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FLOW ANALYSIS OF  MODELS OF  THE 

HUBBARD BROOK ECOSYSTEM1 


JOHN T.  FINN 
Department of Forestry and Wildlife Management, University of Massachusetts, 


Amherst ,  Massachusetts 01003 USA  


Abstract. Several models of energy and nutrient flow on the Hubbard Brook Ecosystem, New 
Hampshire, USA, were analyzed for the pattern of flow through the models, cycling index CI,  path 
length PL, and straight-through pathlength PL,. CI represents the proportion of flow that cycles 
through components of the system. PL is the ave raE  number of components that a unit of flow 
passes through on its way from inflow to outflow. PL,  is that portion of PL attributable to flow 
p~ss ing straight through the system without cycling at all. The energy model had low values for PL, 
PL, ,  and CI,  compared to nutrient models. Flow measures for nutrients varied greatly. The order of 
the elements in terms of CI was K > Na > N > Ca > P > Mg > S. This could beexplained by the 
mobility and biological role of eachelement, although Na is somewhat anomalous. PL was very large 
for K (24.3) but small for S (5.2). PL,  was near 4 for all elements but Na (2.6)and S (2.5). This was 
a reflection of different flow patterns for Na, which flows primarily between available nutrients and 
belowground biomass, and S, which flows primarily between available nutrients, and below- and 
aboveground biomass, Sulfur returns to available nutrients via stemflow and throughflow, bypassing 
the forest floor. The remaining elements cycle between above- and belowground biomass, forest floor, 
and available nutrients. 

Three different models of Ca flow were compared. When all three models were analyzed using 
the same nutrient flux data, flow measures became very close, despite structural differences in the 
models. For these models, flow values were more important than the architecture of the models in 
determining cycling and flow characteristics. 

Key words: cycling index;  energy p o w ;  pow analysis; Hubbard Brook; nutrient cycling; path 
length. 

INTRODUCTION System definition and definition of terms 

Hubbard Brook is one of the best studied ecosys- One may consider an ecological system to be  com- 
tems in the world. A great deal is known about succes- posed of separate homogeneous entities or compo-
sional sequence, nutrient cycling, and energy flow on nents. Patten et  al. (1976) have used Koestler's (1967) 
the several watersheds that comprise the Hubbard term holon to refer to these entities. A system H is 
Brook Ecosystem. This paper applies flow analysis, composed of n holons H,,  k = 1, . . . , n. Each holon 
a method of tracing flows of materials through a sys- may have associated with it several state variables. In 
tem, to  some of the Hubbard Brook data to  determine this paper state variables will be assumed to represent 
(1) the amount cycled per year of several elements and storages of nutrients or energy and each holon, H, ,  
energy at  Hubbard Brook compared to the total will have only one state variable, x,, associated with 
amount of each flowing per year in the system and (2) it. Each holon H ,  may receive inputs zk ,  from the 
the pattern of nutrient and energy flow in the ecosys- environment and donate outputs yo, to  the environ- 
tem. In addition, three different models of Ca flow are ment. Within the system H ,  flows of nutrients f i j  pass 
compared to judge the effect of srnall differences in from H j  to  Hi.  Fig. 1 shows the relationship of these 
model structure on cycling and flow pattern. variables to  each other. Derivatives 1, of each state 

variable x ,  with respect to  time (i,= dx,/dt) are equal 
to  inflows to H ,  minus outflows from H,: 

Flow analysis techniques were originally borrowed 
from economic input-output analysis and have been 
described in detail by several authors (Hannon 1973, 
Cale 1975, Finn 1976, 1977, 1978, Patten et  al. 1976, 
Barber 197&i,h, Patten and Finn 1979). Here I will All variables are functions of time. 

briefly describe the flow analysis measures used and 
forego formal derivation of those measures. The meth- 
ods will be described in general and then applied to  Throughflow T ,  of holon H ,  is defined as  the sum 

models of Hubbard Brook later. of all flows into H ,  minus the change in state (storage) 
if it is negative (or equivalently, the sum of all flows 

Manuscript received 14 December 1978; revised 15 Au- out of H k  plus the change in state if it is positive). This 
gust 1979; accepted 27 August 1979. definition treats negative state derivatives as  inflows 



563 June 1980 FLOW ANALYSIS OF HUBBARD BROOK 

and positive state derivatives as outflows. Thus, T, 
represents the instantaneous rate at which matter or 
energy is moving through H,. In equation form 

where f i j  is the flow from Hi to H i ,  

0 i f x , z O  and 
" k )  = ji, i f i , < o  

and 

{ i f i ,  > 
< 

0 
0 

and 
. = if*, 

Total system throughflow, TST, is the sum of all 
throughfloy. in the system. 

