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stigmata of ascidian tunicates23, arranged in paired dorso-ventral
columns like the stigmata of ascidian and doliolid tunicates23, while
the presumed atria extended far forwards right and left of the
stigmata and therefore right and left of the pharynx, as in ascidian
tunicates23. Furthermore, the atria opened antero-dorsally as in
ascidian tunicates23, and these anterior openings were paired as in
post-larval ascidian tunicates24.
As a tunicate, Jaekelocarpus probably belonged to the stem group of
the Tunicata because it retained the primitive features of a calcite
skeleton and a downward-flexing tail which, as parsimony suggests,
would not have existed in the latest common ancestor of extant
tunicates. If a tunicate, Jaekelocarpus would necessarily belong to the
crown group of the chordates, as the chordate interpretation of
mitrates and cornutes has long proposed for mitrates in general22,25.A

Supplementary Information accompanies the paper on Nature’s website
(http://www.nature.com/nature). The original TIFF files showing the serial X-ray sections of
Jackelocarpus are also stored in the Digital Morphology site of the University of Texas and can be
accessed on http://www.digimorph.org.
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The technique we used is high-resolution X-ray computed tomography (mCT). It is nondestructive and permits the study of non-transparent objects such as fossils, producing
images that correspond to serial sections with resolution as good as 8 mm. The sections
were used to create three-dimensional computer models of the objects by reconstructing
the surfaces that connected corresponding outlines on adjacent sections26,27.
The specimen of Jaekelocarpus oklahomensis chosen for complete scanning (Burke
Museum, University of Washington, UWBM74305) was selected after preliminary tests on
a total of three specimens. The scanning was carried out, under the direction of T. Rowe, at
the University of Texas High-Resolution X-Ray CT Facility, Department of Geological
Sciences, USA. The parameters of the scan were: l50 kV; 0.053 mA; slice thickness
0.016 mm; interslice spacing 0.016 mm; diameter of field of view 4.53 mm. 276 sections
were saved as 16-bit TIFF files. The matrix data size was 512 £ 512 £ 376 voxels and the
voxel size was 8.84 £ 8.84 £ 16 mm (see Supplementary Information).
The individual plates were recognized, and distinguished from each other as separate
entities (segmented), using Mimics 6.3 software (Materialise N. V.). In Mimics, the data
can be explored in three views: the original images in x–y planes and resliced images in x–z
or y–z planes. Because of lateral changes in the X-ray attenuation values within individual
skeletal plates, it was necessary to use local thresholds.
The CTM software module of Mimics interpolates the slice data to generate threedimensional STL files, one for each plate or anatomical region. Such STL files were
exported to Rhinoceros 1 (Robert McNeel) as polygon meshes, where models of the plates
were moved in virtual space and so placed in the original life positions relative to each
other. To prevent artefacts after these manipulations, the size parameters of the plates
(length and volume) were checked in Communicator 1.6 (Materialise N. V.) by means of
which we obtained secondary serial sections of the restored specimen.
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Plants can have positive effects on each other1. For example, the
accumulation of nutrients, provision of shade, amelioration of
disturbance, or protection from herbivores by some species can
enhance the performance of neighbouring species. Thus the
notion that the distributions and abundances of plant species
are independent of other species may be inadequate as a theoretical underpinning for understanding species coexistence and
** Present address: The Nature Conservancy, 201 Mission Street, San Francisco, California 94105, USA.
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Table 1 Descriptions of experimental sites
Site

Latitude,
longitude

Low–high
elevations (m)

Low–high
microtopography

Set-up–harvest
dates

Low–high
species number

Measurements

...................................................................................................................................................................................................................................................................................................................................................................

