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Abstract
N eu tra l m o d e ls  a n d  d iffe ren tia l r e sp o n s e s  o f  sp e c ie s  to  e n v iro n m e n ta l  h e te r o g e n e i ty  o ffe r  c o m p le m e n ta ry  e x p la n a tio n s  o f  
sp e c ie s  a b u n d a n c e  d is tr ib u tio n  a n d  d y n a m ic s . U n d e r  w h a t  c ir c u m s ta n c e s  o n e  m o d e l p rev a ils  o v e r  th e  o th e r  Is still a  m a t te r  
o f  d e b a te .  W e s h o w  th a t  t h e  d e c a y  o f  s im ilarity  o v e r  t im e  In rocky  s e a s h o re  a s s e m b la g e s  o f  a lg a e  a n d  In v e r te b ra te s  sa m p le d  
o v e r  a  p e r io d  o f  16 y e a rs  w a s  c o n s is te n t  w ith  th e  p re d ic t io n s  o f  a  s to c h a s tic  m o d e l o f  e c o lo g ic a l d rift a t  t im e  sc a le s  la rg e r  
th a n  2 y ea rs , b u t  n o t  a t  t im e  sc a le s  b e tw e e n  3 a n d  24  m o n th s  w h e n  sim ilarity  w a s  q u a n tif ie d  w ith  a n  In d ex  th a t  re fle c te d  
c h a n g e s  In a b u n d a n c e  o f  ra re  sp e c ie s . A field  e x p e r im e n t  w a s  p e r fo rm e d  to  e x a m in e  w h e th e r  a s s e m b la g e s  r e s p o n d e d  
n e u tra lly  o r  n o n -n e u tra l ly  to  c h a n g e s  In te m p o ra l  v a r ia n c e  o f  d is tu rb a n c e . T h e  e x p e r im e n ta l  re su lts  d id  n o t  re je c t n e u tra lity , 
b u t  Id en tified  a  p o s itiv e  e f fe c t o f  I n te rm e d ia te  levels o f  e n v iro n m e n ta l  h e te r o g e n e i ty  o n  th e  a b u n d a n c e  o f  ra re  sp e c ie s . This 
e ffe c t t r a n s la te d  In to  a  m a rk e d  d e c re a s e  In th e  c h a ra c te r is tic  t im e  sc a le  o f  sp e c ie s  tu rn o v e r , h ig h lig h tin g  th e  ro le  o f  rare  
sp e c ie s  In d riv in g  a s s e m b la g e  d y n a m ic s  In f lu c tu a tin g  e n v iro n m e n ts .
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Introduction

Explaining the causes o f variation in patterns o f distribution and  
abundance o f species w ithin and  betw een habitats has proved  to 
be a  form idable task for ecologists, due to the com plexity o f 
ecological systems [1]. H ubbell’s neu tra l theory of biodiversity [2] 
has renew ed the interest over two long-standing views of 
assem blage dynam ics that contrast determ inistic versus stochastic 
processes [1,3]. Determ inistic m odels em phasize differences in 
species’ life histories that translate into differential competitive 
abilities an d  resource requirem ents [4-6]. Stochastic m odels stress 
that changes in assemblages result p redom inantly  from  random  
variation in the fundam ental biological processes o f  birth , death  
and  m igration [2,7], so that differences am ong species in life- 
history traits m ay be neglected. It is im portan t to note th a t whilst 
the neutral theory  o f biodiversity is a  stochastic theory  an d  it 
assumes that species have the same rates o f death  and  
reproduction  on a  pe r capita  basis [2], stochastic m odels do not 
necessarily negate species differences. As shown by recent 
theoretical w ork [8], stochastic processes can  be in troduced into 
determ inistic com petitive m odels, bridging a  gap betw een classic 
niche theory and  neu tra l views o f assem blage dynamics.

N eutrality  implies that environm ental heterogeneity  does not 
translate into differential probabilities o f  success for individual 
species [2,9]. ETnder neutrality, stochastic events o f death  and  
colonization o f individuals coupled with dispersal lim itation result 
in ecological drift -  i.e. au tocorrelated  patterns o f species 
abundances and  assemblage tu rnover in space and  time.

Ecological drift has provided a  benchm ark  for em pirical tests o f 
neutrality  based  on  observational da ta  [3,7,10,11],

Ecological drift is no t the only m echanism  that can  explain 
gradual changes in com position and  abundance of species in space 
and  tim e. T he differential response o f species to environm ental 
heterogeneity  can also produce autocorrelated  patterns o f 
variation  in assemblages [12-14], D istinguishing betw een these 
alternatives requires coupling correlative analyses o f assemblage 
dynam ics over large spatial and  tem poral scales with m ore focused 
experim ental tests o f the influence o f environm ental variance on 
species abundance distributions an d  dynam ics [3,14,15].

Correlative studies have a central role in tests o f neutrality  and  
novel analytical techniques are continuously developed to enable 
the fit o f  neutral and  non-neu tra l m odels to observational data  
[16-19], A causal understand ing  o f the m echanism s underlying 
assem blage dynamics, however, requires m anipulative experi­
ments. T o  our knowledge, only two studies have provided 
experim ental tests o f the neu tra l theory and  b o th  have provided 
evidence against it [6,20], Because neu tra l and  non  neutral 
dynam ics m ay be seen as the two extrem es o f a  continuum  of 
explanatory models, integrating determ inistic and  stochastic views 
into a synthetic theory seems a  m ore sensible approach  to im prove 
our understand ing  o f assemblage dynam ics th an  m aintain ing  
conceptual dichotom ies [11,21-26], T o  achieve this integration it 
is necessary to understand  at w hat scales and  for w hich taxa the 
assum ption of ecological equivalence holds.