TST = xil T,. ( 5 )  
k =  1 

TST can be considered the mobile pool in H at a par- 
ticular time. 

Total inflow to the mobile pool, including negative 
state derivatives, is defined as 

Total outflow from the mobile pool, including posi- 
tive state derivatives is defined as 

2 OUT = 2 y,, + 9 (i])+. (7) 
1=1 1=1 

I t  should be noted that C IN  and Z OUT are always 
equal (Finn 1977), even when the system is not in 
steady state ( i ,  # 0, for some j). 

Inverse matrices 

For a complete derivation of these equations see 
Finn (1977). If each flow f i j  is expressed as a fraction 
q*,, of the total flow entering H i ,  then throughflow can 
be expressed as 

Ti = 211 

f i j  + YO^ + (ij)+ 
i= 1 

(8) 

In matrix form 

T' = T'Q*,, + y'  + (A?)+' 

where T' is a row vector of throughflows, y '  is a row 
vector of outflows, (x)'+ is a row vector of positive 
state derivatives, and Q*,, is an n x n matrix cf frac- 
tions q*ij. Q*,, is the central portion of a larger matrix 
Q* which contains the fractional contributions of in- 
flows and negative state derivatives to holons, holons 
to outflows and positive state derivatives, as well as 

interholon contributions (Finn 1977). Solving for T' 
gives 

T' = b' + ( i ) '&][I - Q*42]-1. (9) 

Let the inverse matrix [I - Q*,,]-I be called N*,,. 
Eq. 9 relates the throughflow vector to components 
attributable to each outflow and each positive state 
derivative. The ( i j )  element of N*,, represents the 
amount of flow in H j  due to a unit of flow ending in 
(or leaving) Hi. 

Alternatively, if each flow .fij is expressed as a frac- 
tion q**ij of the total flow leaving H i ,  then through- 
flow can be expressed as 

Ti = 2I ,  

f i j  + Zio  - (xi)-
j = 1  

(10) 
7, 

= x q**iiTj+ zio - (ii)-. 
j = 1  

In matrix form 

T = Q**,,T + z - (x)- (11) 

where T is a column vector of throughflow, z is a col- 
umn vector of inflows, (x)- is a column vector of neg- 
ative state derivatives and Q**,, is an n x n matrix 
of fractions q**i,. Solving for T gives 

T = [ I  - Q**22]-1 [Z - (x)-1 (12) 

Let the inverse matrix [I - Q**,,]-I be called N**,,. 
Eq. 12 relates the throughflow vector to components 
attributable to each inflow and negative state deriva- 
tive. The ( i j )  element of N**,, represents the amount 
of flow in Hi due to a unit of flow starting in H j  (or 
entering H,). 

These inverse matrices allow one to construct flow 
diagrams for each inflow and outflow in the system. 
The ith row of N*,, represents the throughflow vector 
due to one unit of y,, [or positive state derivative 
(xi)+].Interholon flows for a unit yoi are calculated by 
multiplying the (i.k) element of N*,, by the kth row of 
Q*,, , for k = 1,n. The j th column of N**,, represents 
the throughflow vector generated by one unit of inflow 
zj, (or negative state derivative (xi)-). Interholon flows 
for a unit z,, are calculated by multiplying the (k,j) 
element of N**,, by the kth column of Q**,, , for k = 

1,n. 

