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SUMMARY

The Park Grass Experiment (PGE), begun at Rothamsted Experimental Station in 1856 and still
running, affords a unique opportunity to test for the influence of species number and soil reaction on
biomass variability in a suite of comparable plant communities. Biomass variability was measured by
calculating the coeflicient of variation (CV') over time of annual hay yield in an eleven-year moving
window. CV and species number were both strongly negatively correlated with biomass; both relations
were affected by time and pH. Multiple regression of CV on species number and mean biomass for non-
acidified plots in 42 years between 1862 and 1991 showed a relationship between biomass and CV which
was negative in most years and significantly so in nearly three quarters of them (30/42). We are unable
to tell how much of this effect is intrinsic to the statistical relation between the mean and CV of biomass.
Species number was negatively correlated with CV in 29/42 years, but this was statistically significant on
only three occasions. Because this relation was highly significant in the year (1991) for which we have
the largest sample size (34 plots), we tentatively conclude that biomass variability may be lower in more
species-rich communities, although the effect is possibly a weak one. We suggest that physiological
stresses imposed by low pH may explain the greater variability of plots with acidified soil. An increase in
the variability of biomass that occurred across plots with time may be due in part to acidification across
the whole experiment. Three hypotheses are proposed to explain the relationship between species
richness and biomass variability: (i) biomass variability on more species-rich plots is better buffered
against climatic variation because species differ in their response to climatic conditions: (ii) there are
fewer species on plots with greater biomass variability because species have been lost by competitive
exclusion in years when biomass reaches high values; (iii) species richness and variability are both
correlated with a third variable, for example soil moisture deficit within a plot. All three hypotheses are
susceptible to testing within the PGE.

1. INTRODUCTION

The stability of ecological communities is a subject
that has preoccupied ecologists for more than sixty
years (Elton 1927; May 1974; Connell & Sousa 1983;
Pimm 1991). Elton (1958) believed that communities
with fewer species, such as in the Arctic, would be less
stable than more complex ones. This suggestion gave
rise to theoretical investigations of the relationship
between stability and diversity (May 1974; DeAngelis
1975), and some empirical studies (Wolda 1978;
McNaughton 1993), but the investigation of the
problem has been hampered by a dearth of suitable
long-term data, to the point where Connell & Sousa
(1983) were able to argue that the evidence for
ecological stability itself was very scanty. Silvertown
(1987) pointed out that data from one of the
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longest-running experiments in the world, the Park
Grass Experiment at Rothamsted, England, provided
good prima facie evidence of stability that Connell &
Sousa (1983) had overlooked.

A community is stable in the mathematical sense if
it returns to equilibrium after a perturbation. In
practice communities may be judged stable if they
have characteristics that persist for a reasonable
length of time in the face of measured perturbation.
The evidence for stability in the PGE is that different
communities in the experiment have maintained
characteristic ratios of grasses:legumes: other species
over many decades, despite the fact that ratios vary
from year to year in response to weather (Silvertown
1987). Biomass per plot in the PGE may be shown to
be stable in an equivalent manner, although up to
30% of its annual variation is attributable to variation

© 1994 The Royal Society
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Figure 1. Time-series 1856—-1992 for annual measures of biomass in the summer hay cut on four typical unlimed
plots in the Park Grass Experiment. () Plot 3, receiving no fertilizer treatment; (4) Plot 7, fertilized with
PKNaMg; (¢) Plot 9, fertilized with ammonium sulphate and PKNaMg; (d) Plot 14, fertilized with sodium

nitrate and PKNaMg.

in rainfall (Silvertown ef al. 1994). The behaviour of a
stable system may be described by its resilience to
perturbation, by its resistance to perturbation and by
its variability (Pimm 1991). Ideally, one would
measure all three properties but resistance and
resilience are very difficult to measure because real
communities like those of the PGE are continually
perturbed, making it very difficult to isolate recovery
following a particular perturbation from the more
immediate effects of subsequent ones (Connell &
Sousa 1983). Variability is more easily measured and
it may be particularly informative if as in the PGE, it
is possible to ask why some communities are more
variable than others.