H ere  we com bine a  study o f tem poral change in assemblages o f 
algae and  invertebrates o f rocky seashores over a  period o f 16

PLoS ONE I www.plosone.org 1 July 2008 I Volume 3 | Issue 7 | e2777

mailto:lbenedetti@biologia.unipi.it
http://www.plosone.org


Rare Species Dynamics

years, w ith an  experim ental analysis o f the influence o f tem poral 
variability o f disturbance on  these assemblages. W e use the 
observational data  to test the prediction  that observed tem poral 
patterns o f decay in  similarity w ould be undistinguishable from 
those generated  by a  neu tra l m odel based on  ecological drift under 
realistic patterns o f na tu ra l disturbance, if neutrality  holds. W ith 
the experim ental data  we test the hypothesis that, under neutrality, 
assemblages w ould no t be  affected by  changes in tem poral 
variance o f d isturbance (the clustering o f events in time), provided 
that overall intensity o f disturbance (i.e. the total num ber o f events 
and  their m agnitude over a  given period  o f time) does not change 
with levels o f  variance. T his hypothesis is based  on  the argum ent 
that neu tra l assem blage dynam ics depend  on  death  and  
colonization events that are  a  function o f the num ber o f 
individuals rem oved by  disturbance, in addition  to dispersal 
lim itation. Thus, in a  series o f disturbances, it is the overall 
intensity o f  events that should m atter, not the tem poral variance of 
the series [15]. H ow ever, the extent to w hich neutrality can  be 
tested by exam ining assemblage responses to environm ental 
stochasticity is unclear [27]. W e substantiate ou r conjecture by 
showing w ith simulations that tem poral variance of disturbance 
has no effect on species rank-abundance curves under neutrality, 
either un d er constant or variable rates o f im m igration [28], 
Furtherm ore, we consider that tem poral variance o f disturbance 
elicits non-neu tra l responses only if it modifies species abundance 
distributions by influencing the probability  o f occurrence of 
individual species o r groups o f species, consistently with the 
definition o f neutrality.

T o  test w hether the response o f assemblages to changes in 
environm ental variance is consistent w ith neutrality  o r deviates 
from  it, we fit to the experim ental da ta  bo th  the dispersal 
unlim ited an d  dispersal lim ited versions o f the neutral theory of 
biodiversity [2], reflecting m eta and  local com m unities, respec­
tively. W e consider bo th  m odels because the distinction betw een 
large and  local patterns o f species abundance based on dispersal 
becom es artificial in continuous landscapes [28], so we have no a n;
priori expectation o f which, if  any, o f the two m odels w ould be  the 2
m ost appropria te  for our assemblages. I f  neutrality  holds, however, 
tem poral variance of d isturbance w ould have no effect on  species 
abundance data, so the outcom e o f the com parison o f the two 
models should be  the same across experim ental levels o f tem poral 
variance of disturbance.

C hanges in tem poral variance o f d isturbance m ay have long­
term  effects on  assemblage dynam ics if  they affect the probability  
o f  occurrence o f species. Theoretical studies an d  laboratory  
experim ents have indicated that negative density-dependence in 
population  grow th m ay reduce the risk o f extinction and  increase 
population  abundance o f rare species during  long periods o f 
adverse environm ental conditions, w hich are m ore likely to occur 
under high levels o f  environm ental variance [14,29,30], Analytical 
treatm ents have also shown th a t the m agnitude o f density- 
dependence processes relative to dem ographic stochasticity is an 
im portan t determ inant o f the tem poral dynam ics o f an  ecological 
system [31]. W e apply the procedures outlined by Azaele et al.
[31] to the experim ental da ta  to test w hether environm ental 
fluctuations increase assem blage turnover, as it w ould be  expected 
if negative density-dependent effects operated  in the system. 
D ensity-dependent regulation w ould enable depauperated  po p u ­
lations to recover quickly after a  d isturbance until ano ther 
d isturbance resets abundances to low values. Increasing the 
tem poral variance o f disturbance w ould therefore lead  to larger 
tem poral fluctuations in species abundance com pared to circum ­
stances in w hich disturbances w ere distributed m ore regularly in 
tim e or in the absence o f density-dependent regulation.

Results

Observational data: tem pora l  changes  in assem blages
A total o f 68 species were identified over the course o f the study. 

Analyses that focused on the m ost abu n d an t species [using the 
Bray-Curtis index, see eq. (1) in M aterials and  M ethods], revealed 
a good correspondence betw een observed and  m odeled da ta  with 
two possible exceptions occurring a t the smallest tim e scale (3 
months), w here the neutra l m odel pred ic ted  h igher (but uncertain) 
correlation com pared to observed data, and  betw een tim e lags 4 
and  5, w here the m odel slightly underestim ated  observed 
correlations (Figure 1). A very similar result was obtained using 
the Ja c ca rd  index o f similarity [eq. (2) in M aterials and  M ethods], 
w hich em phasized com positional changes in assemblages (Figure 
SI). In  contrast, analyses based on  the Squared  C o rd  D istance 
index [eq. (3) in M aterials and  M ethods], w hich em phasized 
differences in abundance o f ra re  species, indicated that the neutral 
m odel estim ated tem poral autocorrelation  correctly at the shortest 
tim e scale and  a t tim e scales larger th an  24 m onths (from tim e lag 
8 onwards), while it underestim ated  autocorrelation  betw een 3 and  
24 m onths (Figure 1). For this period, M antel’s coefficients derived 
from  sim ulated da ta  w ere outside the 95%  confidence intervals for 
the coefficients obtained from  the observed data. T h e  level o f 
underestim ation  increased w ith increasing intensity o f disturbance 
for all indices (Figure SI).