Path length 

Path length is defined as the average number of ho- 
lons that an inflow or outflow passes through. For a 
unit of flow entering an ecosystem a portion may leave 
immediately, a portion may flow through several ho- 
lons and then leave and a portion may cycle through 
the same holons many times before leaving. ~he\v- 
erage number of holons visited by all of these portions 
is the path length. The mean path length for the entire 
system PLis given by Finn (1976, 1977): 

PZ= TSTIZ I N  = TSTII: OUT. (13) 
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ENVIRONMENT 1 
I 
I 

SYSTEM 

I / f k l  

H O L O N  

Xk = STORAGE 

\ 
S Y S T E M . E N V I R O N M E N T  B O U N D A R Y  

F I G .  1. Definition of terms. This diagram illustrates the 
meaning of the variables used in the text by showing all vari- 
ables for one particular holon, H,. The boundary between 
system and environment is crossed by z,,, flowing into H,, 
and by y,,, flowing out of H,. The variables f,,represent 
flow of matter or energy from any of the holons Hi  in the 
system (j= 1,n) to H,. The variables f i k  represent flow from 
H ,  to any holon H ,  in the system (i = 1,n). Storage within 
holon H ,  is represented by the variable x,. The rate of 
change of x ,  is denoted dx,/dt or x, and is the sum of all 
flows into H ,  minus the sum of all flows out of H ,  (Eq. 1 ) .  

In an ecosystem model, path length may be  affected by 
the number of trophic levels, amount of cycling, sys- 
tem complexity and model resolution. Path length is 
the average length (in holons) of the paths taken 
through the system from inflow to outflow by a unit 
of energy or matter. 

Cycling index 

For each holon H,, cycling efficiency RE, may be 
defined as the fraction of throughflow Tk that returns 
to  Hk (or the fraction that has already been in H,). 
Rigler (1975) has a similar definition. In other words, 
cycling efficiency is the fraction of flow through a ho- 
Ion that returns, directly or indirectly, to  that holon. 

Cycling efficiency may be found by examining the 
diagonals of N*and N"".  The diagonal element n"*,k 
represents the amount of flow in Hkgenerated by a 
unit of flow starting in H k .  Thus, cycling efficiency is 

since (n*",, - 1) is the relative amount cycled (one 
unit started in H,) and n**,, is the total relative 
throughflow. 

The cycling index CI for the entire system is defined 
as  the fraction of total system throughflow that is 
cycled. The cycled portion of total system throughflow 
is 

,I 

TST, = C REkTk.  
k= 1 

Cycling index is 

Cycling index may vary from zero to one, zero 
meaning that there is no cycling at all (none of the 
flow through a holon returns directly o r  indirectly) and 
one meaning that all flow is cycled. 

Straight-through path length 

Because total system throughflow cycled, TST,, is 
known (Eq. IS), it is possible to define the portion of 
total system throughflow that passes straight through 
the system as 

TST, = TST - TST,. (17) 

From this and the definition of path length (Eq. 13) 
path length due to flow passing straight through the 
system, or straight-through path length PL,, can be 
defined as  

Path length due to  cycling can be  defined similarly as  

PL,= TST,II: IN = TST,II: OUT. (19) 

Straight-through path length is fairly stable for a giv- 
en model structure. However, to  compare straight- 
through path lengths for systems with different struc- 
tures a relative measure should be used. One such 
measure is P ~ , I P ~ ,  (MAX) is the (MAX), where PI, 
maximum attainable straight-through path length for 
a given model structure. PX,(MAX) is very difficult 
to  determine for certain systems and so n is used as  
the maximum possible path length for any n holon 
model, even though most models cannot attain PL,= 

n. S o  a relative measure of straight-through path 
length in this paper will be ~ x , l n .  

Summary of flow measures 

Total system throughflow, TST, is the sum of all 
throughflows in a system. Unlike primary productivity 
or total inflow, TST counts each flow each time it 
passes through a component. It  can be considered a 
measure of the activity of the system. 

Cycling efficiency, RE, ,  is the fraction of flow 
through a holon that will eventually (directly or indi- 
rectly) return to that holon. Cycling is thus defined 
with respect to each holon. Cycling index, CZ, for a 
system is the fraction of total system throughflow that 
is cycled. It  is essentially an average of the cycling 
efficiencies of each holon, weighted by the through- 
flow of each holon. Cycling index is a relative measure 
of cycling for the whole system. It  allows comparison 
of cycling between models of different structure and 
between elements. 

Path length PXis the average number of holons that 
an average inflow will pass through (or that an outflow 
has passed through). A portion of path length can be 
attributed to flows passing straight through the system, 
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FIG. 2. Energy flow at Hubbard Brook, from Gosz et al. (1978). Flows are in kJ.m-'.yr-' (kilojoules per square metre 
per year). Holons are: HI-aboveground plants, H,-belowground plants, H3-grazers, H,-litter, Hz-soil, and H,i-detri- 
tivores. Numbers within boxes represent rate of energy accumulation in kJ.m-'.yrrl. 