Central Brooks Range, Alaska
Abisko, Sweden
Kluane Range, Yukon
Cairngorms, Scotland
Rocky Mountains, Banff
Rocky Mountains, Absaroka Mountains
French Alps
Central Caucasus, Kazbegi
Rocky Mountains, Colorado
Sierra Nevada, Spain
Central Andes, Tucuman

68.1, 211.0
68.2, 18.5
60.4, 221.9
57.1, 3.5
51.3, 244.0
45.1, 250.8
44.5, 6.4
42.5, 44.4
40.2, 254.6
37.1, 3.4
26.5, 294.9

800–1,400
580–1,000
900–1,750
400–740
1,400–2,300
2,350–3,000
2,100–2,900
2,100–3,000
2,930–3,500
2,400–3,100
2,000–3,600

Flat–weak concave
Concave–concave
Weak concave–Convex
Concave–flat
Concave–convex
Flat–flat
Concave–convex
Flat–flat
Flat–flat
Flat–weak concave
Flat–flat

1998–99
1998–99
1998–99
2000
2000
1998–99
1997–98
1996–97
1998–99
1998–99
1997–98

5, 5
3, 4
5, 5
5, 5
4, 4
5, 5
10, 10
7, 5
5, 5
4, 4
5, 5

Leaf number & biomass
Leaf number & biomass
Leaf number & biomass
Leaf number & biomass
Leaf number & biomass
Leaf number & biomass
Leaf number & biomass
Leaf number
Leaf number & biomass
Leaf number & biomass
Leaf number

...................................................................................................................................................................................................................................................................................................................................................................
Species are presented in the Supplementary Information.

diversity2. But there have been no large-scale experiments
designed to examine the generality of positive interactions in
plant communities and their importance relative to competition.
Here we show that the biomass, growth and reproduction of
alpine plant species are higher when other plants are nearby. In
an experiment conducted in subalpine and alpine plant communities with 115 species in 11 different mountain ranges, we find
that competition generally, but not exclusively, dominates interactions at lower elevations where conditions are less physically
stressful. In contrast, at high elevations where abiotic stress is
high the interactions among plants are predominantly positive.
Furthermore, across all high and low sites positive interactions
are more important at sites with low temperatures in the early
summer, but competition prevails at warmer sites.
The performance of plants in communities is very different from

their performance as individuals3,4, a discrepancy that is generally
attributed to negative, competitive interactions5,6. However, recent
research has demonstrated that the overall effects of species on each
other may vary as competition and facilitative mechanisms shift in
relative importance1,2,7,8. In an attempt to integrate biotic interactions and abiotic factors into a single conceptual model, ecologists
have hypothesized that the relative importance of competition and
facilitation may vary inversely along gradients of abiotic stress8,9.
The importance of facilitation as an organizing process in communities is predicted to increase along gradients of increasing abiotic
stress and decreasing productivity, whereas the importance of
competition is predicted to decrease. We tested the hypothesis
that the importance of facilitation, relative to competition, increases
in importance in response to increasing abiotic stress in a global
experiment in subalpine and alpine plant communities.

Figure 1 Relative neighbour effect (RNE) at the 11 experimental sites. Error bars
represent one standard error, P values denote significance of differences between the two
sites (ANOVA with site and species as main effects), and asterisks denote a site effect that
was significantly different from zero (P . 0.01). RNE was calculated for biomass of target
plants at all sites except for the Caucasus and the Andes sites, where RNE was calculated

