some of the
largest effects on predicted steady state composition of
the system. Although these studies have emphasised an
important role for disturbance on diversity, they did not
establish that disturbance was higher than in other
systems, because of a lack of information, and did not
determine whether altering disturbance regimes in
theory affected taxa diversity.

Because transition probabilities are abstract indices of
disturbance, the precise mechanisms leading to differ-
ences in diversity between coral reefs and mussel beds
are not clear. Models of both systems were derived from
relatively wave-exposed sites, so the effects of wave
disturbance on differences in diversity might be mini-
mised. Prior work in the coral reef system has
emphasised periodic disturbances imposed by typhoons
(Connell 1978; Tanner et al. 1994), although previous
analysis of the coral reef models found no separation in
steady state predictions from matrices derived from years
with and without typhoons (Tannet er al. 1994). Perhaps
the differences between systems are instead a result of
chronic effects of biotic disturbance agents, such as
parrotfish (Scaridae; Bellwood 1995; Miller & Hay
1998), crown of thorns starfish (Acanthaster planci
[Linnaeus]; Colgan 1987; Birkeland 1990) or other
consumer species. The mussel beds in the middle
intertidal zone of Tatoosh Island lack such effective
consumers, particularly on the dominant species Mytilus
californianus (Conrad).

©2001 Blackwell Science Ltd/CNRS

Although between-system patterns suggest an impot-
tant role of disturbance on diversity, disturbance differ-
ences are not the entire explanation. Eliminating
disturbance entirely from coral reef models caused only
an 8-28% reduction in diversity, but declines in diversity
of 60-70% are required to attain the levels seen in the
mussel bed community. A substantial amount of the
diversity difference between systems remains to be
explained. There may be general differences lurking in
the empirically based models that I either have not
identified or have not been able to adequately evaluate in
modified models. Finding such general patterns might
lead to new hypotheses of the causes of diversity
differences among systems. For example, I noted general
differences in the shape of distributions of the intransitiv-
ities of transitions among species pairs. Such distribution
differences might explain further the differences seen
between systems, but they are hard to impose on a
modified Markov model. Additionally, differences in
species richness may have been shaped in part by historical
differences in species origination and extinction rates (e.g,
Connor 1986; Kauffman & Fagerstrom 1993). Markov
models do not shed insight into such processes unless,
perhaps, they are applied to the fossil record. In this
study, diversity differences between coral reefs and mussel
beds arose in part from differences in the evenness of
species abundances, which are likely to arise from
ecological rather than historical processes. Environmental
fluctuations might also play a role in maintaining
diversity. Although not considered in this paper, previous
analyses of temporal variation in these models (Tanner et
al. 1994; 1996; Wootton, in press) found they had minimal
effects on model predictions.

Finally, the expectation that general processes can
explain diversity levels within a community or major
diversity differences among ecosystems may be wishful
thinking. Instead, the details of the pathways and
strengths of species interactions, and their interplay with
the physical environment, may explain the majority of the
differences in species diversity among systems. For
example, I have evaluated the response of predicted
diversity levels to 50% reductions in each transition in
these models, but have found no general patterns, aside
from the fairly obvious result that increasing the
displacement rates of subordinate species and decreasing
the displacement rates of dominant species will lead to
lower diversity. In any event, results of this study suggest
that taking Markov chain models, or other multiprocess,
multispecies approaches to exploring species diversity
may be a promising and fruitful way to evaluate whether
general diversity-controlling mechanisms exist or whether
the details of community structure hold the key to
understanding diversity.
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