PI , .  The remainder is attributable to cycled flows, 
PI, .  Since the maximum straight-through path length 
for any model of n holons is n,  a relative measure of 
path length useful for comparing different models is 
PI,ln. 

A slightly modified version of the model of energy 
flow at Hubbard Brook presented by Gosz et al. (1978) 
is shown in Fig. 2. This arrangement has no loops, 
and, thus, must have a cycling index of zero. How- 

TABLEl .  Flows for the Hubbard Brook model (Likens et al. 
1977). All flows are in k g  ha-'. yr-I. zi, is inflow to Hifrom 
the environment, Lj is flow from H j  to Hi ,  yo, is outflow 
from H, to the environment and xi is the derivative of ele- 
ment storage in Hi. See Fig. 3. 

x 4 0 0 0 0 0 0 0 
is -21.3 -3.7 -6.0 -7.8 -0.9 -0.1 -2.78 

ever, this is misleading as there is probably a loop 
between soil organic matter and detritivores, and be- 
tween litter and detritivores. For the model as shown, 
PI= 1.72 and CI = 0.0. 

As for most energy models studied (Finn 1977), path 
length is quite short. An average unit of energy does 
not even pass through two components of the system 
(PX < 2). The large outflow from aboveground plants 
(totaling 23 949 kJ.m-"yr-l) and the positive incre- 
ment in storage 3983 kJ.m-2.yr-1) dominate the rest 
of the flows in the system. It appears to be generally 
true that energy flow systems which include auto- 
trophs have path lengths < 2 (Finn 1977). This is be- 
cause of the large respiration losses of autotrophs and 
heterotrophs at each trophic level, and the small 
amount of energy cycling. However, some heterotro- 
phic systems (oyster beds, for example) have longer 
path lengths, because autotrophic respiration is not 
included, and detritus is cycled several times by var- 
ious organisms. 

Models from the Hubbard Brook 
ecosystem study 

Fig. 3 shows the general model of nutrient cycling 
at Hubbard Brook presented by Likens et al. (1977), 
with flows for seven nutrients presented in Table 1. 
Path length and cycling index for these models are 
presented in Table 2. Both PXand CZ are much 
for these models than for the energy model, again e-T 
flecting the effect of respiration and little or no cycling 
of energy. Straight-through path lengths, P I , ,  of the 
nutrient models are only about double that of the 
energy model, however. 
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t 
'04 

FIG. 3. General nutrient flow model of Hubbard Brook, 
adapted from Likens et al. (1977). Flows for seven different 
elements are presented in Table 1. Holons are HI-above- 
ground biomass, H,-belowground biomass, H,-forest 
floor (F + H layers), H,available nutrient pool, and H, 
mineral soil. ziois inflow to H i  from the environment, f,,is 
flow from H,  to H , ,  and yo, is outflow from H j  to the envi- 
ronment. 

The nutrients at Hubbard Brook appear to cycle in 
the following order: K > Na > N > Ca > P > Mg > 
S. This ordering relates to the input of each element 
from outside the system, the mobility of each element 
within the system, and the biological requirements of 
the organisms. The ordering observed here indicates 
that mobility, as represented by the lyotropic series, 
is a major factor in cycling. This will be discussed 
more fully later. 

Path length does not rank the elements in the same 
order (K > N > P > Na > Ca > Mg > S) as cycling 
index (above) or straight-through path length (P > K > 
Ca > Mg > N > Na > S). The path length ranking is 

TABLE3. Inverse matrices for Ca model of Likens et al. 
(1977). Numbers are normalized to a unit outflow for the 
N*,, matrix (row i corresponds to yo,) and a unit inflow 
for the N**,,matrix (column j corresponds to 2,") .  

a .  	N",, matrix. Row 4 contains throughflow values for a unit 
outflow of Ca from H4 (Fig. 4b). 

b. N**,, matrix. Column 4 contains throughflow values for a 
unit inflow of Ca to H, (Fig. 4a). 

a composite of the cycling index ranking and the 
straight-through path length ranking. Rank for PL,will 
be considered later. 