Long-term data do exist for a wide range of plant
communities (White 1985; Goldberg & Turner 1986),
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but most of these are successional and their dynamics
are dominated by directional changes in species
composition (Burrows 1990; OIff & Bakker 1991).
The Park Grass Experiment (PGE), begun in 1856 at
Rothamsted in Hertfordshire, England, is by far the
longest-running of only a handful of long-term studies
of non-successional vegetation. Grasslands of a wide
range of species composition are represented within
the experiment, and the botanical composition of
many plots has been at dynamic equilibrium since
about 1900 (Silvertown 1980). The different commu-
nities are all within a single meadow that was of
uniform soil type when the experiment began (Lawes
& Gilbert 1880, Lawes et al. 1882). Fertilizer
treatments have altered the soil properties in different
plots, but other physical influences on the stability of
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the plant communities, such as mowing and climate,
have been experienced in common by all commu-
nities. The PGE now contains communities that range
in species richness from two or three species to more
than thirty. The PGE therefore provides a unique
opportunity to compare the relative variability in the
long term of adjacent communities with widely
different numbers of species.

Various kinds of data have been collected at various
intervals and for varying lengths of time on the Park
Grass communities, but the only complete data set is
for the biomass of the plant community on each plot
at the annual hay cut in summer (figure 1).
Fortuitously, biomass is a good aggregate measure of
the performance of the plant community because it
incorporates the performance of individual species
and guilds. The biomasses of three separate guilds
(grasses, legumes and ‘other’ species) are positively
correlated with one another within plots (Silvertown
1980; M. Dodd et al., unpublished); this correlation
means that we lose little information by using
total biomass as a measure of community dynamics.
There is also good evidence that the ratios of
grasses : legumes : other spp. in the PGE has remained
at equilibrium within plots since 1900 despite some
notable changes in the species composition of the
guilds (Silvertown 1980, 1987). As a measure of
community dynamics, then, total biomass has the very
useful property that it is not excessively influenced by
secular changes in the abundance of one or two
species. This paper is concerned with two general
questions. (i) What relationship, if any, exists between
the number of species in a community and biomass
variability? (ii) Is there a correlation between soil pH
and biomass variability? A subsequent paper will look
at the stability of community composition.

2. METHODS
(a) The Park Grass Experiment

The Park Grass Experiment was set up between 1856
and 1872, when a hay meadow of uniform vegetation
composition and soil type at Rothamsted was divided
into 20 plots of between 0.1 and 0.2ha. Fertilizer
treatments were applied to 18 plots and two plots
(numbers 3 and 12) were kept as unfertilized controls.
Fertilizers continue to be applied on a regular
schedule to the present day. Full details of the
fertilizer treatments are given by Williams (1978).
Methods of fertilizer application, hay cutting and
other details of experimental procedure in the nine-
teenth century are given by Lawes & Gilbert (1863,
1880; Lawes et al. 1882). For the purposes of the
present study the important details are that 11 of the
original plots have received a nitrogen fertilizer, and
in 8 of these it was applied as ammonium sulphate,
which progressively acidified the soil (Johnston et al.
1986). By the end of the nineteenth century some
degree of acidification and species loss was observed
on all plots and a liming scheme was introduced. Plots
were divided and lime was applied at regular time
intervals to one half. In 1965 plots were divided in
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half again and three of the sub-plots were limed. One
quarter of the original area of each plot has never had
lime. Quarter plots are now between 80 and 500 m? in
area.

The hay biomass of each plot has been measured
annually in summer since 1856, providing a con-
tinuous record of how experimental treatment and
year-to-year changes in weather have affected the
biomass of communities as a whole. The number and
abundance of plant species on different plots was first
determined in 1862 by taking samples from the hay.
Each sample was dried, separated into species and
then weighed. This procedure has been repeated at
irregular intervals until the present day.