0 4

0.3

0 2

0 0

250 5 10 15 20 30

Tem poral lag

Figure  1. C om parison o f observed  an d  expected  te m p o ra l 
patte rn s o f d ecay o f s im ila rity . Data are for assem blages o f rocky 
shores (continuous red line) and assem blages g en era ted  under 
ecological drift (grey lines and symbols) with seasonal variation in 
d isturbance. A tem poral lag corresponds to  a period of th ree m onths. 
Mantel r's w ere based on the  Bray-Curtis (BC, circles) and Squared Cord 
Distance (SCD, squares) indexes o f similarity for m odeled data. Only 
tem poral patterns based on BC similarities are show n for observed data; 
those  based on th e  SCD index w ere similar. Dashed red lines are 95% 
Confidence Intervals obtained  by bootstrapping  th e  empirical data 
1000 tim es with replacem ent. Error bars for m odeled data are 1 
standard  deviation over 100 replicated sim ulations. M antel's coefficients 
for observed data  w ere significantly different from zero (unadjusted 
probabilities) from lag 1 to  lag 13 and from lag 20 to  lag 30. Model 
param eters w ere estim ated  from a data se t containing 29 species and 
w ere 9 = 4.71 and m = 0.017; m ortality was distributed evenly across 
tim e steps and corresponded to  one turnover o f th e  assem blage over 
the  course o f th e  study (see Figure S1 for o ther disturbance scenarios). 
O bserved patterns based on th e  SCD index of similarity deviated m ore 
from expectation th a t those  based on th e  BC index from lag 2 to  lag 8. 
doi:10.1371/journal.pone.0002777.g001
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T a b le  1 . P a ra m e te r  e s t im a te s  a n d  te s t  s ta tis tic s  fo r e x p e r im e n ta l  d a ta .

Total abundance Richness mZSM IZSM LR P

Parameters J 5 e e m

Control 4597 32 4.9 7.7 0.039 2.1 0.25

LV 3279 28 4.1 5.5 0.094 2.4 0.553

MV 3398 28 4.1 5.2 0.069 6.1 0.135

HV 3490 25 3.6 5.1 0.059 6.0 0.098

LR, Likelihood Ratio test with probabilities (P) obtained from null distributions of the  statistic (Figure S3; see text for further details); mZSM, meta Zero-Sum-Multinomial- 
Distribution; IZSM, local Zero-Sum-Multinomial distribution; LV, Low Variance; MV, Medium Variance; HV, High Variance. 
doi:10.1371 /journal.pone.0002777.t001

Experimental data: effects of tem poral variance of 
d is turbance

T em poral variance o f disturbance had  no effect on  species rank- 
abundance distributions resulting from  neutral drift, either under 
constant or variable rates o f im m igration (Figure S2). This outcom e 
supported our original hypothesis that neutral assemblages would 
not be affected by changes in variance of disturbance, provided that 
intensity is kept constant across levels o f variance.

Analysis o f the experim ental data  proceeded with the com parison 
o f the fit o f  the local Zero-Sum -M ultinom ial (1ZSM) and m eta Zero- 
Sum -M ultinom ial (mZSM) distributions to the Control, low- 
variance (LV), m edium -variance (MV) and  high-variance (HV) 
conditions, separately. These analyses were based on the likelihood- 
ratio statistic (LR), as it is comm only done to com pare the fit of 
different models to a  given da ta  set. It is im portant to note, however, 
that the L R  statistic is negatively related to species richness under a 
true null hypothesis o f neutrality -  i.e. the pow er o f the test depends 
on  species richness (Jabot and  Chave, unpublished data). T hus, the 
canonical approach to assess the significance o f the L R  statistic using 
the X~ distribution is not appropriate  w hen the goal is to com pare the 
outcom e of m ultiple tests perform ed across assemblages that differ in 
species richness, as in our case. T o  circumvent this problem , we 
assessed the significance o f the L R  statistic by  com paring observed
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I V  0.0001 J 1----------------- 1----------------- :----------------- 1-----------------
0 10 20 30 40

Species rank

F igure  2. R an k-ab un dan ce d is tribu tion s . Data are for Control (blue 
line), Low Variance (green dashed line), Medium Variance (red line) and 
High Variance (pink line) experim ental conditions. The Control and Low 
Variance curves differed from the  Medium and High Variance curves for 
the  presence o f a tail of rare species. Full statistics are reported  in 
Table 1.
doi:10.1371/journal.pone.0002777.g002

values to null distributions derived by simulating neutral drift under 
the same levels o f richness as those observed in the C ontrol, LV, M V  
and  H V  conditions and  under realistic regimes of disturbance (see 
M aterials and  M ethods for further details; the distributions are 
reported in Figure S3). These tests indicated that the 1ZSM did not 
provide a  better fit than  the m Z S M  to the Control data and to any of 
the experimentally disturbed assemblages (Table 1). Thus, the same 
distribution fitted species abundance da ta  originated under different 
levels o f tem poral variance of disturbance, so that neutrality was not 
rejected by these tests.

Inspection o f the rank-abundance curves (Figure 2), however, 
showed th a t assemblages in C ontrol an d  LV conditions h ad  a  tail 
o f  ra re  species, represented  by singletons, whilst assemblages in 
M V  and  H V  treatm ents lacked singletons. R are  species disap­
peared  from  H V  plots, w hich h ad  lower species richness com pared 
to the o ther treatm ents. In  contrast, singletons were missing in  the 
M V  condition because ra re  species en tered  h igher abundance 
classes under interm ediate levels o f tem poral variance of 
disturbance. This was the case for 5 o f  the 29 species (17.2%) in 
the M V  treatm ent, w hich w ere either unobserved or had  a  lower 
rank  in the LV treatm ent (Figure 3).
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Figure 3. M ean  species abundances (± 1  s.e.m., n = 18) in  Low  
V ariance (h orizon ta l axis) and M ed iu m  V ariance (vertical axis) 
trea tm en ts . The inset show s an increase in abund an ce  o f rare species 
(m ean abundances in th e  range 0.1-10) associated with enhanced  
tem poral variance o f  d istu rbance; cc: Cystoseira compressa; nh: 
Nemalion helmintoides; pp: Padina pavonica; ss: Spirorbis sp.; vt: 
Vermetus triqueter.
doi:10.1371/journal.pone.0002777.g003
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T o exam ine the influence o f d isturbance on  rare species in m ore 
detail, we calculated the probability  o f observing singleton species 
at every tim e step during  the course o f the experim ent in the 
C ontrol, LV, M V  an d  H V  conditions using eqn. 18 in [32] (see 
M aterials and  M ethods SI). This analysis showed that the 
probability  o f  observing singleton species was m uch  lower in 
M V  th an  in any o ther condition during  the course o f the 
experim ent (Figure 4). This probability  also changed considerably 
th rough  tim e in LV, M V  and  H V  conditions, whilst it rem ained 
fairly constant in the Control.