using the difference in leaf number between control and removal target pairs. a, Brooks
Range; b, Kluane Range; c, Cairngorms; d, Abisko; e, French Alps;
f, Caucasus Mountains; g, Sierra Nevada; h, Andes; i, Rocky Mountains, Colorado;
j, Absaroka Mountains, Montana; k, Rocky Mountains, Banff.
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We compared the effects of removing neighbouring vegetation on
8–12 replicates of 115 different target plant species at low versus
high elevations in 11 different mountain ranges around the world
(Table 1). Over all locations combined, plant–plant interactions
shifted from competition in relatively benign abiotic environments at
low elevations to facilitation in more stressful environments at high
elevations: Fig. 1; analysis of variance (ANOVA) for relative neighbour effect (RNE)10 for biomass (RNEbiomass), Fglobal location ¼ 1.22,
degrees of freedom, d.f. ¼ 8, 98, P ¼ 0.293; F site altitude ¼ 51.06,
d.f. ¼ 1, 98, P , 0.001; ANOVA for RNEleaf growth ,
F global location ¼ 1.34, d.f. ¼ 9, 93, P ¼ 0.262; F site altitude ¼ 59.97,
d.f. ¼ 1, 93, P , 0.001. For the nine locations where plants were
harvested, RNEbiomass was 20.22 ^ 0.02 (1 s.e.) at the low sites and
þ0.25 ^ 0.02 at the high sites. For the nine locations where leaf
growth rates were measured RNEleaf growth was 0.33 ^ 0.02 (1 s.e.) at
the low sites and þ0.16 ^ 0.02 at the high sites. At eight of the 11
locations, removal of neighbours had effects on aboveground target
plant biomass that were significantly different, and more facilitative,
at high elevations than at low elevations, indicating that general
interactions shifted from competition to facilitation with increasing
elevation and abiotic stress. At the other three sites RNE was
significantly greater than zero, indicating facilitation, but because
RNE was also positive at the low sites there was no difference
between sites. Two of these three sites were in highly stressful arctic
environments (the Kluane Mountains in western Canada and
Abisko, Sweden), and the third was in the Sierra Nevada of Spain
where both high and low sites were unusually dry. No significant
effect of competition on plant biomass (for all species combined)
was found at any of the high-elevation experimental sites. For all
species combined across all 11 locations, neighbours had weakly
competitive effects on mortality of target plants at low elevations,
but highly facilitative effects on mortality at high elevations (Fig. 2).
Similarly, sexual reproduction was reduced by neighbours at low
elevations and enhanced by neighbours at high elevations (Fig. 3).
Considered together, the results of this short-term experiment
demonstrate strong shifts from competitive processes in relatively
benign environments to facilitation in more stressful environments
as biological determinants of plant reproduction, community
composition and community diversity.
We hypothesize that the shift from competition at low elevations
to facilitation at high elevations is based on fundamental physiological limitations. As conceptualized by Grime11 for shifts in
competitive intensity on stress gradients, we believe that nonresource factors such as temperature, wind, and soil disturbances
are less limiting to plant growth at low elevations, permitting plants
to grow to the point where further growth or reproduction is limited

by resources. At high elevations, temperature, wind scouring or soil
instability may limit plant growth more than resource availability.
Amelioration of these severe stresses by neighbours may favour
growth more than competition for resources with the same neighbours impairs growth.
Experimental studies of facilitation and competition seldom
provide unbiased, neutral estimates of the relative occurrence or
importance of these interactions in communities because focal
species are chosen on the basis of their spatial association with
other species. We made no effort to choose species that showed
particular spatial relationships with any other species or that
occupied any particular position on elevational or topographic
gradients. Our selection of a large proportion of the species
occurring in these alpine communities provides more support for
generality of the importance of facilitation than studies that have
focused on few species at one or two locations. Despite the problem
of scaling our experiments to the longer time frame of alpine plant
community development, our demonstration of common, strong
facilitation supports the general neutral model constructed by
Dodds12 for community organization, and the empirical model
developed by Miller to incorporate both direct and indirect effects
among plants4. They found that positive interactions among species
were as likely as negative ones in communities as long as relatively
large numbers of species and connections were considered.

Figure 2 Proportion of surviving target species in controls and neighbour removal
treatments at high and low elevation experimental sites for all 11 locations combined.
Error bars show one standard error. (ANOVA, F treatment ¼ 8.47, d.f. ¼ 1,206,
P ¼ 0.004; F site ¼ 2.10, d.f. ¼ 1,206, P ¼ 0.149; F treatment£site ¼ 22.13,
d.f. ¼ 1,206, P , 0.001.)