(b) Data

Numbers of species per plot have been recorded at
irregular intervals, and rarely on all plots in the same
year. In the analyses described below, all available
published data on biomass and species number for
most of the limed and unlimed plots were used
(Lawes and Gilbert 1863, 1880; Lawes et al. 1882;
Rothamsted Experimental Station 1934, 1935, 1936,
1937, 1938, 1952; Brenchley & Warington 1958,
Warren & Johnston 1964; Warren et al. 1965;
Williams 1978). The only plots omitted were those
that had been recorded less than twice (up to 1991)
and three plots which were only recorded for short
periods in the early part of the experiment. Some
additional, unpublished data for the number of species
per plot on a variable number of plots during the
period 1871-1883 were found in the archives at
Rothamsted. The most complete data for any year
were from our own field survey conducted in 1991
(M. Crawley, unpublished data). In total, 45 plots
and sub-plots recorded intermittently between 1862
and 1991 gave 678 plot—year combinations. The
individual analyses used appropriate subsets of the full
data set, as described below.

Biomass variability was measured as the coefficient
of variation of biomass, measured over time, for the
first cut each year (usually taken in early June).
Several alternative measures of variability were
considered, each one involving the variance and
mean of a time series of biomass determinations on
the same plot. CV was chosen because it has the
advantage of being scale-free. Within a single, stable
population it might well be reasonable to assume that
the mean and standard deviation of biomass would be
independent. In that situation it would be reasonable
to expect a negative correlation between mean
biomass and CV. However, the aim in the present
study is to describe the relation between mean and CV
over a number of different populations. Although the
variance is clearly strongly dependent on the mean,
there is no a prior: basis on which to build a model of
the relation between the two across different popula-
tions in this type of unreplicated experiment. In the
absence of a justifiable model, we have not attempted
any ecological explanation of the relation between CV

~and mean biomass. The empirical relation between
CV and mean biomass was used in our analysis in
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order that the relations between species richness, soil
pH and CV at constant biomass could be investigated
and interpreted ecologically.

Mean biomass and coefficient of variation (CV) of
first-cut hay biomass were calculated over an 11 year
period centred on the year of the species count. (A
centred interval was chosen for the calculation of the
CV to avoid prejudging the causal direction of the
relationship between species richness and biomass
variability.) At the end of the data run (i.e. 1991), 5
year means and CVs were used. Other variables such
as pH have also been measured at Park Grass
although less frequently (Warren & Johnston 1964;
Johnston ez al. 1986).

(¢) Analysis

The main determinants of species richness in the
PGE are soil pH and biomass, both of which are in
turn determined by fertilizer treatment (Silvertown
1980). Therefore, in looking for a relation between
variability and species richness we first quantified
relations between species richness and biomass and
pH, biomass and variability.

Multiple linear regression was carried out by
using GENSTAT)5 computer programs. Plotting of
the data indicated that the usual multiple regression

Table 1. Regression models used in the analysis

Biomass variability in grassland

models fitted the data adequately. Regression
models were constructed with the number of species
per plot, and coeflicient of variation of biomass per
plot as dependent variables. In each instance terms
were added to the model until further additions
proved to be non-significant (table 1). Preliminary
analysis of the data indicated that two binary factors
should be included. The first of these (labelled as A
in tables 1 and 2) indicated plots that received the
soil-acidifying fertilizer ammonium sulphate, but did
not receive liming treatment. The second (labelled
as B) indicated plots that received ammonium
sulphate together with lime (from 1906 onwards).
In comparisons between years, year was also treated
as a factor. The same regression technique was used
to fit the model CV = biomass + species number for
each individual year. Data from the same plots were
restricted to be at least 11 years apart to avoid
spurious serial correlation between CV measure-
ments.

