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Ecological science aspires to provide usable 
answers to difficult problems. In doing so, 
ecologists face severe technological and 
conceptual challenges in basic and applied 
arenas (1). As a result, some ecologists 
voice the concern that the field has en- 
tered a critical period where its governing 
paradigms are being continually ques- 
tioned (2). These intellectual difficulties 
are compounded by serious shortages in 
funding and in social commitment to support 
the field and its findings. These pressures 
from within and without are beginning to 
reshape the nature of ecological research. 
As this transformation 
proceeds, it is useful to 
reflect on changes in 
the practice of ecology 
that will improve its 
positive impact on so- 
ciety. One of these is 
the evolution of statis- 
tical practices and phi- 
losophies to establish a 
rigorous and conceptu- 
ally sound ecology for 
the next millennium. 

Ecosystems are a- 
mong the most com- 
plex systems known 

logical research. Even when the statistics 
are robust to departures from assumptions 
(as some are), the larger problem of at- 
tempting to infer causality from the out- 
comes of formal tests remains unsolved. In- 
ferences of causality ultimately assume 
knowledge of an underlying process model, 
but such models often are difficult to formu- 
late and analyze. 

An example illustrates some of these 
problems. Most ecological theory assumes 
that ecosystems can be modeled by linear 
differential equations describing deviations 
of species population densities about their 

graphs, next page). Although there were 
persistent differences between control and 
experimental plots, prediction errors made 
by the linearized model increased with time. 
The community matrix model failed in this 
ecosystem because of fundamental changes 
in the organization of the ecosystem as a re- 
sult of recent climate change (8). 

These difficulties are not insurmount- 
able. Their solution, however, requires ecol- 
ogists to adopt more sophisticated ap- 
proaches and philosophies for data analysis. 
Linear thinking about ecosystems-assump- 
tions that they are "balanced" or "stable," 
for example-is being replaced by the view 
that ecosystems are constantly changing 
and that those changes depend to a large ex- 
tent on conditions experienced by an eco- 
system before its measurement. But in ac- 
cepting this newer perspective of how eco- 
systems behave, ecologists must differenti- 
ate between multiple alternative models 
that represent different hypotheses about 
mechanisms, yet are consistent with the 
same data. Thus, hypothesis tests cannot be 
conducted as simple probabilistic decisions 

between two clearly 
defined alternatives 
regarding a single pa- 
rameter. Rather, they 
must be expressed and 
analyzed as decisions 
regarding the likeli- 
hood of one of several 
alternative, multipa- 
rameter models pro- 
viding the best expla- 
nation for a particular 
data set (9). . . 

Statistical analysis 
of complicated, mul- 
tiparameter hypoth- 

to science. Interactions Before and after. Long-term climatic changes favoring a different plant community obscured eses will require two 
among parts are so dif- and modified the effects of the removal of rodents from these plots in the Chihuahuan desert. new skills of ecolo- 
fuse in space and time The photograph on the left was taken in 1977, shortly after experiments commenced. The pho- gists. First, theoreti- 
that, with the excep- tograph on the right, from nearly the same perspective, was taken in 1995. A decrease in grass ,ism must develop 

cover and an increase in shrub density is apparent. tion of a few unusual more models that are 
cases. the boundaries em~iricallv testable. 
of most ecosystems cannot be effectively de- equilibria (5). A 17-year experiment in the with parameters for which rigorous empiri- 
lineated. This makes it extremelv difficult to Chihuahuan desert (see the ~ h o t o s  above) cal estimates' can be obtained. Second. 
establish cause and effect relations among 
the observable components of an ecosystem. 
Descriptions of the dynamical behavior of 
an ecosystem often require the use of non- 
linear functions, time lags, and other math- 
ematical complexities (3), so that unam- 
biguous quantitative predictions that can be 
subjected to standard statistical evaluation 
are impossible (4). Conventional statistics 
often require assumptions about the nature 
of the data that are not easily met in eco- 

produced clear evidence that two groups of 
rodents compete for limited seed resources 
(6). Monthly censuses from the two repli- 
cate control plots containing all competing 
species were used to estimate the parameters 
of the community matrix, the solution to 
the linear differential equations. This solu- 
tion can be used to predict densities of spe- 
cies when their competitors are removed 
from the ecosystem (7). With parameter es- 
timates from control plots, densities of 
smaller rodent svecies were predicted on ex- 

field ecologists must be conversant in the 
relevant theory and be prepared to design 
sophisticated experiments and observa- 
tional studies that provide data to analyze 
the multiparameter models developed by 
theoreticians. 