The pattern of flow through the system is revealed 
in the inverse matrices N*,, and N**,,. The elements 
N,  P, K, Ca, and Mg cycle through all the loops in the 
system evenly. This results in N*,, and N**,,matrices 
with all but the fifth row nonzero and most entries 
about the same size (Table 3). Fig. 4a shows the flows 
resulting from one unit of Ca entering H ,  via precip- 
itation, i.e., it traces where one unit of z,, goes. In 
these flow diagrams, the numbers inside the boxes rep- 
resent throughflow. Arrows marked 1,represent state 
derivatives (increases or decreases in storage). Inflow 
z,, does not visit holon H ,  (mineral soil), but visits 
the remaining holons about twice each. About 60% of 
z , ,  leaves the system through outflow yo,  (dissolved 
inorganic Ca export). A tiny fraction leaves as partic- 
ulate matter, and the remainder is stored in H I , H,, 

TABLE2. Flow analysis measures for Hubbard Brook models. n is the number of holons in the model. TST is total system 
throughflow, 2 I N  i s t h e  sum of inflows minus negativestate derivatives (both TST and 2 IN are in the indicated units). 
PL is path length, PL, is straight-through path length, PL,ln is normalized straight-through path length and CI is cycling 
index (all of these measures are unitless). 

n 2 IN TST 	 I n CI 

Energy kJ ,  ha-'. yr-I 

Ca kg. ha-', yr-I 

Mg kg. ha-', yrrl 

Na kg, ha-'. yr-I 

K kg, ha-'. yr-I 

S kg, ha-'. yr-I 

N kg, ha-'. yr-I 

P kg. ha-', yr-I 

Ca kg. ha-'. yr-I 

Ca kg. ha-', yr-I 


Gosz et al. 1978 
Likens et al. 1977 
Likens et al. 1977 
Likens et al. 1977 
Likens et al. 1977 
Likens et al. 1977 
Likens et al. 1977 
Likens et al. 1977 
Jordan et al. 1972 
Waide et al. 1974 
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TABLE4. N**,,  matrices. Numbers are normalized to a unit 
inflow (column j corresponds to zjo). 

-

a. N**,,  matrix for Na model. Column 4 contains through- 
, BIOM. 1-175-

flow values for a unit inflow of Na to H , ,  z,,,(Fig. 5a). 

Hi H3 H4 H ,  

Hi 1.05 0.07 0.06 
H ,  4.21 5.70 3.94 
H, 0.24 0.02 1.01 0.01 
H4 5.08 5.67 4.75 5.70 5.51 
H5 0 0 0 1 .o 

b. N**,,  matrix for S model. Column 4 contains throughflow 

H i  
H ,  
H, 
H, 

H5 

values for a unit inflow of S to H 4 ,  z4,, (Fig. 5b). 

H 1 

2.06 
1.20 
0.46 

H2 

1.93 
2.19 
0.46 

H3 

'::1.23 

H4[ 
2.07 2.04 1.92 

0 0 0 

Hs / A V A I L .  1 1 S O I L  I 
1 .O 
0.241.13 

1.94 

1 .o 

and H,. The pattern of flow for Ca outflow yo, is sim- 
ilar (Fig. 4b), except that H ,  (mineral soil) donates 
91% of the outflow yo,. Fig. 4c traces where one unit 
of nitrogen inflow z,, (N fixation) goes. The through- 
flows are a little bigger than for Ca (there is more 
cycling) but the pattern of cycling is the same as that BIOM. 

of Ca. The pattern of flow through the system for N 
inflow in precipitation (2,") is almost identical to that 
for N fixation (Fig. 4c). This is because cycling is large 
compared to inflows and outflows so that the origin of 
the nitrogen scarcely makes a difference. 