Long-term dynamics
Fitting the relative species abundance and  species turnover 

distributions to C ontrol data  provided an  estim ate o f  T (±  1 s.e.) o f 
16.6 (4.6) years, in agreem ent w ith the tim e required  for one 
turnover determ ined from  field observations o f  disturbance- 
induced m ortality. Values o f T for the LV, M V  an d  H V  
treatm ents were 12 (1.9), 2.9 (0.9) and  8 (1.7), respectively. W e 
found values o f b ID  (±  1 s.e.) for C ontrol, LV, M V  and  H V  to be 
0.258 (0.061), 0.379 (0.0485), 0.651 (0.101) and  0.772 (0.110), 
respectively. Finally, the param eter D z  (±1  s.e.) was estim ated to 
be 1496.9 (748.7), 114.2 (32.2), 57.8 (16.3) an d  57.8 (11.1) for 
C ontrol, LV, M V  an d  H V  conditions, respectively.

Discussion

T h e  observational da ta  generally supported neutral drift as the 
m echanism  driving tem poral changes in assemblages, when 
variation was quantified with dissimilarity m easures that em pha­
sized changes in abu n d an t species. Possible exceptions were the 
overestim ation by the neutral m odel o f observed tem poral 
autocorrelation  at the shortest tim e scale (3 m onths) and  a  slight 
underestim ation  o f observed correlation at tim e lags 4 an d  5. 
N eutral drift was also supported  a t the shortest tim e scale o f 3 
m onths an d  at scales larger th an  24 m onths w hen variation in rare  
species was considered. At in term ediate tim e scales (between 3 and  
24 m onths), neutra l theory  predicted  too low values o f correlation 
for dissimilarity m easures that em phasized changes in abundance 
o f ra re  species. T h e  experim ental results indicated that a  change in
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F igure  4 . P ro bab ilities  o f fin d in g  s in g le ton  species in C ontro l 
and E xperim en ta l p lots d u rin g  th e  course o f th e  ex p erim en t.
Param eters 9 and m  were estim ated  a t each tim e step  for each 
condition. Probabilities w ere derived from eq. (.5) in Materials and 
M ethods S1, assum ing th a t th e  relative abundance  of singleton species 
in each local assem blage reflected th e  relative abundance  in the  
corresponding m etacom m unity. Blu, green, red and pink lines indicate 
Control, LV, MV and HV treatm ents, respectively. Note th e  lower 
probability of finding singleton species in the  MV trea tm en t and the  
larger fluctuations in disturbed conditions. 
doi:10.1371/journal.pone.0002777.g004

tem poral variance of d isturbance alone -  i.e. w ith no concom itant 
changes in overall intensity -  had  no statistically detectable effect 
on  species rank-abundance distributions, so that neutrality  was not 
rejected by these tests. Increasing tem poral variance o f distur­
bance, however, led to the disappearance from  the M V  an d  H V  
curves o f the tail o f ra re  species th a t characterized  the rank- 
abundance curves o f the C ontrol an d  LV conditions. T h e  analysis 
o f  tem poral dynam ics indicated th a t these effects involved density- 
dependent processes leading to a  ra re  species advantage with 
increasing levels o f environm ental fluctuations.

O bserved patterns o f tem poral decay o f similarity were 
consistent with neutrality  a t m ost tim e scales. Ecological drift, 
however, generated  too m uch short-term  tem poral variation in 
abundance o f ra re  species com pared to na tura l patterns, a t time 
scales betw een 3 m onths and  two years. Increasing intensity o f 
d isturbance (regimes o f d isturbance corresponding to two 
turnovers o f assemblages in Figure SI) em phasized the difference 
betw een observed and  sim ulated data. Low autocorrelation  was 
expected under neutra l drift w here ra re  species disappeared  as a 
consequence o f dispersal lim itation (m = 0.017). In  contrast, a 
variety o f physical and  biological processes m ight have in troduced 
tem poral autocorrelation  in the dynam ics o f ra re  species under 
na tu ra l settings [15]. T h ere  is strong evidence that species can 
track autocorrelation  in environm ental forcing variables and  
networks o f species interactions -  including indirect and  facilitative 
effects -  m ight have contributed  to reduce the tu rnover o f rare 
species [12,14,33].

O n e  m ight argue that h igher levels o f  autocorrelation  in 
observed com pared  to sim ulated da ta  reflected a  sam pling artefact 
due to the accum ulation o f m any small samples over a  long period 
[34], R esam pling the local assemblage w ould result in a  dilution 
effect in w hich the relative abundance o f sparse species decreases 
as new  samples are added, p roducing an  excess o f ra re  species. W e 
argue that this effect was un im portan t in our study, otherwise the 
Bray-Curtis an d  Squared C ord  D istance indexes should have 
p roduced  distinct tem poral patterns o f  decay in similarity for 
em pirical data, as observed with the sim ulated data. This 
difference did no t occur (see legend o f Figure 1); ra ther, com m on 
and  rare species underw ent the same patterns o f tem poral change 
in real assemblages, the latter differing m ore th an  the form er from 
neutral expectations.

This situation is similar to w hat reported  by  M cGill et al. [3], 
who used different similarity m easures to com pare tem poral 
dynam ics o f fossil records w ith expectations based on neutral drift. 
A lthough these authors worked a t very different tem poral scales o f 
those addressed in the present paper, they showed greater inertia 
(less variability) in em pirical com pared  to sim ulated data, 
consistently across similarity m easures. In  a  spatial context, C ondit 
et al. [10] found adequate  fit o f  a  neu tra l m odel to empirical 
estim ates o f be ta  diversity in tropical forests at scales betw een 0.2 
and  50 km. Beyond these scales, however, the m odel overestim at­
ed spatial tu rnover in species com position. T h ere  is, therefore, 
evidence that neutral m odels can  fit em pirical da ta  a t some scales, 
bu t no t at others. O u r results add  further complexity to this view, 
indicating that the fit o f neutral m odels to observed patterns o f 
variation  in assemblages m ay depend on  the relative contribution 
o f rare and  com m on species to tem poral (spatial) dynam ics an d  the 
level o f  d isturbance considered (Figure SI).

