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used 1o characterize the structure ol interaction networks and to choose A ; Habitat A
alternati lels (e, Mitchell, 1992, 1994; Wootton, 1994; Grace
among alternative models {e.g chi e

and Pugesek, 1997; Siemann, 1998), These technigues are of some ulility in
identilying impartant pathways of direct and indirect interaction (but see
Smith, Brown, and Valone, 1997, 1998; Grace and Pugesek, 1998). When
SEM i used 1o estimate the relative strengths of particular processes or inter-
actions, such inference can be limited by the problem of pegative correla-
ti
that atilize either corvelation or covariance matr
applies to covariance matrices, but the constraints are not as clearly under-

Nz

s Both of the above classes of multivariate technigues have variations

vs, The PSD condition also

stood because they depend on the vartances of the individual characteristics,
To the extent that ecolopy endeavors 1o infer process from patiern, this
nt complexity of ecological systems. Pap

ellort is complicated by theinl
ulations, commundtios, and eccosystems are all composed ol multiple units
that interact with each other amd with their alsotic envi
teractions are hoth positive and negative. Consequently, bl the stoucture

wrment., These in-

and dynamics ol these systems exhibit complex correlation structures, The
PSD constraint on correlaion marices is only one, but an important one, of

the Tactors that makes the ecologist’s exercise of inferring casation’ from
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pigune v, Misleading ipeces of i as s e ol 1
A Perfect correlation, bt diff

asanebad i

correlation particualarly challenging.
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10,1 Commenta : . . ]
; By awire ol Hs imitations, 1o wesacorrelation hetween variables X ad

¥, weith ner rmeasurenment ervor, and later discovers data abowt the correlation
i kil v

Robert DD Holt and Normane A, Slade

betwee s those two varialiles an ale, & theny thais clisoimery ooy

not change the |
I

data set can often change the magnitude and even direction ol prartial o

itial estimate of a coreelation between X aod Y This steu

A Tundamental axiom of sciemile inlerence is that correlation need not im

Wies Loy i

s al independence s not trae for partial corvelations; adiding var
t_.__.. cousation, Line message ol the interesting conirilnition _:... Brown et al 5 ! [ | B

is that “the observ
sation” (with apolo
Mctors interact in o causal nexus. We agree with essentially all the points

i ol weak {or no) correlation need not imply no can ' g v
relation between vwo variables (fora concrete example in community ecol

ogy, see Carnes and 5l 1988). Thus, there is o kind of robustiess in cos
relations as descriptors of pattern, which is absem for partial correlatim
If the goal of scientil

es for the triple negation), particularly when multiple

raiser] by the authors, We lave a few specilic thoughts about the content of

: . . investigation is o go heyvond pattern o diseern
their paper, bt will mainly focus our remarks on the more general issue of B by 4 |

b et generative processes, it is important 1o recognize that simple corcelations
constraints” In the pursuit of sciemific knowledge .

are constrained along the lines sketched by the authors, and moreover that
any given correlation can arise from a multitude of underlying causes, lead
A SPECIFIC COMMENT ing o the potential for error in causal interpretation. Using carrelations as
mieasures of strengths of association between variables can be misleading in
SOMe e

use of partial correlations. Though this technique has its uses, one should be

5 may have the impression that the authors are advocating the any case, for reasons other thian those discussed in Brown et al. Figure 10,101

shows several simple examples. In Figure 10.1.1a, we show the relationship
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ecies in each of two locations. Al aach lo- ements. This follows nol from facts about the natural world, but from the
meaning aml mathematical definition of “correltion coefficient”

Similar necessary constraints arise throughout science, For instance, in
dynamical systems whase properties are described by a system ol dilferen
| tial equations, if there are physical or bialogical units involved (e, mass,

time, species], the physical units on the lelt side of the equations must
match the physical units on the right side ol the squations. So, in the hasic
equation of Mewtonian mechanics, F = mia, "loree” has the unils |mass||dlis
tancel/[time’], and in the basic equation of population dynamics, div/de =
iV, where N is population size, the intrinsic growth rate r has units 1/|time).
Dimensional analysis can be used 1o reach surprisingly robust conclusions
about natural phenomena. Okobo (U0 Tor instance wsed dimensional
analysis to show in a few lines of reasoning that the speed of the wavelront
of an invasive species moving into homogeneous terrain must be propor
tional to Vrd), where ris intrinsic growth rate and £1s a dilfusion coelficient,
Brute force analysis of reaction-diffusion dynamical models leads o the
same qualitative result, but only aflter much more dillicuh analyses (though
such analyses are necessary to derive the proportionality constant).