3. RESULTS
(a) Species number

Species number per plot (rn) in 1862 was negatively
correlated with mean biomass (figure 2a). A simple

(A indicates the inclusion of a factor for plots receiving ammonium sulphate and no lime, B indicates the
inclusion of a factor for plots receiving lime and ammonium sulphate.)

% variance

dependent f (d.f.) for added accounted
model  variable terms overall f (d.f) P term P for
1. n 1862 biomass 69.75 1,17 <0.001 — — 79.3
+A 46.14 2,16 <0.001 5.22 ,16 0.036 834
+A - biomass 35.28 3,15 <0.001 2.86 1,15 0.112  85.1
2. n 1991 biomass 1.26 1,39 0.269 — — — 0.6
+A 71.68 2,38 <0.001 137.70 1,38 <0.001 779
+A - biomass 51.98 3,37 <0.001 3.43 1,37 0.072  79.3
+B 86.89 4,36  <0.001 37.55 1,36 <0.001 89.6
+B - biomass 67.76 5,35 <0.001 0.09 1,35 0.771  89.3
3. n 1862 and biomass + A + biomass- A 7.43 3,56 <0.001 — — — 24.7
1991 +year + year - A 86.70 3,54 <0.001 147.32 2,54 <0.001 879
+year - biomass 77.62 6,53 <0.001 446 1,53 0.039 886
+year - biomass + A 65.61 7,52  <0.001 0.23 1,52 0.631 88.5
4. CV 1862 biomass 16.60 1,17 <0.001 — — — 46.4
+A 16.06 2,16 <0.001 8.35 1,16 0.011 62.6
+A - biomass 10.10 3,15 <0.001 0.07 1,15 0.796  60.3
5. CV 1991 biomass 97.59 1,39 <0.001 — — — 70.7
+A 111.32 2,38  <0.001 36.42 1,38 <0.001  84.7
+A - biomass 75.89 3,37 <0.001 1.59 1,37 0.216  84.9
+B 77.28 4,36  <0.001 12.25 1,36 <0.001 88.4
+B - biomass 72.22 5,35 <0.001 6.32 1,35 0.017  89.9
6. CV 1862 biomass + A + biomass- A 39.70 3,56 <0.001 — — — 66.3
and 1991 +year + year - A 59.93 5,54 <0.001 29.55 2,54 <0.001 83.3
+year - biomass 68.78 6,53 <0.001 18.11 1,53 <0.001 87.3
+year - biomass - A 58.75 7,52 <0.001 0.72 1,52 0.398 87.3
7. CV all biomass + n + year 25.16 51,625 <0.001 — — — 64.6
years +biomass - year + n - year 12.66 145,531 <0.001 2.60 94,531 <0.001 71.4

Phil. Trans. R. Soc. Lond. B (1994)
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Table 2. Values of t and associated P-values for the full
regression models used in the analysis of 1991 data (table 1,
Models 2 and 5)

(A indicates the inclusion of a factor for plots receiving
ammonium sulphate and no lime; B indicates the
inclusion of a factor for plots receiving lime and
ammonium sulphate.)

Species number cv

term t P t P

constant 20.22 <0.001 21.46 <0.001
biomass —6.72 <0.001 —13.42 <0.001
A -9.20 <0.001 1.17 0.250
A - biomass 2.25 0.031 2.16 0.038
B —1.65 0.108 —-1.19 0.242
B - biomass —-0.29 0.774 2.51 0.017

regression of n on mean biomass accounted for
79.3% of the variance in species richness. With
ammonium treatment as a factor in the model, the
variance accounted for increased to 83.4% and
intercepts differed significantly for the two types
of plot (table 1, Model 1). Including the
ammonium X biomass interaction showed that slopes
did not differ significantly between the two types of
plot (table 1, Model 1).