Collectively, the da ta  in the literature and  our findings suggested 
that neutrality  m ay be m ore com m on at interm ediate spatial and  
tem poral scales [20,35]. W hy this should be  so? It has been shown 
that the neu tra l theory  predicts unrealistically high rates o f species 
tu rnover over evolutionary tim e an d  this can explain the 
discrepancy betw een em pirical an d  m odeled da ta  a t these very
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large tem poral scales [3,36]. E nvironm ental heterogeneity  is 
invoked as an  explanation for deviations betw een em pirical 
patterns an d  neutral expectations in the spatial context an d  over 
ecological tim e [7,9,10]. W e propose th a t environm ental hetero­
geneity can either m ask or em phasize differences betw een neutral 
and  non-neu tra l dynamics, depending on choices o f sam pling 
design and  analytical approaches. N on-neutra l species responses to 
environm ental heterogeneity  are likely to be revealed in  studies 
th a t exam ine variation in assemblages continuously in space or 
tim e [3,10]. N eutral responses, in contrast, are  likely to em erge 
w hen samples collected over b ro ad  spatial and  tem poral scales are 
pooled in a  single analysis. I f  the sam pling design em braces a  wide 
range o f environm ental conditions, species are likely to be  sam pled 
bo th  in favourable an d  unfavourable habitats so th a t interspecific 
differences in ecological requirem ents are averaged out. T he 
extent to w hich this averaging effect m ay affect conclusions about 
species neutrality w ith respect to environm ental heterogeneity 
rem ains unclear.

T h e  field experim ent did no t reject neutrality a t the tim e scale o f 
two years. T h e  rank-abundance distributions obtained under the 
different pertu rba tion  regimes w ere all fitted by the m ost 
parsim onious neu tra l m odel (the m Z SM  distribution), consistendy 
with the hypothesis o f neutrality. A lthough these distributions did 
no t differ am ong experim ental conditions, species th a t w ere ra re  in 
the LV  trea tm en t were affected positively by an  increase o f 
tem poral variance o f d isturbance (M V condition). Thus, rare  
species benefited from  an  initial increase in environm ental 
variance above am bient levels, a lthough some of these species 
could no t persist under the m ost extrem e regim e of tem poral 
variance of d isturbance (HV condition).

W e recognize th a t observing no response to an  experim ental 
m anipulation  is no t necessarily evidence th a t the null hypothesis is 
correct. H ence, observing no significant variation in rank- 
abundance distributions to changes in environm ental variability 
m ay no t necessarily be evidence o f neutrality. Theoretical studies, 
for exam ple, have reported  no effect o f the tem poral character­
istics o f the d isturbance regim e on long-term  outcom es o f non­
neutral assemblages [47,48]. W hether non-neutral assemblages are 
also resistant to changes in tem poral variance o f d isturbance a t the 
tem poral scale o f two years (the duration  o f the experiment) 
rem ains to be assessed. Clearly, the inability to associate m easures 
o f  precision to fitted rank-abundance distributions an d  the lack of 
a  well defined procedure  to com pare these curves across 
experim ental conditions are objective lim itations to strong 
inferential tests [11,38].

As an  a ttem pt to m itigate these problem s, we com pared 
observed values o f  the L R  statistic to null distributions originated 
by sim ulating neu tra l drift under the same levels o f species richness 
and  similar d isturbance regimes as those obtained in C ontro l and  
m anipulated  conditions. Despite difficulties in interpretation , our 
experim ental results could explain why, in the correlative analysis, 
neutral dynam ics deviated from  observed patterns m ore w hen the 
similarity m easure em phasized changes in abundance o f rare  
species than  w hen reflecting changes in com m on species. 
A bundan t specie appeared  insensible to changes in tem poral 
variance of d isturbance and  their long-term  dynam ics were 
described well by neutral drift. R are  species, in  contrast, were 
affected by  changes in tem poral variance o f d isturbance and  
although these effects did no t elicit significant changes in the 
models used to fit the rank-abundance distributions, they m ay 
account for the deviations from  neutra l drift observed under 
na tura l settings. R are  species appeared  to play a key role in driving 
tem poral changes in assemblages because o f their susceptibility to 
fluctuations in environm ental conditions.

Insights into the m echanism s underlying these patterns were 
provided by the b /D  param eter, w hich controls the abundance 
distribution o f rare species [31]. T he estim ated values o f this 
param eter increased under the m ore variable regimes of 
disturbance, indicating th a t density-dependent processes becam e 
relatively m ore im portan t th an  dem ographic stochasticity in a 
fluctuating environm ent. Collectively, our findings indicated that 
tem poral variance o f d isturbance affected the tem poral dynamics 
o f assemblages by  inducing a density-dependent advantage in rare 
species [31,39,40]. O u r results also showed th a t assemblages 
exposed to in term ediate and, to a  lesser extent, high levels o f 
tem poral variance o f d isturbance h ad  greater resilience (i.e. 
recovery capabilities) th an  control and  LV  assemblages.

It should be no ted  th a t the analytical expressions used to 
determ ine the probability  o f observing singleton species and  to fit 
the dynam ical m odel o f [31] (see M aterials and  M ethods SI) 
assum e th a t assemblages are a t o r near stationarity. This 
assum ption is likely to be violated for our d isturbed assemblages. 
Nevertheless, assemblages exposed to different levels o f tem poral 
variance o f d isturbance were likely to deviate from  stationarity in 
similar ways, because intensity o f d isturbance was constant across 
treatm ents. Furtherm ore, there was good agreem ent betw een the 
em pirical estim ate o f assem blage tu rnover based  on field 
m easurem ents o f d isturbance and  recovery [41] and  the turnover 
estim ated by the m odel for C ontro l data. Thus, fitting these 
m odels to the experim ental da ta  should be viewed as a  heuristic to 
assess relative differences in the dynam ical properties o f assem ­
blages exposed to increasing levels o f environm ental variance. 
Future studies should assess the extent to w hich the m odels are 
sensible to deviations from  the assum ption of stationarity and  the 
developm ent o f m ore realistic non-stationary  m odels is desirable.