Sodium and sulfur exhibit different flow patterns. SO l  L 

Table 4 shows N**,, matrices for the Na and S 0 09-

models. Like the matrices in Table 3, the off-diagonal 
entries of the fifth row are zero. Unlike the other ele- 
ments, rows 1 and 3 of the N**,, matrix for Na are 10 

almost zero, and row 3 of the N**,, matrix for S is 
small compared to rows 1, 2, and 4. Thus, unless in- 
troduced into them directly, sodium will hardly visit 

wholons 1 or 3 (aboveground biomass or forest floor), 2 BIOM. -2.52-

and sulfur will probably not visit holon 3 (forest floor). 
Fig. 5a shows how one unit of Na inflow z~~(precip-
itation) flows through the system. There is a large ex- 
change between belowground biomass (Hz) and avail- 
able Na in soil (H,), but the rest of the holons carry 

t .t. 
... BIOM. .29 I 

FIG.4. Flow diagrams. All flows are relative to a unit of 
inflow (for a and c) or a unit of outflow (for b). Numbers 1 I/S O I L
within the boxes are throughflows due to the unit inflow (or 
outflow). See text for further explanation. (a) Ca inflow zro. AVAI  I. 

Throughflows are given in column 4 of the N**, ,  matrix for 
Ca, Table 3b. (b) Ca outflow y,,. Throughflows are given in 
row 4 of the N*,,  matrix, Table 3a. (c) Nitrogen inflow zso 
Throughflows are from column 3 of the N**,, matrix for the 
nitrogen model. 0.18 

-1 
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BIOM 001-
472 

A V A I L .  

10-1 H,5701 1 ;lLool 

0 98 

F.F.
BIOM. 0 03-
0 85 


I 1 2 7  0 27 

A V A I L .  

0 91 

FIG. 5. Flow diagrams. All flows are relative to a unit 
inflow. Numbers within boxes are throughflows due to the 
unit inflow. See text for further explanation. (a) Na inflow 
z4n. Throughflows are from column 4 of the N**,, matrix for 
Na, Table 4a. (b) S inflow z4* Throughflows are from column 
4 of the N*::;,,matrix for S, Table 4b. 

almost no sodium. Fig. 5b shows how one unit of S 
inflow z4, flows through the system. Most of the cy- 
cling for sulfur is from available soil S (H,) through 
both biomass components and back to H4 through stem- 
flow and throughfall, bypassing the forest floor H, (in 
this model structure). 

Other Ca models 

Fig. 6 shows a model of Ca cycling at Hubbard 
Brook presented by Jordan et al. (1972). Unlike the 
model of Likens et al. (1977) this model is in steady 
state. PX and CI (Table 2) are both higher for this 

h9 3 49 3 n 

FIG. 6. Calcium flow at Hubbard Brook, from Jordan et 

al. (1972). Flows are in kg C a  ha-', yr-l. Holons are H,-
canopy, H,-litter, H,-soil, and H4-wood including roots. 

version of the Ca cycle at Hubbard Brook than for the 
version of Likens et al. (1977). This is at least in part 
due to the steady state assumption. Flow analysis 
treats state derivatives as inflows or outflows and this 
adds at least 9.5 kg Ca.ha-l.yr-l to the outflow of 
Likens' model. 

Fig. 7 shows a model of Ca cycling at Hubbard 
Brook presented by Waide et al. (1974). Path length 
and cycling index (Table 2) are higher for this version 
of the Hubbard Brook Ca cycle than for Likens' ver- 
sion. This model is also in steady state. 

Comparison of Ca models 

The difference in path length and cycling for the 
three different Hubbard Brook Ca models is due to 
differences in model formulation and structure, and 
differences in Ca flows through the system. The data 
used by Jordan et al. (1972) and Waide et al. (1974) 
was not as complete as that used by Likens et al. 
(1977). If flows presented by Likens et al. (1977) are 
used for all three model structures, then differences 
in path length and cycling can be attributed to model 
structure alone. 

The models have the following structural differ- 
ences. First Waide et al. had one vegetation holon; 
Likens et al. divided vegetation into above- and be- 
lowground; and Jordan et al. divided vegetation into 
wood and canopy. Waide and Likens included rock 
and soil minerals; Jordan did not. The remaining dif- 
ferences are removed by using Likens' flow data. 
Waide and Jordan included weathering as an input; 
Likens did not. Waide had all rain and throughfall pass 
through litter; Jordan and Likens did not. Likens in- 
cluded the contribution of roots to litter, and flow of 
root exudates to the available nutrient pool; Jordan 
and Waide did not. 

Table 5 shows values of Ca flow for the models of 
Jordan et al. (1972) and Waide et al. (1974) that are 
equivalent to the flows presented by Likens et al. 
(1977) (Table 1, column 1). Flow measures for the 
modified and original models are presented in Table 6. 