Figure 4 The relationship between relative neighbour effect (RNE) and the estimated
maximum temperature in early summer (June in the Northern Hemisphere and December
in the Southern Hemisphere) at each of the 22 experimental sites. Points above zero on
the RNE axis indicate facilitation, whereas points below zero indicate competition.

846

Figure 3 Proportion of flowering or fruiting target species in controls and neighbour
removal treatments at high and low elevation experimental sites for all 11 locations
combined. Error bars show one standard error. (ANOVA, F treatment ¼ 0.62, d.f. ¼ 1,180,
P ¼ 0.432; F site ¼ 0.14, d.f. ¼ 1,180, P ¼ 0.709; F treatment£site ¼ 16.17,
d.f. ¼ 1,180, P , 0.001.) The degrees of freedom are lower than for survival because
reproduction was not recorded at all sites.
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Although the global pattern of our experiment provides compelling evidence for generality in the shift from competition to
facilitation with increasing abiotic stress, the overall effect of
neighbours on target species varied substantially among the geographical locations where we conducted experiments. Regression
analyses of different combinations of temperature and precipitation
variables with RNE values yielded only one significant relationship,
a negative correlation between RNE and maximum June (December
in the Andes) temperatures estimated for each of the 22 sites (Fig. 4).
This correlation has important implications for predicting the
response of alpine plant communities to climate change. Increased
temperatures may alter the current balance of facilitation and
competition in alpine plant communities and drive more rapid
changes in composition and diversity than predicted by physiologybased models. Although we can only speculate about the relationship we found between the strength and direction of plant interactions and climate, understanding the effects of community-scale
processes is crucial for predicting the responses of natural systems to
global climate change. Studies of the effects of global warming on
communities generally consider only the responses of individual
plants or changes in community composition to simple environmental manipulations, and not experiments on the interactions
between individuals13–15.
As indicated by many other smaller-scale experiments, our largescale experiment suggests that facilitation has been underestimated
as a determinant factor in the organization and diversity of plant
communities. This underestimation has consequences for fundamental community theory. The ‘individualistic’ paradigm of plant
community organization is a fundamental tenet in ecology that
emphasizes “the fluctuating and fortuitous immigration of plants
and an equally fluctuating and variable environment”16. With the
exception of competitive interactions, the individualistic theory
asserts that the distributions and abundances of plant species are
independent of other species16–18. Individualistic theory has ramifications beyond academic boundaries. For example, the view that
plant species are fully individualistic and ‘interchangeable’ in
communities has been used to advocate active management towards
“shaping and synthesizing new ecosystems, even in the ‘natural’
environment”19. The rationale for individualistic communities is
based largely on correlative gradient analyses, in which species are
almost always distributed independently of one another along
environmental gradients20–22. In other words, the fact that the
distributions of species rarely overlap completely in nature has
been interpreted as a lack of interdependence among species. In our
experiment, plants demonstrated species-specific responses to the
removal of the surrounding community, but the design of our
experiment did not examine species-specific effects of neighbours.
Therefore, our results cannot address interdependence as a speciesspecific phenomenon23. However, our experimental results support
a growing body of experimental evidence for frequent, strong
positive interactions and interdependence within plant communities1,2,10–12, and provide broad-based support for a predominant
role of facilitation in plant communities in physically harsh
environments.
A