O u r results have several im portan t ecological implications. First, 
they offer a  unified view o f currently  separated theories relating 
environm ental variance, density-dependent processes and  assem ­
blage dynam ics [31,39,40]. O u r da ta  show th a t ra re  species can 
play a key role in driving assem blage dynam ics in fluctuating 
environm ents th rough  density-dependent regulation. Second, the 
susceptibility o f ra re  species to environm ental heterogeneity  can 
explain why neutra l drift did no t m atch the observed patterns o f 
tem poral decay in similarity based  on rare  species for the first 3 -2 4  
m onths. This outcom e suggests th a t the transitions betw een non­
neutral and  neutra l dynam ics docum ented  in the literature m ay 
underscore the spatial o r tem poral scales a t w hich environm ental 
variance becom es irrelevant to the dynam ics o f ra re  species. 
Finally, the positive response of ra re  species to tem poral variance 
o f d isturbance suggests th a t currently  sparse populations m ay 
increase in abundance w ith increasing levels o f environm ental 
variability. R are  species can  therefore be expected to play a  m ajor 
role in driving assem blage dynam ics under clim ate change, where 
environm ental variability is pred icted  to increase fu rther in the 
near future [49],

Materials and M ethods

Observational data: tem pora l  changes  in assem blages
Assemblages were sam pled non-destructively with visual counts 

every three m onths betw een 1991 an d  2006. D a ta  were obtained 
from  quadrats distributed on a  rocky shore abou t 1 km  long in the 
northw est M ed iterranean  (43°30'N , 10°20'E). O n  average, 96 
plots were sam pled in each occasion, actual num bers varying in 
relation to w eather conditions and  availability o f resources. 
Q uadrats ranged  in size from  1 0x10  to 2 0 x 2 0  cm, to comply 
with the requirem ents o f o ther research projects. T hese sizes were 
appropria te  to sample the small species o f algae an d  invertebrates
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th a t characterized  the shore and  did no t result in different 
estim ates o f either m ean  abundances or spatial and  tem poral 
variances o f species [50,51]. A bout 70% o f the da ta  cam e from 
newly established random  quadrats a t each sam pling occasion. 
T h e  rem aining observations w ere collected from  perm anendy  
m arked quadrats th a t served as controls in o ther experim ents. 
Estim ates o f  species abundances were obtained by counting all 
visible organism s in quadrats. For m ost species o f algae individual 
thalli could no t be  resolved in the field, so abundances were 
recorded as counts over 100 points in these cases. T o tal counts 
were no t constrained to 100 tough, because assemblages were 
m ultilayered. Previous studies have shown th a t fitting neutral 
models to frequency da ta  generated  similar results as those 
obtained from  fits based on individual counts an d  th a t the 
p rocedure retains its validity for com parative purposes [35,51]. 
T h ere  were only two species o f gastropods in o u r datasets for 
w hich abundances were expressed as counts (this also applies to 
the experim ental da ta  indicated below). R em oving these species 
from  the analyses did no t affect the results.

D a ta  from  the first year o f  sam pling w ere used to estim ate the 
param eters o f the neutral theory by  fitting a  local Zero-Sum - 
M ultinom ial distribution [2,53]. These param eters w ere used to 
simulate ecological drift under neutrality  for 60 tim e steps, 
corresponding to the following 15 years o f  observations. A t each 
tim e step, d isturbance killed a num ber o f individuals determ ined 
to reflect a  com plete tu rnover o f assemblages over the period  of 
study, w hich is a  realistic estim ate for our system [41], W e also 
investigated dynam ics under levels o f m ortality corresponding to 
0.5 an d  2 turnovers in 15 yrs for com parison.

T h e  num ber o f individuals killed a t each tim e step was chosen 
to reflect seasonal events o f disturbance. Sim ulating neu tra l drift 
under constant disturbance m ay no t be realistic, particularly  in 
tem perate m arine  systems w here the frequency an d  intensity o f 
d isturbance m ay vary seasonally. T o  assess w hether there  were 
seasonal patterns o f  d isturbance on  ou r shores, we calculated the 
num ber o f strong storms (defined as those resulting in waves > 3  m 
high) occurring  in  the different seasons over the period 2 0 00- 
2007, for w hich we could find wave clim ate da ta  (courtesy o f the 
Istituto Idrografico e M areografico di Pisa). O ver this period, 31% 
o f strong storms occurred  in spring, 21% in sum m er and  24% in 
each o f the two rem aining seasons. T o  incorporate seasonal 
variation of d isturbance in o u r analysis, we sim ulated neu tra l drift 
by distributing death  events across seasons in the same proportion  
as the observed events o f disturbance.

T em poral changes in assemblages were exam ined w ith M antel 
correlogram s an d  com pared betw een observed and  m odeled data. 
This procedure  enabled us to determ ine the tem poral scale at 
w hich observed patterns o f correlation diverged from  those 
predicted  by  the neu tra l m odel. Sim ilarity was quantified using 
various indexes th a t em phasized different aspects o f assemblage 
dynamics. W e applied the B ray-Curtis index to untransform ed 
da ta  to em phasize changes in the m ost ab u n d an t species, the 
Ja c ca rd  index to em phasize com positional changes an d  the Square 
C ord  D istance to assess the influence o f changes in abundance of 
ra re  species [54], T h e  B ray-Curtis index m easuring the dissimi­
larity betw een samples j  and  k, was defined as:

PE Iyij-y¡k\
BCjk= l- f  , ( l )

É  Iy¡j+y¡k\
i= 1

w here jv,, a n d jt*  are the abundances o f species i (i=  1, 2, ... p) in

samples j  and  k, respectively. T h e  Ja c ca rd  index was defined as:

w here a is the num ber o f  species p resent in b o th  samples j  and  k, b 
is the num ber o f species p resent in  sample j ,  b u t absent in sample k 
and  c is the num ber o f  species p resent in sample k, b u t absent from 
sample j .  T his index requires th a t species w hich are  jo in tly  absent 
from  samples j  and  k are first rem oved. Finally, the Squared  C ord 
D istance index was defined as:

SC D } k = j 2 { V ^ - V ^ k ) 2, (3)
¡ = 1

w here r¡j and  are the relative abundances o f species i in samples j  
and  k, respectively.