Differences among the three different model struc- 
tures have been considerably reduced: Path lengths 
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TABLE5. Flows for Ca models equivalent to the flows pre- 
sented by Likens et al. (1977). See Fig. 5 for Jordan et al. 
(1972) and Fig. 6 for Waide et al. (1974). 

Jordan et al. (1972) Waide et al. (1974) 

z,, = 23.3 Z," = 2.2 
yw = 0.1 yoa= 0.1 
yo, = 13.9 yU3= 13.7 
f14 = 47.4 yo4= 0.2 
f31 = 6.7 f,,= 62.2 
f J l  = 40.7 j,, = 43.9 
f,, = 3.5 f,,= 10.2 
f,, = 62.2 f j p  = 42.4
f,, = 42.4 f,, = 21.1 
f,,= 3.2 x, = 8.1 
x ,  = 0.0 x, = 1.4 
i,= 1.4 x, = 0.0 
x, = -0.2 x, = -21.3 
x, = 8.1 

are now within a range of two instead of six. This 
change was not due to straight-through path length 
which changed very little. Cycling indices now fall 
within a range of .07 instead of .18. Remaining differ- 
ences are due to the structural differences of the 
models. It is remarkable how similar these indices are 
considering the basic differences in model architec- 
ture. 

Flow analysis of several models of the Hubbard 
Brook Ecosystem has produced results which some-
times confirmed the obvious but often proved inter- 
esting. 

It was expected that the metabolic energy flow mod- 
el should show low values of path length and cycling, 
compared to the mineral cycling models because en- 
ergy tends to flow straight through a system and be- 
cause of large respiration losses at each trophic level 
(Odum 1971). Even if a large portion of organic matter 
cycles from detritus to detritivores (coprophagy and 
multiple processing of detritus), this would not in-
crease PIand CZ for energy much because of the 
overwhelming effect of plant and animal respiration. 
Despite recent argument (Rigler 1975), energy flows 
one way with very little cycling. 

There is a large variation in behavior of nutrient 
elements in the biogeochemistry of Hubbard Brook. 
Patterns are not immediately obvious in the various 
flow measures. Of the seven elements studied, N and 
P are limiting elements, K ,  Ca, Mg, and S are nonlim- 
iting essential elements, and sodium is nonessential 
(for plants). The only flow measures that differentiate 
Na from the other elements are straight-through path 
length and normalized straight-through path length 
(Table 2). Sodium and sulfur differ markedly from the 
other elements in their pattern of flow through the sys- 
tem. Sodium cycles from the available nutrient pool 
(H,) to belowground biomass (Hz) and back, almost 
exclusively (Fig. 5a). Sulfur travels from available nu- 

HUBBARD BROOK 
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FIG.7. Calcium flow at Hubbard Brook, from Waide et 
al. (1974). Flows are in kg Ca.ha--'.yr-'. Holons are HI- 
vegetation, H,-litter, H,-available nutrients, and H4-soil 
and rock minerals. 

trients (H,) up through vegetation (Hz and H,) and is 
leached out of the canopy (Fig. 5b); only ~ 2 1 %  of the 
sulfur taken up by aboveground biomass falls to the 
forest floor in litter. By contrast, Ca visits all four 
nonmineral holons (Fig. 4a), as do the rest of the ele- 
ments. These differences in flow pattern are reflected 
in straight-through path length. Likens et al. (1977, 
page 102) observed the different paths taken by so-
dium and sulfur compared to the other elements. 

The rank order of the elements in cycling index (K > 
Na > N > Ca > P > Mg > S) is interesting in sev-
eral ways. This order does not appear to relate to 
whether or not the system is gaining or losing a par- 
ticular nutrient. Hubbard Brook is accumulating N, S,  
and P and losing Ca, Na, Mg, and K (Likens et al. 
1977). However, if model boundaries are drawn dif- 
ferently to exclude rock and soil minerals, as in the 
Hubbard Brook model of Jordan et al. (1972) (Fig. 6), 
then all of these elements are being accumulated. The 
cations (K > Na > Ca > Mg) fall out in strict order 
of atomic size and charge, which are indices of mo- 
bility (the lyotropic series). It is surprising that Na is 
so high. One might have suspected that since Na is 
not necessary in large quantities for plant growth that 
plants would take up other cations instead. However, 
Na cycles almost as much as K and much more than 
Ca or Mg. This is not true in other forest systems 
where Na can have very low values for cycling index 
(Finn 1977). The relative position of K and Ca is un- 
derstandable in terms of the biological role of these 
elements. Potassium is mobile, a part of fluids in the 
tissues, whereas Ca is structural, a constituent of cell 
walls and membranes. Unfortunately, the high Na val- 
ue may be the result of contamination in root exudates 
(Smith 1976). 

