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The uppermost br加 chylayer of trees is called canopy. Analysis of canopy-gap sizes is 
import加もtocharacterize七heforest dynamics. Kubo， Iwasa and Furumoto (KIF) introduced 
a continuous-time stochastic model on a squ紅'elattice for canopy-gap dynamics and Katori 

et al. showed the condition th剖 thestationary state of the KIF model is given by the 
Ising-Gibbs state. In the present paper we propose a new method to estimate the values of 
parameters for the Ising-Gibbs state 80 that the real forest data are well approximated by 
it. ln this new method we use the thermal equilibrium correlation equalities and i七isnot 

necessa巧rto perform Monte Carlo simulation in order to adjust the p紅白neters.Applications 

to the real forest data on Barro Colorado lsland， Panama， and in Ogawa Forest Rβserve， 
Japan， show the validity of the present method. All results support that the real forests are 
not exactly critical but nearly c出icalin the canopy-gap disむibutions.

Key words: canopy gaps， for伺tdynamics， Ising:"Gibbs measure， thermal equilibrium correlation 
equalities， criticality 

1. INTRODUCTION 

Canopy is the uppermost spreading branchy layer 
of trees. ln data of a census of a forest plot (1， 2， 3]， 
it is divided into subplots， each紅 eaof which is usu-
ally 5x5 m. If height of trees in a subplot is higher 
than a certain threshold (e.g. 20m)， the subplotお
called a c加 opysite. If not， it is called a c組 opy-gap
siω. Figure 1 shows出.econfiguration of gap sites in 
a neotropical forest on Barro Colorado Is1組 d(BC1)， 
Panama， in 1983 [1， 7]， where a black dωdenotes a 
c組 opy-gapsite. We c組 definecanopy-gap cluster 
in such a digitized map組 dmeasure出edistribu-
tion of cluster sizes in real for白色data.As shown in 
Fig.2， the distribution seems to obey a pow町・law.
Such power-law di抗ributionsof ca.nopy-gap sizes 
have been repo此edby many ecologists [1， 2，司組d
have a杭ractedmuch attention of statistical physi-
cis随組dtheoretical biologis旬 [4，5，6， 7， 8， 9]， since 
they imply th剖 theselιorganized criticality[10， 11] 
is realized in real forests. 

Kubo，Iwasa組 dFurumoto (KIF) introduced a 
continuous-time stochastic model on a squ紅 elat-
tice for c姐 opy-gapdyn組問問.Then Katori et 
al. showed the conditionぬatthe s同色ionぽystate 
of出eKIF model is given by the Ising-Gibbs sta旬
[8]. The canopy-gap dynamics has been studied by 
using姐 Isingmodel which is the simplest model 
for a magnet. Fitting of the Ising-Gibbs state to the 
real data of a neotropical forest on BC1， Panama， 
and of a deciduous for邸 tin Ogawa Fores色Reserve
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Fig. 1: 10∞x 500 m digitized map of the neotoropical 
forest on Baro Colorado Island， Panama， in 1983. Gap sites 
are plot色edby black dots. 

(OFR)， Japan， show也前 C組 opy-gapstructures of 
the forests訂'enot exactly critical but nearly critical 
[8，司.

2. A METHOD TO ANALYZE FOREST DATA 

2.1 Ising Model 

We consider an Ising model on a finite square 
lattice. A spin on each site i is expr四sedby Ui 
and的=ー1or + 1. Here we consider the following 
probabi1ity distribution wi出 twopar組 letersK and 



Analysis of Canopy-Gap Structures of Forests by Thermα1 Equilibrium Correlation Equalities 

K and h directly form the real data of canopy-gap 
configurations without Monte Carlo simulations. 
We consider two correlation eq叫 ities(4) and (5) 
as simultaneous equations. We numerically solve 
these equalities as follows. 
Assume七ha七adigitized data of forest such as 
Fig.l is given. We regard a canopy site掛組 up
spin lTi = 1 and a canopy-gap si旬槌 adown spin 
lTi = -1. Let N be the total number of sites組 dN+
(resp. N_) be the to回1number of u.p (resp. down) 
spins in the forest data. Then the expectation (σd 
is calculated as 