M antel correlogram s were generated  using package ecodist in R  
[55]. T hese analyses assum ed second-order (weak) stationarity 
[54], T his assum ption is critical for statistical inference on 
tem poral (or spatial) pattern . O u r m ain  purpose was to com pare 
the decay in similarity th rough  tim e betw een observed and  neutral 
da ta  using different dissimilarity m easures, ra th e r th an  testing for 
the significance o f M antel’s coefficients to identify particular 
tem poral structures. W e based our com parisons on  95% 
confidence intervals derived by bootstrapping the original data  
1000 times w ith replacem ent.

N eutral drift was sim ulated using package un tb  in R  [55]. 
Estim ates o f patterns o f m ortality  due to natural disturbance 
indicated th a t these assemblages undergo a  com plete turnover 
over a  period of approxim ately 15 years [41]. Flence, simulations 
were ru n  for levels o f m ortality corresponding to 0.5, 1 an d  2 
turnovers for each o f the similarity indexes (Bray-Curtis, Jacca rd  
and  Squared C ord  Distance).

Experimental data: effects of tem poral variance of 
d is turbance

T o test the sensitivity o f assemblages to changes in environ­
m ental fluctuations, we m anipu lated  the tem poral variance of 
events o f disturbance in  54 experim ental plots distributed in the 
same study a rea  w here the long-term  observations w ere collected, 
betw een N ovem ber 2001 an d  O ctober 2003. D isturbances 
consisted in the m echanical rem oval o f organism s from  experi­
m ental plots th rough  a  standardized procedure  th a t reproduced 
the effects o f  wave shock during heavy storms [56]. T h e  full 
experim ent consisted in a  three-factorial design with three  levels o f 
tem poral variance o f d isturbance crossed with three levels o f 
intensity and  two spatial extents, resulting in 18 treatm ent 
com binations. D isturbances consisted in the m echanical rem oval 
o f organism s from  experim ental plots o f either 5 0 x 5 0  or 
100x50  cm. Plots were d isturbed using a chisel m ounted  on a 
battery  drill to m im ic the effects o f heavy storms. T hree  
independent plots were allocated random ly to each treatm ent 
com bination. T h e  three levels o f intensity o f  d isturbance were 
generated  by scraping the rock surface one, two or three times, 
respectively. E xperim ental levels o f  tem poral variance were 
generated  by distributing six events o f d isturbance m ore or less 
evenly over the course o f study. V ariance was defined with respect 
to the interval o f tim e (in m onths) betw een subsequent 
disturbances. T he lowest level o f variance (LV = 2.8 m onths2) 
was obtained by distributing the events o f d isturbance at 
approxim ately regular intervals. T he m edium  (MV = 8.8 m onths2) 
and  high (HV = 26.8 m onths2) levels o f  variance were obtained by
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distributing disturbances m ore heterogeneously over the course o f 
the study. T h e  experim ental levels o f intensity, spatial extent and  
tem poral variance of d isturbance were realistic for the system 
under study [56].

Experim ental an d  control plots were sam pled seven times 
during  the course o f the experim ent, w ith three  replicate 
12x10  cm  quadrats p laced random ly in  each plot. O nly the 
central 5 0 x 5 0  cm  area  o f the largest plots was sam pled, so that 
abundances were estim ated a t the same spatial scale in large and  
small plots. Sam pling was done as described for the long-term  
observational study.

W e used species rank-abundance distributions to test the 
hypothesis th a t assemblages w ould re ta in  the same structure 
under different levels o f tem poral variability, as expected under 
neutrality. For these analyses, data  for each level o f tem poral 
variance o f d isturbance were com bined across levels o f  intensity 
and  plo t size. G iven the experim ental design, this procedure  
enabled us to exam ine the effects o f tem poral variance of 
d isturbance while keeping intensity an d  spatial extent constant, 
so to m axim ize replication for the m ain  test o f interest (n = 18). 
Species rank-abundance distributions were generated  by sum m ing 
the da ta  from  the three quadrats in  each plo t a t each sam pling 
occasion and  then  averaging these sums over the course o f the 
study. A lthough care is needed w hen in terpreting  species rank- 
abundance distributions obtained from  the accum ulation o f small 
samples [3,34], this approach  was necessary to exam ine effects o f 
tem poral variance o f d isturbance properly. C om parisons m ade at 
single points in tim e are meaningless in this kind of experim ents, 
because they confound effects o f variance with differences am ong 
treatm ents in the interval o f tim e betw een sam pling and  the last 
event o f d isturbance (plots allocated to different levels o f  tem poral 
variance of d isturbance were no t d isturbed a t the same time) [57]. 
O nly by considering the average (or total) response o f assemblages 
over the course o f  the study, could effects o f  variance be separated 
from  o ther sources o f variation. H ow ever, because ou r data  
originated from  a  designed experim ent, the species rank- 
abundance distribution obtained from  these da ta  did no t differ 
with respect to sam pling intensity o r the spatio-tem poral scales o f 
sam pling and  therefore were com parable am ong treatm ents.

T h e  m eta a n d  local Zero-Sum -M ultinom ial distributions (mZSM  
and  1ZSM, respectively) were fitted to rank-abundance da ta  using 
Etienne and  Ewens sam pling form ulae, respectively [58]. M odel 
param eters (0 an d  m) were estim ated th rough  m axim um  likelihood, 
separately for each of the Control, LV, M V  and  H V  conditions. W e 
expected the same m odel to fit the data  from  the different 
treatm ents equally well if assemblages were insensitive to changes 
in environm ental variance. These tests were based on  the likelihood- 
ratio statistic (LR) obtained by  com paring  the fit o f the two 
distributions separately to the C ontrol and  each o f the disturbed 
conditions. Because the L R  statistic is negatively related to species 
richness under a  true null hypothesis o f  neutrality an d  species 
richness differed am ong assemblages in the experim ent, we could 
no t assess the significance o f the L R  statistic by  com paring  observed 
values to a  y2 distribution. As an  alternative, we assessed the 
significance o f the L R  statistic by com paring observed values to null 
distributions derived by sim ulating neutral drift under the same 
levels o f richness observed for the Control, LV, M V  and  H V  
conditions and  under realistic disturbance regimes.

