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Abstract

Accumulating evidence suggests that ecological communities undergoing change in response to either anthropogenic or natural

disturbance regimes exhibit macroecological patterns that differ from those observed in similar types of communities in relatively

undisturbed sites. In contrast to such cross-site comparisons, however, there are few empirical studies of shifts over time in

the shapes of macroecological patterns. Here we provide a dramatic example of a plant community in which the species-area

relationship and the species-abundance distribution change markedly over a period of six years. These patterns increasingly

deviate from the predictions of the Maximum Entropy Theory of Ecology (METE), which successfully predicts macroecological

patterns in relatively static systems. Information on the dynamic state of an ecosystem inferred from snapshot measurements of

macroecological community structure can assist in extending the domain of current theories and models to disturbed ecosystems.

INTRODUCTION

Macroecological models and theories that attempt to predict patterns in the abundance, distribution and
energetics of species often implicitly or explicitly assume that the ecosystem under study is static, and thus
exhibits patterns that are unchanged from year to year. If macroecological patterns are observed to vary in
functional form over time, as for example might occur under disturbance, then patterns of deviation from the
static predictions can potentially provide useful information for improving models, identifying the drivers of
change, and forecasting the future state of the system (Newman 2019; Harte & Newman 2014).

There is accumulating evidence from multi-site comparisons that ecosystems undergoing change in response
to either anthropogenic or natural disturbance regimes do exhibit macroecological patterns that differ from
those observed in relatively undisturbed sites in similar types of ecosystems (Newman et al. 2020; Rominger et
al. 2015; Supp et al. 2012; Harte 2011; Carey et al. 2006; Kempton & Taylor 1974). These studies also reveal
a weakness of the Maximum Entropy Theory of Ecology (METE), which is based on an inference procedure
derived from information theory (Harte 2011). METE predicts patterns of distribution, abundance, and
energetics using instantaneous values of a community’s state variables: total area, total abundance, total
species richness, and total system metabolism. Numerous examples exist of the success of METE for systems
in which the state variables are relatively static, as well as its failures in disturbed ecosystems in which state
variables are changing in response to disturbance (Newman et al. 2020; Harte et al. 2017; Xiao et al. 2015;
Harte et al. 2013; White et al. 2012; Harte et al. 2009; Harte et al. 2008).

In contrast to the cross-site comparisons, an actual change in the performance of METE on a single system,
from success to failure over time, has not been reported before. Here we describe an alpine plant community
experiencing a period of dry conditions. In southwestern North America, a region that includes our study
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site, the period 2000-2018 was the second driest 19-year period in the past 1200 years (Williams et al. 2020).
The increasing frequency of hotter, drier years with low winter snowpack and earlier snowmelt over the last
decade, coupled with a 10% loss of species, increasing mortality, and declining recruitment rates (see Results)
during the study period along with the site’s extremely poor soil development, strongly suggest that this
community is stressed and experiencing demographic decline.

Our analysis showed that the species-area relationship and the species-abundance distribution increasingly
deviated from the predictions of METE over a period of six years from 2014 to 2019, in conformity with
previous speculation (Newman et al. 2020; Harte and Newman 2014; Harte 2011) that increasing theory
failure over time will be observed in ecosystems undergoing change. Our results suggest that the goodness
of fit of ecological models may contain useful information on the state of the system that can be applied to
forecasting and generalizing ecological models to more dynamic systems.

MATERIALS AND METHODS

Site and Census design. We examine six years of census data from a site on a southeast facing ridgeline
with ˜20° slope, on Mount Baldy, in the Gunnison National Forest of western Colorado (Blonder et al.
2018). The site contains a sparsely populated alpine plant community with a total of eighteen species in its
most species-rich year. In the year with greatest abundance, there was an average of only nine individuals
per square meter. For a more complete site description, a species list, and an analysis of the relationships
among species traits, individual survival, fecundity, recruitment, and abiotic microenvironmental factors, see
Blonder et al. (2018).

The relative sparseness of the vegetation, compared to other alpine plant communities with short growing
seasons, is largely due to the substrate, which is composed of exposed and undeveloped rock strata, comprising
Mancos shale (Upper Cretaceous) downslope and quartz monzonite porphyry (Upper Eocene) upslope. Soil
across the site consists primarily of ˜5-10 cm of fine weathered black scree over bedrock. Snowfall usually
begins in October with snowmelt completed in June or July.

The data set used here comprises six years from 2014 to 2019 and derives from a complete annual vegetation
census. All individuals including seedlings were recorded and located to the nearest centimeter. The site is
partitioned by two-meter-wide corridors into a 5 by 10 grid with 50 plots, each with dimension two meters
by two meters. Data are collected annually during peak flowering season in late July or early August of each
year. Individuals are considered dead and removed from the census in subsequent years if no above-ground
growth was recorded for more than two years or if they germinated and died within the same year. Data and
field methods are originally published for 2014-2017 in Blonder et al. (2018) and updated for 2014-2019 in
Ray et al. (2020).