BCIー+←
Ising Model ← 
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By the similar procedure，七heexpectation of 
near邸 t-neighborspin-pair correlation (σilTi+1)c組
be calculated for the forest data. (i) Assume that 
certain values of K 組 dh are given. (ii) The av-
eraged values (tanhEi) and (σi tanhEi+l)紅 ecal-
cul剖edfor the forest d抗a，where Ej is given by 
(3). (iii) If thωe qu組主itiessatisfy出ecorrelation 
(4)， we plot a dot抗 (K，h)on the 抑制eterplane. 
(iv) The ωme procedure is done for七hecorrelation 
eq叫 ity(5). (v) Change the叫 uesof K and h組 d
repeat these procedures from (ii) to (iv). Thus two 
Iines， which express the set of parameters satisfy-
ing (4)組 d(5)， respectively，ぽedrawn on the K-h 
plane as shown in Fig.3. An intersection of these 
two lines gives the values of K and h for the given 
forest data. 

(6) 

1000 

Fig. 2: Canopy-gap size distribu色ionfor BCI and the 
cluster-size di叫ributionof down spins in the Ising-Gibbs 
state with K = 0.350 and h = 0.043. 
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where Z is the partition function. We will simply 
refer to (1)制 theIsing-Gibbs state in this paper. 
We will write the expectation of a physical quan-
tity Q{ lTi} in the Ising-Gibbs 前前e錨 (Q{lTi}).The 
critical point in p紅白ne色町 space(K，h) is given舗
(Kc，O) wiぬ Kc= log(1 +ゾ2)/2= 0.4406… and 
there occurs a continuous ph錨etransition withロit-
ical phenomena 鉱山iscritical point. 
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2.2 Thermal Equilibrium Correlation Equalities 
In the Ising-Gibbs state， correlation equalities 0.08 

0.06 
(2) 会心=詰((ζ小叫)，
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Fig. 3: Two lines satis均ringthe correlation equalities( 4) 
and (5)， respectively， for BCI in 1983. An intersection of 
these two lines giv伺 theestimated values K = 0.350 h = 
0.043 for the given forest data. 
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should be s剖isfiedfor an arbi色raryinteger n [12]， 
where 

島 =h+K L σh・
1c:IIc-jl=l 

In色hepresent paper， we call such equaliti邸 thether-
mal equilibrium co門官lationequalities. In particular 
we consider the n=1， 2 c錨es組 dhave 

(3) 

3. RESULTS OF ANALYSIS 
3.1 Analysis of Barro Colorado Island 
Hubbel and Fo抗erstudied a neotropical fore針
。nBarro Colorado Island (BCI)， P抑制a，[1， 13]. 
By出epresent new me出odusing the correlation 
equalities， Fig~3 is drawn. From組 intersectionof 
two lines there， we have an Ising-Gibbs 前前e(1) 
with K = 0.350加 dh = 0.043. 
We define "(8)錨 anumber of gap clus旬rswhose
size is 8 in the forest and /I G (8 )掛thatof down-spin 

(4) 

1. _ _. 1 
(lTilTi+l) =去(σi+lt組 hEi}+ー(σit組 hEi+l)，(5) 2 ，-.." ----.， • 2 
wh町ei組 di + 1 are the ne紅 es色-neighborpair of 
SI色es.
Now we propose a new me出odto estimate the 
values of K加 dh of the Ising-Gibbs state 50 that it 
C組 approxim剖ethe real forest data. It should be 
noted色hatMon旬 Carlosimulations 5hould be per-
formedωsearch the suitable values of p紅 ameters
K and h凶 ourprevious method [8， 9]. Here we 
show that， if we use the thermal equilibrium cor~ 
relation equalities， we can estimate出.evalues of 

(lTi) = (t組 hEi)，
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clusters in the Ising-Gibbs state. Figure 2 shows the 
log-log ploむofft(s) for BCI and /IG(s) with K = 
0.350組 dh = 0.043 evaluated by the Monte Carlo 
simulations. From Fig.2， we conclude th抗 fJ(s)
is approximated well by /I G (s) ov町 widerange of 
scales. 