T o  generate the null distribution for a  particular condition, we 
sim ulated neutral drift in 10 plots each containing 400 individuals. 
D ata  were generated using E tienne’s algorithm  [58] with p a ram ­
eters 0 = 6 and  m = 0.039, to approxim ate the param eters estim ated 
from  the C ontrol da ta  (with estimates o f 0 o f 4.9 and 7.7 for the 
m ZSM  and  1ZSM distributions, respectively). Plots were disturbed 6

times, corresponding to the num ber o f disturbances im posed in the 
field experim ent. T he average disturbance was o f 133 deaths of 
individuals, corresponding to the rem oval o f  abou t one-third o f the 
assemblage, as in the real experim ent [56]. T em poral variance of 
disturbance was im posed by selecting the actual num ber of 
individuals to be rem oved a t each tim e step from  a  norm al 
distribution with m ean 400 individuals and  standard  deviations set 
as 5, 10 and  20% of the m ean for the LV, M V  an d  H V  treatm ents, 
respectively. D ata  were pooled over the 10 plots after each 
disturbance and  pooled assemblages were averaged over the 6 
disturbances. T hus, the sim ulated assemblages resem bled the real 
ones with respect to sample size and  the way da ta  were com bined 
across plots and  tim e for the analysis. This procedure was recycled 
until the final assemblage had  the same richness o f the particular 
experim ental condition being simulated. W hen also this condition 
was m et, the data  were analyzed by  fitting the 1ZSM and  m ZSM  
distributions and  the L R  statistic was calculated. T h e  procedure was 
repeated  999 times for each o f the LV, M V  and  H V  treatm ents. 
T h e  same was done for the C ontrol condition, b u t in this case there 
was no variance in  disturbance and  9 individuals were killed a t each 
tim e step. In  this way a cycle o f 6 disturbances resulted in 54 deaths 
th a t corresponded to about two years o f drift (assuming th a t one 
turnover w ould have occurred in 15 years), similarly to the duration 
o f the experim ent. W e also perform ed simulations in which 
tem poral variance of disturbance was generated  by  sam pling a 
uniform  distribution in the range 200-600 deaths, b u t this did no t 
change the qualitative outcom e of the results.

Long-term dynamics
T o test the hypothesis th a t tem poral variance o f disturbance 

affects the long-term  dynam ics o f the system, we fitted the relative 
species abundance and  species turnover distributions to control 
and  experim ental data  using eqn. 1 and  eqn. 2 in Azaele et al. [31]. 
T hese fits enabled the sim ultaneous estim ation o f the param eters 
Dr, b ID  and  t  (details in M aterials an d  M ethods SI), w here t  is the 
characteristic tim e scale o f species turnover, b is a  m easure o f the 
ra te  o f  im m igration and  accounts for density-dependent effects, 
while D  accounts for dem ographic stochasticity. T hese analyses 
enabled us to assess the relative im portance o f density-dependence 
and  dem ographic stochasticity under different levels o f  environ­
m ental fluctuations in a  controlled experim ent.

Supporting Information

M a ter ia ls  and  M eth o d s SI
Found at: do i:10 .1371/journa l.pone.0002777.sOOl (0.06 MB 
D O C )

Figure SI M antel correlogram s for different regimes of 
disturbance and  similarity indexes. Show n are  patterns o f 
tem poral decay in similarity for observed (blue or open symbols) 
and  neutral (grey symbols) data. O p en  symbols a re  used to indicate 
M antel’s coefficients for observed da ta  th a t did no t differ 
significantly from  zero. Probabilities w ere no t corrected for 
m ultiple testing. Lines a round  observed da ta  are 95% boo t­
strapped C onfidence Intervals. Bars for neu tra l da ta  are ± 1  s.d. 
obtained form  100 replicated simulations. T h e  first panel 
com plem ents the results presented  in the m ain  text for a  regim e 
o f d isturbance corresponding to one turnover o f assemblages. T he 
o ther panels com pare the different indexes o f similarity for 
patterns o f m ortality  corresponding to 0.5 and  2 turnovers over 15 
years. Differences betw een observed and  m odeled da ta  based on 
the SC D  (Squared C ord  Distance) index w ere less p ronounced  
under very low levels o f  m ortality  (disturbance = 0.5 turnover). In 
contrast, the degree to w hich the neutral m odel based  on Jacca rd
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and  Bray-Curtis m easures overestim ated autocorrelation  a t the 
smallest tim e scales, was em phasized by low levels o f  m ortality. 
N ote the different scales on  the vertical axes.
Found at: do i:10 .1371/journa l.pone.0002777.s002 (2.47 MB 
D O C )

Figure S2 N eutral drift under constant an d  variable regimes o f 
d isturbance and  im m igration. (A) Show n are m ean  species rank- 
abundance distributions over 100 replicated simulations (±1  s.d.) 
o f  neutral drift under constant (bleu symbol) an d  variable (pink 
symbol) regimes of disturbance. N eutral drift was sim ulated for a 
local assem blage o f 5000 individuals connected  to a  m etacom m u­
nity o f 100000 individuals, w ith p a ram ete r 0 = 7.7 and  m = 0.039, 
corresponding to the values estim ated from  the undisturbed 
condition in the experim ent (see m ain  text). Sim ulations w ere run  
for 100 generations w ith an  average death  ra te  o f 500 individuals 
pe r tim e step (corresponding to 10 turnovers o f  the local 
assemblage). This was the exact num ber o f individuals rem oved 
a t each tim e step under constant disturbance. For the variable 
regim e o f d isturbance, the actual num ber o f individuals rem oved 
a t each tim e step was determ ined by sam pling a  norm al 
distribution o f p  = 500 and  a 2 = 2500. C hanging values o f 
param eters did no t change the qualitative outcom e o f the 
sim ulation, w ith constant and  variable regim es of disturbance
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