Species-area relationship (SAR). The SAR describes the dependence of species richness on censused
area. A complete nested SAR design is derived by dividing the entire community into disjoint equal-area
quadrats and averaging the number of species over all quadrats of equal area. To construct species-area curves
we ignored the corridors between the 50 plots and combined the data into one continuous plot (see Discussion
for justification). We then re-sectioned the data into a 32 by 64 grid, in order to have a sufficient number
of either square quadrats or 2nx2n−1 rectangular quadrats. Both horizontal and vertical orientations were
considered for rectangular quadrats by averaging over equal areas (see Table S1 in Supporting Information).

This design allowed us to study areas of relative size: 32, 64, 128, 256, 512, 1024, and 2048 (=32x64), where
the smallest scale was set by the requirement that we have at least six species on average at that scale. The
criterion of at least six species is based on a necessary requirement for the validity of METE: exp(-S ) << 1
(Harte 2011). This requirement is also why we were not able to construct 50 separate SARs each year using
each of the 50 plots as a study system; the species richness would have been too low within the plots to be
able to examine the SAR across a wide range of spatial scales.

METE predicts that the slope of the species-area curve at a given scale is a function of the ratio of the
number of individuals, N, to the number of species, S, at that scale. Hence, if data are plotted as local slope,
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z, at a given scale versus the ratio, or log of the ratio, of N to S at that scale, then all SARs are predicted
to collapse onto a universal curve (Harte et al. 2009). Thus, we express the SAR by plotting z, the local
slope of the species-area curve expressed as log(S ) versus log(A ), against log(N /S ), where N and S are
measured at the same spatial scale at which z is calculated.

To an excellent approximation, METE predicts that the area-dependent slope, z (A ), as a function of N (A
) andS (A ) is given by

z(A) ∼=
[
log (2) log

(
1

1−e−β(N(A),S(A))

)]−1

(1)

where β is given by the solution to

N(A)
S(A) =

∑N(A)
n=1 e−βn∑N(A)
n=1

e−βn
n

(2)

and natural logarithms are used. A more exact form for the METE predicted slope z (A ) in Eq. 1 is given in
Harte (2011). Because our average values of N at each scale can be non-integer,β is calculated using linear
interpolation between two adjacent integer values.

To calculate the observed slopes of the species-area curve at each area, we used the slope of the line connecting
the coordinates of the next lowest and next highest area in the species-area curve, which is consistent with the
way in which Eq. 1 above was derived. This meant we could not calculate observed slopes at the endpoints
of our species-area curve, leaving a total of six slopes.

To quantify the change in prediction performance over the years we compared the mean squared error
between the observed and predicted slopes for each year.

error = 1
K

∑K
i=1 (observed slopei − predicted slopei)

2
(3)

where K , the number of spatial scales where we could predict the slope, is six.

Species-abundance distribution (SAD). The SAD,Φ (n|S,N) , is the probability that a species has n
individuals given that the community has S species and N individuals. The empirical SAD for any community
is sparse because a sample will not give data for every abundance ranging from 1 to N . We instead plot rank
versus log(N ) distributions, with abundances of each species ranked by decreasing abundance (see Table
S2).

METE predicts that the SAD is a logseries distribution given by:

Φ (n|S,N) = e−βn

n log
(

1

1−e−β

) (4)

where β is given by Eq. 2.

We construct a predicted rank abundance curve from Eq. 4 by computing cumulative probabilities for each n
-value from the predicted SAD. To assess the fit of predictions, we compute the mean squared error between
the predicted and observed rank abundance curves for each of the years. There is a small uncertainty in the
way we calculate the predicted rank abundance curve as it could be shifted up or down by ½ of a rank. Thus,
for each S and N value in the data set, we drew 1,000 samples from the predicted SAD and rank ordered
each sample to determine how likely the observed rank abundance curve was.

Stress factors. We examined mortality and recruitment to potentially quantify stress over time (see Table
S3). Mortality is defined as the number of individuals who died in each year. Mortality data is not available
in 2014 and 2019 because the study did not include individuals who died in 2014 and data from 2020 is
required to determine which individuals died in 2019. Recruitment, defined as the number of seedlings in
each year, was measured in all six years. By fitting linear models to the data, we derived correlations between
the SAR and SAD error metrics with mortality, recruitment, net loss (the difference between mortality and
recruitment), number of individuals, and species richness, and thereby determine if any of these metrics
quantify the stress driving changes in the SAR and SAD.
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RESULTS

SAR. The observed SAR in each of the census years is shown in a graph of local slope, z , versus log(N /S
) (Fig. 1), where number of individuals, N , and number of species, S , are measured at the same spatial
scale at which z is calculated (Eq. 1). On each graph the METE scale-collapse prediction is shown as well.
Note that because N scales linearly with area in a complete nested design, while S increases less rapidly
than linearly with area, larger values of log(N/S ) correspond to larger areas. Fig. S1 shows the observed
species-area curves used to calculate the observed slopes.