3.2 Analysis of Ogawa Forest Reserve 
T組 akaand N akashizuka組 dtheir coworkers 
studied a deciduous forest in Ogawa Forest Reserve 
(OFR)， Japan， at five-year intervals from 1976 to 
1991 by a.erial photographs [3， 14， 15， 16]. A total 
紅 eaof the forest plot is 555 x 455 m and each訂 ea
of subplot泊 5x5m. Then a lattice size for OFR is 
111x91. T:組 akaωdNake油 izukahave allowed us 
to use their original data of height distributions of 
C組 opy.First we de:fine gap si色esby the subplots 
where there is no canopy taller than 15 m according 
to ref.l. 
The values of K and h in OFR for 1976， 1981， 
1986 and 1991 are evaluated by the pr回 entmethod 
using thermal equilibrium correlation eq1.lalities and 
results are shown in Table 1 and Fig.4. It is interest-
ing that evaluated (K，h)'s町ealways located neぽ
the critical point (Kc，O). 

Table 1: List of the parameters K 叩 dh which are chosen 
to satisfy the correlation equalities for BCI in 1983 and for 
OFR in 1976， 1981， 1986 and 1991. 

.c: 

Data 

BCI(1983) 

OFR(1976) 

OFR(1981) 

OFR(1986) 

OFR(1991) 

0.1 

0.08 

0.06 

0.04 

0.02 。
-0.02 

-0.04 

-0.06 

K h 
0.350 0.043 

0.414 0.052 
0.428 0.039 

0.410 0.058 
0.559 ー0.023

と々附 76)
.トー-
Kc 

-OFR(1991) 
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Fig. 4: Plots of the results in Table 1 on a parameter plane 
(K，h). All plots are located near the critical point (Ke，O). 

3.3 Analysis of OFR for V:紅iousThresholds 
A datum on each site is given by a canopy height 
itselffor OFR in 1976， 1981， 1986 and 1991. Now we 

redefine canopy-gap sites by changing the threshold 
height from七hevalue 15 m. For example， if we in-
cre部 ethe value of threshold height， the number of 
canopy-gap sites incre槌 es.
The results紅 eshown in Table 2 and Fig.5. It 
should be noted th抗 inFig.5七hevalues of K and 
h surround a critical point (Kc，O). 

Table 2: List of the parameters K and h for OFR in 
1986 ，which are chosen to satisfy the correlation equalities 
on the configuration of canopy-gap sites for each value of 
threshold. 

Threshold [m] K h 

12 0.521 ~.~!~ I 
13 0.474 0.030 

14 0.411 0.104 
15 0.410 0.058 

16 0.382 0.064 

17 0.367 0.051 

18 0.365 0.024 

19 0.371 ー0.005

20 0.397 -0.037 

21 0.421 -0.044 I 

0.1ト .14 

0.08 
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Fig. 5: Plots of the results in Table 2 on a parameter 
plane (K，h). The numbers associated with dots indicate 
出evalues of threshold height [m]. All plots surround a 
critical point (Ke，O). 

4. CONCLUSION 
In the present paper， we proposed a new method 
もoanalyze real data of forests byぬeIsing-Gibbs 
stat白・ Inthis method，也eparam.ete悶 K 田ldh are 
evalu抗edby using the色hermalequilibrium corre-
lation equalities. We analyze two forests on Barro 
Colorado Island， Pan細 a，組din Ogawa Fores色Re-
serve， J apan. All r倍ultssuppo凶 thestatement 
that出eforest data are well described by the Ising-
Gibbs states and出estates are not exactly critical 
but nearly critical. Ecological meaning of (near) 
criticality組 dphysical mechanism to maintain出e
forests in (nearly) critical 叫前回 areno志yetclari-
fied. 
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