In 1991 there were parallel relations between 7 and
biomass for non-ammonium and limed ammonium
plots, and a quite different slope and intercept for the
relation in unlimed, ammonium plots (figure 2¢). In
statistical terms, this is demonstrated by the fact that
adding a term to distinguish between the intercept for
the limed ammonium plots and those for the other
plots produces a significant improvement in the fit of
the model, whereas adding another term to distin-
guish the slope for those plots does not (table 1, Model
2). The ¢-values for the full model (table 2) generally
confirm these features. Although the t-values for the
slope and intercept for the limed ammonium plots are
not significant in the full model, the sequential
modelling process (table 1, Model 2) indicates that
the lack of significance for both these terms in the full
model is an artefact of their collinearity, and the most
parsimonious interpretation of the regression calcula-
tions is that the lines of non-ammonium and limed
ammonium plots differ in intercept but not necessarily
in §lope. Fitting a model to the data from 1862 and
1991 taken together (omitting the limed ammonium
nitrogen plots) leads to the conclusion that the
corresponding lines for 1862 and 1991 differ in slope
(table 1, Model 3).

Intermediate years between 1862 and 1991 (figure
2b—d) showed a gradual reduction in number of
species per plot, with this process proceeding
significantly faster on ammonium nitrogen plots
than on others. Regression lines shown in figure 2
are for the maximum number of significant terms
from the modelling process. This indicated parallel
relations with significantly different intercepts for
ammonium and non-ammonium plots in 1877, 1919

and 1948.

Phil. Trans. R. Soc. Lond. B (1994)

(b) Coefficient of variation of biomass

Biomass and its coefficient of variation were
negatively correlated in 1862 (figure 3). For a given
biomass, the eight plots receiving ammonium sulphate
were significantly more variable than the 11 other
plots in the sample. Intercepts for the two groups of
plots differed (p < 0.05), but slopes did not. The
overall regression model accounted for 62.6% of the
variance in CV (table 1, Model 4).

In 1991 the unlimed part of plot 18 was highly
acidified, with large bare patches in the vegetation.
This plot had an extreme CV and was omitted from
the sample. The remaining 40 plots fell into three
distinct groups: ammonium plots with no lime,
ammonium plots with lime, and the rest (figure
3). A simple regression model of CV on biomass,
which made no distinction between the three types
of plot, accounted for 70.7% of the variance in CV
(table 1, Model 5). Adding terms that allow
different intercepts and slopes for the relation
between CV and biomass (b) for the three types of
plot leads to a model that accounts for 89.9% of the
variance in CV (table 1, Model 5). The conclusion is
that the three lines are not parallel, and that the
difference in gradient is statistically significant.
Again, the corresponding lines for 1862 and 1991
differ in slope.

Intermediate years between 1862 and 1991 (figure
3) showed a gradual increase in biomass variability,
with this process proceeding significantly faster on
ammonium nitrogen plots than on others. Regression
lines shown in figure 3 are for the maximum number
of significant terms from the modelling process. As for
the relations between n and b, relations between CV
and b in 1877, 1919 and 1948 were parallel, with
significantly different intercepts for ammonium and
non-ammonium plots.

(e) CV, species number, pH, biomass and year

The species-rich plots were also the ones with the
lowest biomass. Plots with low biomass were the most
variable. Because CV and species number were both
negatively correlated with biomass, one would expect
CV and species richness to be positively correlated.
This is not what we observe. Taking into account all
years for which data were available, the Pearson
correlation coefficients for CV and species number
with biomass were —0.65 and —0.40, respectively;
however, the correlation between CV and species
richness was also negative (just) at —0.06.