In 2014 there is good agreement between theory and observation. In the subsequent years the slope, z ,
declines faster than predicted asN /S increases. The deviation between theory and observation is larger at
larger area.

The deviation of the observed slope from the METE prediction (Eq. 3) for each year is shown in Fig. 2a.
From 2014 to 2018 there is a monotonic increase in that deviation, with a small decrease appearing in 2019.

SAD. The SAD in each of the census years is shown in a graph of log(n ) versus the rank order of the species
(Fig. 3). The rank ordered observed abundances are shown as dots and the predicted rank abundance curve
is shown as a thick line. The rank ordered results of 1,000 samples from the predicted SAD are shown as
thin lines.

As with the SAR findings, agreement between the observed and predicted SADs is best in 2014 (Fig. 2b).
In this case, however, we see constant, rather than increasing, disagreement in years 2015-2019.

Stress factor trends. We examined the correlation between our SAR and SAD errors with recruitment,
mortality, net loss, number of individuals, and species richness (Fig. 4) over time and report the correlation
coefficients of linear fits in Table 1. Fig. S2 shows the graphs of each of the error stress metric pairs along
with their regression lines. The SAR error and net loss appeared to have the strongest relationship (Fig. 5).
The SAR error and mortality had a moderately strong relationship, but no other even moderate correlations
were found for the SAR error and none were found for the SAD error.

DISCUSSION

SAR and SAD results . Over a six-year period, both the observed SAR and the SAD at the field site
exhibit a departure over time from METE predictions. The METE-predicted SAR is not a power-law; rather,
the predicted slope decreases with area. As is evident in Fig. 1, the general pattern of deviation from METE
in this study is in the direction of even further deviation from power law behavior, with the slope decreasing
more rapidly with scale than METE predicts. This is in contrast with results from another study (Newman
et al. 2020) that compared the SAR in two nearby Bishop pine forests: one that had recently burned and
was undergoing post fire succession, and a mature forest that had not burned in many decades. The mature
forest SAR was accurately predicted by Eq. 1, whereas the SAR in the recently burned forest was more
consistent with a power law. This informs us that we cannot expect any simple universality in the pattern
of deviation from the static prediction. Different types of disturbance regime can produce different patterns
of deviation.

The change over time in the SAD, and its pattern of deviation from the METE prediction, is also illuminating.
We observed agreement with METE in 2014 followed by poor performance in the following years. On the one
hand, a decrease in the number of species with very few individuals was observed. Whereas there were, for
example, 4 species with either one or two individuals in 2014, there were an average of 1.2 such species over the
years from 2015-2018. Less anticipated was the decrease in abundances of the most abundant species, resulting
in a SAD that is not described by the METE-predicted log-series distribution nor by a lognormal distribution.
The bow-shaped appearance of the SAD in Fig. 3 is more characteristic of an exponential distribution. This
contrasts with evidence from another study suggesting that disturbance results in a lognormal distribution
(Kempton & Taylor 1974). It also contrasts with evidence from the Bishop pine study (Newman et al. 2020),
which shows a rank-log(abundance) curve that bows in the opposite direction (that is, a concave curve) from
the SADs in Fig. 3.
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Thus, both the SAD and the SAR findings reported here suggest that disturbance can exert different effects
on macroecological patterns. Further investigation is needed to catalog the patterns that macroecological
metrics can exhibit under various types of disturbance, and to develop dynamic theory that can predict such
a variety of patterns. While White et al. (2012) looked at the SAD in 15,848 plant, mammal, arthropod, and
bird communities and concluded that the log-series outperformed the lognormal, no comprehensive analysis
of the relationship between the shape of the SAD, the SAR, and the disturbance level or degree of departure
of the ecosystem state variables from steady state has been carried out.

Compressed SAR. In our analysis we made the choice to ignore the corridors between the 50 plots and
compress them into one continuous plot that we then sectioned into quadrats more finely. Consider the
difference between what we observed and what would be observed if we had a full data set that included
individuals present within the corridors. When we compress the plots as we did, individuals in different
plots are brought closer together than they really are in the full dataset. Generally, as a consequence of
species turnover, the number of species in common between plots decreases as the distance between them
increases. Thus, within areas of the same size in the compressed and full dataset, we would expect there
to be more species in the compressed area since it spans a larger distance. In other words, the observed
slopes computed from the compressed data will be higher than in a full data set at corresponding areas.
This might appear to introduce an artifact, but in the MaxEnt procedure that METE uses, this will not
matter. In particular, MaxEnt predicts the shape of the SAR from the values of state variables (number of
species and number of individuals) that impose constraints on information entropy maximization. At the
same spatial scale, these state variables will differ between the compressed and full data sets, with number of
individuals independent of the compression and number of species increased, at fixed scale, in the compressed
data. Because the predicted slopes depend upon the state variables, both they and the observed slopes are
changed as a consequence of compression.