Both theoreticians and field ecologists 
must be cognizant of the appropriate statis- 
tical issues needed for model analysis. One 
of the organizing principles in statistics most 
relevant to the kind of model analysis 
needed is maximum likelihood (10). Most 

The author is in the Department of Zoology, Brigham 
perimental plots where their dominant simple statistical tests are based on this prin- 

Young University, prove, UT 84602, USA, ~ - ~ ~ i l :  competitors were removed. The results of ciple, and ecologists would do well to learn 
brian-maurer@byu.edu this exercise were illuminating (see the their statistics from the likelihood perspec- 

SCIENCE VOL. 279 23 JANUARY 1998 www.sciencemag.org 



Rodents compete for seeds. (Left) Difference in densities of species of small rodents between 
plots with and without large rodents in a Chihuahuan desert ecosystem. Actual data deviate from 
the model's prediction. (Rlght) Comparison of effects of species removal actually observed and 
the differences predicted by a model that assumed densities could be modeled as small devia- 
tions away from average densities. Window size refers to the length of the time series used to esti- 
mate model parameters and predict densities. Average densities converge on equilibrium densi- 
ties for long time series (7). 

tive so that they will be prepared to expand 
upon the principle when faced with assess- 
ing the likelihood of competing compli- 
cated models. 

Another critical advance needed in 
ecology is the adoption of a more sophisti- 
cated view of causality. Relevant processes 
that affect the data collected about an eco- 
system often operate on different spatial 
and temporal scales (I I). Accounting for 
the effects of such multiscale causality re- 
quires ecologists to simultaneously adopt 
both holistic and reductionistic perspec- 
tives on process-based explanations. In 
particular, many ecologically relevant pro- 
cess models can be described by macro- 
scopic parameters determined by the statis- 
tical properties of many short-term, small- 
scale processes. 

Consider the problem of predicting 

analogy to statistical mechanics developed 
from equilibrium thermodynamics. 

The challenges faced by ecology have 
pushed the field into a new realm of en- 
deavor, where both theoretical and em- 
pirical ecologists need to be trained in 
more sophisticated statistical techniques. 
Ecologists should be prepared to develop 
more complicated explanations for eco- 
logical phenomena by incorporating pro- 
cesses that operate at multiple scales. A 
lot of hard work and a little luck may en- 
sure the emergence of an ecological sci- 
ence in the next millennium that will 
provide effective, scientifically sound 
tools for analyzing human impacts on the 
world's biological resources. 
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why the geographic range boundary for a 
species exists at a particular location. Rel- D i red l m a g i n g of Adsorbates a n d 
evant processes include the physiological 
functioning of individual organisms at the Precursors on Surfaces 
range boundary, the consequent rcproduc- 
tive rates of the populations that contain 
them, larger scale dispersal movements of David A. King 
individuals among populations, and geo- 
graphic-scale trends in the environment. 
Each of these processes operates on differ- 
ent spatial and temporal scales. Parameters T h e r e  can be few fields of scientific en- the transistor and the microchip industry, 
describing ecological processes at one scale deavor that have advanced so dramatically a technology dependent on surface prepa- 
are macroscopic parameters describing sta- and contributed so much to transforming ration and processing. The present issue 
tistical outcomes of Drocesses at smaller humankind's modus o~erandi  over the sec- of Science contains two demonstrations of 
scales. For example, the birthrate of a 
single population is determined by the suc- 
cess of many individuals at obtaining and 
processing sufficient energy to exceed their 
metabolic requirements, and therefore 
having excess to expend on reproduction. 
A fruitful avenue for development of em- 
pirically relevant theory would be to frame 
models by using statistical mechanics de- 
signed for biological processes. Initial at- 
tempts to develop such a field have been 
overly simplistic, often relying on strict 

ond half of this centiry as the science of 
solid surfaces. Surface scientists now have 
at hand, for example, the remarkable im- 
mediacy of direct, real-space images of at- 
oms and molecules at surfaces, made pos- 
sible by scanning tunneling microscopy 
(STM). For transformations to our lifestyle 
we need only think of the ramifications of 
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the power of STM to reveal details of dy- 
namic processes at surfaces. On  page 545, 
McEllistrem et al. (1 ) display successive 
snapshots of dangling bonds (unsaturated 
valence states) diffusing about on a silicon 
(100) surface, and on page 542, Brown et al. 
(2) report their imaging of a precursor state 
to benzene chemisorption on Si( l l l}  and 
describe the dynamics of the transfer be- 
tween states-the first direct molecular 
observations of a so-called (3) intrinsic 
precursor state. 
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