An overall model for CV fitting biomass, species
number, year and interactions between biomass and
year, and number and year for all available data on
non-acidified plots indicates that the relation between
CV and species number and biomass differed
significantly between years (table 1, Model 7), so it
is not possible to draw any simple conclusion from this
model in which years are combined. To explore the
relation further, we therefore fitted the model CV =
biomass + species number to each year’s data set
independently. Recall that the mean biomass and the
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Figure 2. Relations between number of species per plot (z) and mean biomass (4) 1862—-1991. Open squares are
plots receiving ammonium sulphate; open circles are plots receiving ammonium sulphate and lime after 1906;
filled squares are plots receiving neither ammonium sulphate nor lime. Regression parameters are as follows. ()
1862. Non-ammonium plots n = 50.08 — 3.9715; ammonium plots n = (50.08 — 2.85) — 3.9714. () 1877. Non-
ammonium plots 7 = 52.49 — 4.553b; ammonium plots 7 = (52.49 — 9.90) — 4.5534. (¢) 1919. Non-ammonium
plots n=33.13—2.408); ammonium, limed plots 7n=(33.13—11.52) —2.4086; ammonium plots
n=(33.13 — 14.88) — 2.408b. (d) 1948. Non-ammonium plots n = 36.70 — 3.555; ammonium, limed plots n =
(36.70 — 8.28) — 3.55b; ammonium plots 7= (36.70 — 17.59) — 3.55b. (¢) 1991. Non-ammonium plots
n = 32.86 — 2.9556; ammonium, limed plots 7= (32.86 —6.14) + (—2.955 — 0.28)b; ammonium plots n=

(32.86 — 27.63) + (—2.955 -+ 2.211)5.

CV for any given year were calculated over a period
around the year in question. The f-values and
coefficients for models of the 42 years in which
data on four or more plots are available are given in
table 3.

Plots with higher biomass were less variable in
most years. On the non-acidified plots (table 3a)
there was a small reduction in variability with
increased number of species in 29 of the 42 years,
although this was significant only in 1877, 1882 and
1991, and in one year (1928) there was a significant
increase in variability with n. There were fewer plot—
year combinations available for the acidified treat-
ments and in only six of the ten years was there a
reduction in variability with increased number of
species (table 3b). Because years differ in the relation
between variables (table 1, Model 7) and sample
sizes vary widely between years, we cannot compute
an overall significance for the relation between CV,

Phil. Trans. R. Soc. Lond. B (1994)

biomass and species number. However, the overall
trends are clear.

4. DISCUSSION

The relationship between species richness (r) and
variability (CV) in the plant communities of the Park
Grass Experiment is bound up with two other
variables that correlate with both n and CV. The
present analysis and a previous study (Silvertown
1980) show that there is a strong relation both
between biomass of the community (hay biomass)
and species richness and between soil pH and species
richness. It now appears that biomass variability is
also strongly related to biomass itself and to pH.
These correlations are of interest in their own right
(see below). Using multiple regression to partition the
effects of biomass and species number on variability,
we found that biomass and CV had a significantly
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Figure 3. Relations between coefficient of variation (CV) and mean biomass (b) 1862—1991. Symbols as for
figure 2. Regression parameters are as follows. (a) 1862. Non-ammonium plots CV = 26.71 — 2.9115; ammonium
plots CV = (26.71 +3.79) — 2.9116. (b) 1877. Non-ammonium plots CV = 39.01 — 4.4875; ammonium plots
CV = (39.01 +8.44) — 4.487b. (¢) 1919. Non-ammonium plots CV = 46.57 — 6.507; ammonium, limed plots
CV = (46.57 + 4.33) — 6.507b; ammonium plots CV = (46.57 + 20.36) — 6.5074. (d) 1948. Non-ammonium plots

CV =45.60 — 6.866; ammonium, limed plots
(45.60 +8.81) — 6.865. (¢) 1991.

CV = (45.60 — 0.94) — 6.865;
Non-ammonium plots

CV =
limed plots

ammonium  plots
ammonium,

CV = 64.93 — 10.9555;

CV = (64.93 — 8.24) + (—10.995 + 4.47)b; ammonium plots CV = (64.93 + 6.57) + (—10.995 + 3.95)b.

negative relation with CV over most of the timespan
from 1862 to the present. Higher-biomass plots have
generally been less variable than lower-biomass ones,
although we cannot tell how much of this effect is
intrinsic to the statistical relation between the mean
and CV of biomass.