Methods
We chose two experimental sites at each of 11 different locations around the world (Table
1, Fig. 1). At each location one site was placed in subalpine herbaceous vegetation and the
other was placed from 300 m (Cairngorms) to 1,200 m (Andes) higher in alpine
vegetation. This allowed us to explore interaction strengths and directions along one of the
complex abiotic gradients, elevation, thought to be the most important for alpine
communities24. We adopted Grime’s perspective that productivity and biomass are
correlated with stress5. The gradient from subalpine meadow to alpine tundra is correlated
with large decreases in productivity and biomass because of lower temperatures and
shorter growing seasons24,25, and at all 11 locations in our study vegetation cover, biomass,
and height were noticeably lower at the high sites than at the low sites.
Interactions among plants were assessed by the removal of all neighbouring species
within 10 cm of a target individual, and comparison of the performance of target plants
with neighbours removed to that of control target plants around which neighbours were
NATURE | VOL 417 | 20 JUNE 2002 | www.nature.com/nature

left intact. At each site 3–10 target species were chosen. We chose target individuals that
were small relative to nearby conspecifics, and for which relatively distinct individuals or
ramets could be found. Some of the target species were clonal, and to reduce the effect of
clonality individuals within 10 cm of a conspecific were not used as targets. An analysis of
non-clonal species at the experimental sites in the Alps yielded virtually the same results as
the analysis for all species combined. Over all 11 of the locations a total of three species
were not included in the experiments because discrete individuals were too difficult to
find. For each species 8–12 pairs were chosen and one of each was randomly selected for
neighbour removal.
We established removal experiments at the beginning of growing seasons from 1996
through 1999. Plants were harvested at the end of the following (second) growing season
with the exception of the Cairngorms and the Banff locations where the experiment lasted
only one growing season. At the time we established the experiments we counted the
number of leaves for each target and control individual. At the end of the experimental
periods we re-counted the number of leaves, counted flowers and fruits, recorded survival,
harvested all aboveground parts of targets and controls, and measured their mass after
oven drying for 3 days at 70 8C. Only the change in leaf number is presented for the
Caucasus and Andes locations because of problems encountered collecting biomass;
however, the results for change in leaf number were very similar to those for biomass at all
locations. All statistical analyses were carried out using JMPin 4.0.2 software26. We used
modification of the relative competitive intensity (RCI) index where RCI ¼ (X t 2 X c)/X t.
X is an estimation of plant performance in the presence (c) or in the absence (t) of
neighbours. Because RCI is not symmetrical around zero we used a modified version of
RCI, the “relative neighbour effect (RNE)”10. RNE ¼ (X t 2 X c)/x where x is the highest
value of (X t; X c). RNE ranges from 21 to þ1 with negative values indicating facilitation
and positive values competition. We present our results in the reverse, with positive values
indicating facilitation and negative values competition for intuitive interpretation (that is,
a positive bar equals a positive effect). In our experiments, RNEbiomass was calculated as:
(biomass of treated 2 biomass of control)/biomass of treated. For 20 of the replicates
(about 2% of the total replicates) we used the biomass of the control (rather than the
treatment) as the denominator in order to keep all RNE values between 1 and 21. RNEleaf
was calculated as: (final leaf number/initial leaf number of treated 2 final leaf number/
initial leaf number of control)/(final leaf number/initial leaf number of treated). In 16
cases we used the final leaf number/initial leaf number of control as the denominator in
order to keep all RNE values between 1 and 21. Differences between treated and control
performance were computed for each pair of targets at a site. When any plant in a pair died
the complete pair was excluded from the calculations. This approach provided a
conservative estimate of plant–plant interactions, standardized across species, but retained
the magnitude of variation within a species.
Using RNEbiomass and RNEleaf as dependent variables, we performed multiple ANOVAs
with site altitude (low versus high) and geographical location, using the mean for all
individuals within species to avoid psuedoreplication. Data were normally distributed.
Survival of targets and occurrence of reproductive parts (flowers or fruits) at time of
harvest were analysed by a log-linear analysis (JMPin 4.0.2).
Methodology for temperature analysis is presented in the Supplementary Information.
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Consumer versus resource control of
species diversity and ecosystem
functioning
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A key question in ecology is which factors control species
diversity in a community1–3. Two largely separate groups of
ecologists have emphasized the importance of productivity or
resource supply, and consumers or physical disturbance, respectively. These variables show unimodal relationships with diversity
when manipulated in isolation4–8. Recent multivariate models9–10,
however, predict that these factors interact, such that the disturbance–diversity relationship depends on productivity, and
vice versa. We tested these models in marine food webs, using
field manipulations of nutrient resources and consumer pressure
on rocky shores of contrasting productivity. Here we show that
the effects of consumers and nutrients on diversity consistently
depend on each other, and that the direction of their effects and
peak diversity shift between sites of low and high productivity.
Factorial meta-analysis of published experiments confirms these
results across widely varying aquatic communities. Furthermore,
our experiments demonstrate that these patterns extend to
important ecosystem functions such as carbon storage and
nitrogen retention. This suggests that human impacts on nutrient supply11 and food-web structure12,13 have strong and interdependent effects on species diversity and ecosystem
functioning, and must therefore be managed together.
The most striking feature of life on Earth is its diversity. Consequently, the most fundamental question in ecology is which factors
maintain diversity in ecological communities2. Here, we analyse the
combined impacts of consumers and nutrient resources on plant
diversity. The supply of limiting resources, such as nutrients,
controls primary productivity; that is, the rate of production of
848