At Princeton University, according to an apoceyphal {one hopes) Loy cir
culating among the students in the physics depariment, a brilliant graduate
student convinced himsell that he had the key to the nnilied “theory of
everything” and buried himself in the library for several years of hard anal

Letween the abundances of two sp Lol U
ration; the correlation is identically unity. Yet if it is actually : fu -
_ _ i ; L lear

the abundance of species 1 impacts the abundance of z_.:._...m.ﬁ..m, 0 : ..___—..

. of the effect is stronger at location A than at location B. In Fig:

strength : Socation I 1B

e ﬁm_n_ I.1b, there is no overall correlation between the two variables, u_d#
p it . i i > I most ecol-
they clearly have a strong nonlinear relationship. We suspeci .r.m‘”._ 8
steel in the functional relationships hetween varia J_.:... which
approach. Cor relational tech

opists are intere e
cantiol be assessed with a purely correlationa i
- . 1 s ._._ - e
niques are almost inescapable, particularly in exploring new area R
) i ely as wrating hy-
quiry, but they should probably be viewed largely as tools for generating hy
potheses, which will then be addressed in other ways.

GENERAL REMARKS

Arown et al. have to do with constrainisan sets of

The effects discussed b : .
o i J o i1 SCIEnCE in Yarous

correlational measures of assochtion. Cons .:_::.._. aris - viaA
ways, All of science comprises a weh af beliel _. and ...:::.. ___‘: 9...:.&..:..5 .,__mn
Guine and Ullian, 1978] detect a whiff of empirical ﬁ.:::_..“..,.:ﬁ yi At
yo iusteres domain of abstract matl atical 1ruths z::.,z:.. E,.___..__ _.._“...,.. x.:.___._,
headway 1n any particalar seientific :.:..J__nm.._:..: one .....__..,“.__... “__.__ :.._,.".H:_ _..__
al the world as given in order to examine othet .._.._u..,:? Wi :_.__ J:...H,.f..:.
distinguish three grades al constraints, in decreasing ordes c_ __.._.“.: .L:._:H.
stringency, and durability: necessity; hard ._.__"___.:.Er...,"..;A_‘m ._.“___.nf..,. Moot
gency, The Brown et al. paper is concerned with the _.:.._ of the .__ i
o hroader consideration of the nature of constraints in inferential 1 o 8
is uselul 1o this volume, and more broadly 1 the effective pursuil ol the sci

ysis. One day he decided to show his work 1o his advisor and emerged into
the light of day with reams of paper covered with symbols, His advisors lirs
comment was “This can't be right,” Alter staring at the equations lor a while,
the advisor then sadly said, “This can't even be wrong,” The student had set
up equations that were

mensionally incorrect, amd so were not just incor
rect, but nonsensical from the get-go. lgnoring necessary constraints can
lead to completely invalid inferences about the world.

The phenomenon

entific enterprise.

seussed by Brown et al, is similar to this but more ine
sidious. One could doubitless find examples in the ecological literature of the
use of correlation matrices where interpretations of each pairwise inter
action or relationship were made without due recognition of the necessary
interdependence that arises in multivariate correlation analyses.