The multiple regressions offer a less clear-cut
conclusion about the relation between species rich-
ness and variability. After allowing for the effect of
biomass, the observed relation between species
richness and CV was negative in 29 of the 42 years
analysed, but this relation was significant on only
three occasions. This includes the year for which we
have the largest sample size (34 plots), which is also
the year of our own survey of the PGE (1991). Had
we been reporting the results of a one-off survey in
1991 we might have concluded that the negative
relation between species richness and variability
was the best support yet for the hypothetical relation
between variability and diversity, coming as it
does from 34 adjacent and clearly comparable

Phil. Trans. R. Soc. Lond. B (1994)

communities. As it is, we have a historical record of
these communities dating from near their point of
common origin in a single meadow community of the
early 1850s and this forces us to a more tentative
conclusion. The hypothesized relationship between
species richness and variability may exist, but if so it is
a weak one. Of course, coefficient of variation of hay
biomass is not the only possible measure of variability
we might have used, but it is the simplest available
and therefore the easiest to interpret. A study based
on variability of species composition, for which there
are much less extensive data in the record of the PGE,
will be the subject of a separate report (J. Silvertown
et al., unpublished).

The relation between soil acidification and varia-
bility was a strong one. One explanation for the
greater variability of plots with acidified soil is that
the physiological stresses imposed by low pH make
the plants in these communities more susceptible to
adverse weather conditions. Known interactions
between soil reaction, plant nutrition and soil
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Table 3. Values of t and coefficients for the models
CV= constant 4 biomass + no. spp., by year.

((a) Non-ammonium plots 1862—-1991, including
ammonium plots receiving lime from 1903; ()
ammonium nitrogen plots without lime, 1862-1991.
Significance levels: *p < 0.05, **p < 0.01, ***p < 0.001;
d.f. = no. plots —3.)

t-values for terms Coefficients

()

Year biomass no.spp. no. plots biomass  no. spp.
1862 —2.11 —0.45 11 —3.77 —0.152
1867 —4.35** —1.38 11 —8.56** —0.655
1871 —0.68 -022 4 —-15.4 —1.54
1872 —2.12 0.14 14 —7.53 0.12
1874 —4.73* 1.15 5 —12.2* 0.397
1875 —6.46*** —0.38 8 —12.85*** —0.103
1876 —4.76** —0.64 8 —9.82*  —0.141

1877 —6.52*** —3.12** 14
1878 —4.97%** —1.78 12
1879 —5.01"** —2.00 11
1880 —5.71"** —1.35 11
1881 —7.61*** —2.16 10
1882 —6.58*** —2.52* 10

—8.61"** —0.709**
—8.56™** —0.526
—8.95*** —0.924
—6.96*** —0.239
—6.992*** —0.52
—9.06*** —0.768*

1883 —2.61 —0.62 6 —6.04 —0.239
1903 -5.80** —-0.14 9 —7.46*** —0.032
1914 —6.29*** —-0.96 29 —8.92*** —0.2

1919 —5.81*** —1.58 29
1921 —5.13*** —1.69 20

—7.27"** —0.363
—6.46"** —0.454

1922 —2.98* —-0.67 16 —6.64* —0.34

1923 —2.54* 1.00 18 —4.37* 0.28

1924 —2.75* 0.70 16 —6.09* 0.268
1925 —2.42* 0.69 18 —4.31* 0.198
1926 —-3.02* —-0.34 13 —8.05*  —0.155
1927 —2.42* 0.13 12 —-3.97* 0.041
1928  0.67 2.78* 8 0.81 0.507
1929 -5.08* —3.11 6 —-9.35** —0.972
1931 —1.48 —0.81 5 —6.37 —0.615
1933 1.04 1.59 5 6.34 2.03