ði ¼ 1; 2; . . .; nÞ
where the first term represents colonization, the second local
extinction and the third competitive exclusion10. Notably, predictions from this model are almost identical to those of earlier
simulations9,10. Thus, general patterns emerged (Fig. 1c), despite
the differences in model structure (spatial compared with nonspatial), assumptions (equilibrium versus non-equilibrium) and
complexity.
We tested these models in a food-web context by experimentally
manipulating consumer pressure (absent, present) and nutrient
supply (no, low, medium, high nutrient enrichment; see Methods)
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organic matter. On local scales, productivity and diversity are often
unimodally related (Fig. 1a), such that peak diversity is observed at
intermediate productivity8. Declining diversity at higher levels of
productivity is thought to be due to competitive exclusion. Exclusion can be prevented by periodic mortality events, caused by
consumers or physical disturbance4,6,7. These factors also show
unimodal relationships with diversity (Fig. 1b). Because the effects
of productivity, disturbance and consumption on diversity have
been analysed separately, their interactions in nature have remained
elusive. In an attempt to unify these patterns theoretically, one study
explored how traditional Lotka–Volterra competition models
respond to increases in productivity and disturbance frequency9.
The study predicted that the effects of disturbance on diversity
depend strongly on productivity, and vice versa (for details see Fig.
1c). Physical disturbance and consumer pressure were predicted to
give similar patterns9. These ideas have been mathematically elaborated10, using a spatial competition model14, in which the environment consists of a large number of discrete patches, each of which
can be empty or occupied by one out of n species. The model
assumes a linear competitive hierarchy where species i (1 # i # n)
would always exclude species j if i , j. Multi-species coexistence in
this model depends on a trade-off between competitive ability and
patch colonization rate c i or extinction rate m i (ref. 14). Productivity is assumed to enhance colonization rates of all species
by a constant R and disturbance increases extinction rates of all
species by a constant D (ref. 10). The dynamics of the proportion p i
of patches occupied by species i is represented as
!
i
i21
X
X
dpi
pk 2 ðmi þ DÞpi 2
ck Rpk pi
¼ ci Rpi 1 2
dt
ð1Þ
k¼1
k¼1
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Figure 1 Consumer versus resource control of species diversity. a, b, Univariate models
predict two independent relationships, where diversity peaks at intermediate resource
supply or productivity (a), and at intermediate consumer pressure or physical disturbance
(b), respectively4,5,7,8. c, Multivariate models9,10 predict that the effects of consumers on
diversity depend on resource supply and productivity; peak diversity shifts from low to
intermediate to high productivity depending on whether consumer pressure is low (dotted
line), intermediate (dashed line) or high (solid line). Consumers decrease diversity at low
productivity (thin arrow) but increase diversity at high productivity (thick arrow).
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