NECESSARY CONSTRAINTS

Consider first necessary relationships among factors. _g_.._:__m..:.___._...__F,,.__._,,M.
cessity” refers to definitions or 1o mathematical, deductive n_.u &:H_..M:_.,,_“uﬁ...
The authors show that because a matrix E:__._x:m._nm of -.:_.H.H i_._” e
cients has a mathematical property known as “positive semi .n_.,“_... .n "y
can be constraints bounding the magnitudes of correlation :.“m ficien Ly
multivariate settings, particularly when all or most .m_ the D..ﬁa_m:c: ”).ﬁ..,m:m.
cients are negative. So, knowing the values of _.mi..u.z matrix e w:..m_._ﬁwmwﬂ .
determines (at least to a degree) the possible magnitudes of other matri

HARD CONSTRAINTS

Many important constraints are nol necessary bt can be viewed as simi
larly rigid and unquestioned, at least in a given domain of inquiry. In par-
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ticular, the nature of physical laws and the values of physical parameters are

1 rrvali ass) are
discovered, not defined. Some physical laws {e.g., conservation of mass)

accurate only in certain domains. To an ecologist, however, such facts about

the world can be treated as absolute constraints, within which biological
PYOCESSES OCOuT.

This seems sbvious, but the conscious recog
tance competition. Holt, Grover, and

ic models of competition between two
g, nitrogen), and attacked

ion of hard constraints

can be rather useful. Consider for i
Tilman (1994) examined mechan
consumer species for a single limiting resource {e.
by a predator. This is a four-dimensional system, e
be dauntingly complex. However, by assuming a closed system one can ap-

the analysis of which can

ply the principle of conservation of mass, so that all ,.....-..4__,7_..,_... m:...r.ﬁ..””.ﬁ”m“.__
{when measured in comparable units) must add up to a fixed o :__ I - i
[n elfect, using the principle of conservation of mass pecmitted Holt, Grover,
and Tilman (1994) 1o reduce the dimensions of the system .:::. four 1o
three, In the original four dimensional phase space, the __._.___..__..::n.m.:_ .__.__. uq...”L
tem were constrained 1o lie on a threedimensional plane. Additiona ..:_r“"_
constraints (e, one for each distinet mutrient) further teduce the “:_wﬁ_v.n
dimensionality of the systems dynamics, with each fresh _::..w:.”_:.:.z.” “H“F
ing the potential “surface” of movement by one dimension. Re ..F_:t.:r .
existence of such material constraints greatly facilitates analysis n..:.,__.lvr.__
rable insights with many important implications are ::1.::._{ _.:__Er_““m
from the explicit incorporation of chemical stoichiometry into comm ¥

eeology (Sterner and Hessen, 1994)

SOFT CONSTRAINTS

Finally, many constraints arise over short 10 long time scales :“:: H.E.:“__“.
gent facts of earth history and biological processes, ::__u. can _:=. :_,.:,‘_. ”

m...:_..:_ kinds of “soft constraints”™ in ecology and .:._q_u_:._:..u_::._. biology _H..__”.”
al the process of intellectual maturation in these ..rm.”.i_:......f has revolve |
around an increasing appreciation of the need 1o be .wv.,_.._:.: ;_x__”_.a._u, con
straints (e.g., in behaviaral ecology, see Krebs and Davies, 1997, 10). We now

i i at are in our apinion particularly
briefly touch an several soft constraints that ar I i

important in ecology and evolution, - .
ﬂ__m results in Holt, Grover, and Tilman (1994) alluded to above were de

rived by assuming a closed arena for competition. But the morganic .,_E:._.m
. c r .

ent pool may actually be influenced by spatial processes, __..a__._.___u.:m the ﬂﬁ

with an external environment (e.g., nitrogen deposition, leaching). Does this
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matter? Grover (1997) shows that this violation of assumplions need ot vi

tiate the conclusions of Holt, Grover, and Tilinan (1994), provided the sys-

tem reaches equilibirium, Assuming equilibrium in effect Imposes a con

straint on a system, a constraint that arises hecause dynamieal lorees push

the state of a system towards a particular configuration e, a plane of pn

¢ tential equilibria), In like manner, Charnay {1995} assumed that populations
are stationary (with births equaling deaths) in order 1o derive a slartling va.
riety of predictions about regularities in the life histories of vertebirates. Holt
and Gomulkiewicz (1997) analyzed adaptive evolution in a stable "sink”
population {one in a habitat where fitness is less than 1, but extinction is
prevented by recurrent immigration). They showed that o derm ipraphic con
straint could prevent adaptation by natural selection: specihically, to be e
tained by selectiop, mutants had to have absolute ftnesses greater than
unity, regardless of the fitness of (he imigrant (ancestral} type.