1935 —1.27 0.37 8 —3.55 0.154
1936 —2.41* —-0.38 10 —6.70*  —0.153
1937 —1.78 0.12 10 —7.18 0.068
1938 —-3.70** —0.18 10 —7.13**  —0.052
1939 —4.33** —-0.92 11 —8.70** —0.258
1940 —3.56** 031 11 —7.14** 0.082
1941 —2.81 —0.32 5 -9.30 —0.149
1946 —3.47* 1.60 9 —12.84* 1.091
1947 —3.44** 0.16 16 —6.85** 0.052

1948 —5.21"** —0.97 20
1949 —-5.40** —-0.63 17
1975 —1.77 —-0.86 12
1976 —1.30 —098 6
1991 —11.07*** —3.14** 34

—7.66"** —0.202
—7.03*** —0.127
~3.18 —0.432
—4.57 —0.861
—12.25*** —0.759**

t-values for terms Coeflicients

()

Year biomass

no. spp. no. plots biomass  no. spp.
1862 —1.00 0.18 8 —2.37 0.124
1867 —3.53* 3.03* 9 -3.077*  0.618*
1872 —5.00* —-0.36 8 —5.82**  —0.069
1877 —4.51"* —-2.76* 8 —=5.61** —0.611
1914 —1.65 —-0.54 7 —12.00 —1.38
1919 -5.09** —3.49* 7 —12.26** —4.13
1947 —1.76 029 6 —3.80 0.41
1948 —1.47 -1.19 5 —6.79 —0.806
1973 —1.17 -233 8 —1.93 —1.052
1991 —2.80* 0.11 7 -7.18* —0.19

Phil. Trans. R. Soc. Lond. B (1994)
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moisture deficit certainly make this likely. With time,
CV increased significantly across plots, independently
of biomass (compare elevations in figure 3 for 1862
and 1991). Some of this increase may have been due
to reductions in plot size which took place in the early
1900s and in 1965 when plots were divided for liming
treatments, but this is unlikely because the trend of
increasing variability through time was evident as
early as 1877 (compare elevations in figure 3 for 1862
and 1877), before plots were divided. Even the
divided plots remained large by the standards of
most ecological experiments. It is known that pH has
fallen on all plots in the PGE, including those not
receiving ammonium sulphate fertilizer (Johnston
et al. 1986), and this is a likely explanation for the
general trend of increasing variability in the PGE
communities as a whole.

If the relation between species number (z) and CV
is a real one, what might be its cause? There are three
possibilities: (1) n directly affects CV; (ii) CV directly
affects n; (iii) correlation between n and CV is the
indirect effect of separate correlations between n, CV
and a third variable. Case (i) would occur if species
differed in their optimum climatic conditions for
growth. The total biomass of a plot with many species
would then be better buffered against climatic
variation than that of a plot with fewer species. In
case (ii) where the causative arrow is reversed, a
lower species richness in less stable plots could be the
result of competitive exclusion in years of unusually
high community productivity. Many of the less
competitive species characteristic of unproductive
grassland would be particularly susceptible. In case
(iii) both species loss (and hence n) and biomass
variability may be linked through correlation with a
third, driving variable. This could explain why the
correlation between CV and 7 is a fairly weak one.
Our analysis suggests that the third variable cannot
be biomass per s¢ because the correlation between
variability and 7n occurs after the linear effect of
biomass has been allowed for (table 3). We suggest
that the unknown variable, if it exists, may be
response to drought. Annual variation in the
productivity of English hay meadows correlates
strongly with rainfall (Smith 1960), and rainfall
interacts with nitrogen fertilizer treatment in
affecting plot biomass within the PGE (Cashen
1947). Plots that are particularly susceptible to
drought will have a more variable biomass and may
also lose species in dry years. It is not possible to
choose among cases (i)—(iii) on present evidence, but
all the hypotheses advanced under these three
scenarios are susceptible to tests using PGE data,
including botanical records of the early years of the
PGE when most extinctions occurred. This, and other
explorations of the unique records of the PGE, will be
the subject of future publications.
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