If our goal was to predict the slopes for the uncompressed data, this would pose a problem; however, our goal
is to study the errors between the METE predicted slopes and observed slopes over the years. The errors
should follow the same trend for the full and compressed dataset, because in the compressed dataset, the
observed and predicted slopes have both simply been shifted upwards and to the left on the plot of log(N/S
) versus slope, since both slope and S at each scale have increased.

Predicted rank abundance curves. In our analysis we generated and ranked 1,000 samples from the
predicted SAD and observed that our predicted rank abundance curve falls roughly in the middle of the
samples (Fig. 3). This shows that the method we used to calculate the predicted rank abundance curve from
the predicted SAD is reasonable and an appropriate measure to use when computing the errors for the SAD.
The samples additionally provide a visualization of how far from METE’s prediction the observed data are
as many of the points fall outside the range of the samples in every year but 2014.

Demographic evidence for stress. The stress factors offer insight into the SAR error, but less so into the
SAD error (Table 1). In terms of the signs of the correlation coefficients, we expected recruitment, number
of individuals, and species richness to negatively correlate with error because these values tend to be lower
in stressed and disturbed systems. Conversely, we expected mortality and net loss to positively correlate
with error because these values tend to be higher in stressed and disturbed systems. The signs on the
SAR error correlations with recruitment, abundance and species richness are as expected (-0.56, -0.51, -0.50
respectively) and similarly for mortality and net loss (+0.91, + 0.97 respectively). The only even moderately
explanatory factor for the SAD error, species richness (r = -0.80), also has the expected negative sign. It
is interesting to note that the SAR is derived from the SAD and a spatial function describing species-level
aggregation (Harte 2011). Because net loss does not have the expected sign or a strong correlation with the
SAD error, the net loss is likely impacting spatial aggregation. In stressful environments, there is evidence
that facilitation reduces mortality for clustered individuals (Jia et al. 2011; Brooker et al. 2008), which
would lead to a disproportionate number of deaths for unclustered individuals and an increase in overall
aggregation. Further work is required to understand how mortality and recruitment affect spatial patterning
at this site.
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Our findings point to the importance of extending the static MaxEnt-based macroecological theory to the
dynamic regime. By combining the MaxEnt inference procedure with explicit stress mechanisms acting via
higher death rates, lower growth rates, reduced immigration, etc., a theoretical foundation can be establis-
hed upon which it might be possible to understand how disturbance alters macroecological patterns and
conversely how altered patterns allow attribution of stress factors.

Conclusion. Measurement of macroecological metrics like the SAD and the SAR have the potential, as yet
not widely exploited, to achieve the goal of providing critical early warning information about an ecosystem
experiencing rapid change. It remains to be seen whether such information is more readily obtainable from
analysis of macroecological metrics or if it is necessary to make more traditional repeated observations on very
fine scale, in which the taxonomic identity, location, and traits of the individuals in a plant community, along
with local variability in abiotic conditions, are recorded. Based on the clear trends observed in our analysis of
the Mt. Baldy data, and the possibility that such trends are unique to different types of disturbance, we can
conclude that further pursuit of this goal could expedite success in the search to better predict ecosystem
responses in the Anthropocene.
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Table 1 Correlation coefficients of linear fits on SAR and SAD error versus abundance, species richness,
mortality and recruitment.

Table 1

Factor Correlation with SAR error Correlation with SAD error

Total abundance -0.51 0.14
Total # species -0.50 -0.80
Mortality 0.91 -0.38
Recruitment -0.56 0.22
Net Loss = mortality
-recruitment

0.97 -0.27

FIGURE CAPTIONS

Figure 1 Comparison of slopes of the observed species-area curves and METE scale-collapse predictions in
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each of the six years.

Figure 2a Mean squared error between the observed and predicted slopes. Initial agreement with METE
in 2014 decreases in subsequent years as depicted by the increasing errors.

Figure 2b Mean squared error between the observed and predicted rank abundance curves. Agreement
with METE in 2014 is followed by consistent disagreement.

Figure 3 Comparison of observed and METE predicted SAD through rank ordered graphs in each of the
six years. The cloud of thin lines represents 1,000 rank ordered random draws from the predicted SAD.

Figure 4a-d Abundance, species richness, mortality and recruitment over time.

Figure 5 Plot of SAR error versus net loss.
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