Assumpitions of stationarity, stability, or equilibria are olten not literally

true; populations do go extinet, and explode, and in peneral vary through
time in their abundance, and shilt in penetic composition as well, 5ot an as
sumption of “nearequilibrium” may nonetheless be close enotgh to the
truth to be viewed as a "soft” contingent constraint, within which other dly-
namical processes (e, selection) tay wecur, For instance, consider the
study of evolutionary dynamics. |1 eralogical processes ellectively equili
brate population size 1o 0 fixed carrying capacity, it simplifies analysis ol
evolutionary dynamics 1o assume a constant population size, N, and focus
solely on changes in gene frequency. This is, in fact, the standard prrotocol
in classical population geneties Conversely, to understand short-term pop

ulation dynamics, it is vlten 1 iorbile o assume that (he properties ol o

ganisms are fixed and concentrate on changes in numbers,

Abatractly, whenever one 1akes o dynamical system and reduces s o
mensionality by taking particular entities that are potentially dependent
variables, making them into constant or timevarying panmeters, one has
imposed a soft constraint upon systen behavior, We contend that this is an
essential intellectual maneuver for prappling with the behavior of conmplex
systems and often does correspond reasonably well o reality. A clear under-
standing of system properties in the face of solt constraints provides yard-
sticks for understanding the eomsequences of breaking those constraings.

In some circumstances, different consteaints lead 1o similar outeomes,
Brown et al. show that with efuivalent competition e it species, the
magnitude of the carrelation coefficient necessarily declines with increas
ing n. Similar effects can emerge from dynamical models of species inter-
actinns, Fo instance, cansider a model of shared predation leading to indirect
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compelition among prey {from Holt, 1984}, Assume that a predator [eeds
equivalently upon n prey species. Each prey in the absence of the predator
exhibits logistic growth with equal r and K, and they do not directly com-
pete. At equilibrium, the predator reduces total prey numbers to N. Thisisa
"eaft” constraint, because the system does not have to be at equilibrium {for
the particular model in guestion [Holt, 1984, the equilibrium is globally
stable, so it should be reasonable 1o assume that the system will “usually” be
near equilibrium). Because of the assumed symmetry in prey growth, each
prey species equ ifyrates at an abundance of Nfn. [T one prey species is 1e-
mioved, again the prey equilibrate, 1o N/(n — 1). The proportional change in
a focal prey species abundance is [Nf{n = 1) — NinlfiN/n) = Tf{n— 1), This
sures pairwise indirect compel ition, declines with in-
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when more species are simultancously present thus seems 10 emerge from

several different kinds of constraints,

Another example of a biological constraint was used by Ronald Fisher
(1930) 10 examine the evolution of sex ratio: in sexual species all individu
als must have a mother and a father, This fact, when used in evolutionary ar
guments, predicts the evolution of equal investment in the two sexes dor-
ing reproduction il near relatives do not mate and compete. This again is a
contingent constraint, because it depends upon the fact that there are just
5. This particular constraint

-
! 0. Commentary

two sexes in the vast majority of living organis

iv ermbedded deeply enough in the organization of life that it has almost the . .
PY & 8 Steve Clierry

“hard® status of a physical constraint.

The final, very broad class of solt constraints we wish to touch upon are
those referred 1o loosely as “historical” or “phylogenetic” constraints. Cine
reason introduced rabbits could wreak such havoe on the vegetation of Aus
tralia was that these plant species had evolved on a continent without a his
tory ol exposure to rabbits or rabbitlike herbivores. The constraint here re:
{lects the contingent history of a place; the water barrier between Australia
and Asia prevented species in the former continent from experiencing cer-
tain selective agents in their evolutionary history. Another very important
class of constraints comes from considering the evolutionary dynamics of
lineages themselves. Evolution depends upon variation, but variation always
arises via mutation against the background of a phenotype and genotype
generated by evolution. Not everything is possible. The range o potential
variation is constrained by the kind of organism in question, arl the de-
velopmental pathways it has inherited from its ancestors, along with its en-
vironment (e.g, historical factors of stabilizing selection, continuity in en-
vironments experienced by a given lineage) In general, small changes in
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