The order of the remaining elements (N > P > S) 
makes sense in terms of the relative requirements for 
them. Nitrogen is generally thought to be more limiting 
in temperate deciduous forests than phosphorus (Du- 
vigneaud and Denaeyer-DeSmet 1975) while sulfur is 
not considered limiting at all, especially in the polluted 
Northeast. 

Comparison of different models of Ca cycling for 
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TABLE6. Flow measures for Ca models (see Table 2 for abbreviations) 

kg Ca. 
ha-l. yr-l 

kg Ca. 
ha-l. yr-l 

Likens et al. 1977 
Jordan et al. 1972 
Waide et al. 1974 

5 
5 
4 

23.5 
12.0 
11.6 

256.1 
200.3 
168.3 

10.9 
16.7 
14.5 

4.13 
3.39 
3.43 

0.83 
0.85 
0.86 

0.621 
0.797 
0.764 

Modified (flows in Table 6 equivalent to Likens et al. 1977) 

Jordan et al. 1972 4 23.5 229.6 
Waide et al. 1974 4 23.5 203.3 

Hubbard Brook is essentially a test of how robust the 
flow analysis measures are to changes in model struc- 
ture and to changes in flows. The results in Table 6 
indicate that flow measures are relatively insensitive 
to different assumptions about model structure, and 
more sensitive to change in flows and assumptions 
about steady state. Straight-through path length is the 
most robust of the flow measures, i.e., it is least sen- 
sitive to changes in model structure or flows. 

The general question of the sensitivity of flow mea- 
sures to structural changes in a model is far from re- 
solved. Some classes of structural change have been 
examined in detail (Finn 1977). For example, a single 
holon can be split into an arbitrary number of parallel 
holons without changing any of the flow measures. 
This is true as long as no additional flows between the 
new holons are added. Thus, separating out similar 
species in a nutrient flow model should have no effect 
on flow measures. The sensitivity to small changes in 
boundary definition, choice of holons, and flow paths 
of flow measures and other measures of biogeochem- 
ical cycling, including input/output ratios, has not been 
addressed in detail. 

How do flow measures presented in this paper relate 
to other measures of nutrient behavior? Four mea-
sures of nutrient behavior at Hubbard Brook pre-
sented by Whittaker et al. (1979) are listed in Table 7: 
(I) nutrient concentration in deciduous tree parts di- 
vided by nutrient concentration in woody parts, a 
measure of the enrichment of active tissues over in- 
active; (2) leachability (nutrients leached divided by 
nutrient stock in leaves); (3) relative turnover of 

9.8 3.17 0.79 0.676 
8.7 3.37 0.84 0.610 

aboveground stock (nutrients in litterfall plus leaching 
divided by aboveground stock in percent); and (4) rel-
ative turnover of NPP (nutrients in litterfall plus 
leaching divided by net primary production, in per- 
cent). 

As determined by Spearman's rank correlation, 
none of the measures in Table 7 are signficantly related 
to CI, PX, or PT,ln. Cycling index and PTare signif- 
icantly correlated (Spearman's rank correlation = 

0.82, P < .05), as are leachability and relative turn- 
over of NPP (0.96, P < ,001). 

It is clear that leachability, turnover rate, and the 
"enrichment" of deciduous vs. woody parts all have 
some relationship to nutrient cycling in forest ecosys- 
tems. However, their relationship to nutrient cycling 
as measured by CI and the other flow measures is 
unclear. For example, turnover rate is a measure of 
the residence time of a nutrient atom in a component 
or system. Flow measures do not take into account 
residence times or storages, but only the amounts of 
nutrients actually moving and the way in which they 
move. This comparison of indices demonstrates that 
all the different processes involved in nutrient cycling 
cannot be captured and quantified in a single index. 
The flow measures presented in this paper do not 
merely mimic other nutrient behavior measures, but 
add new information for analysis. 

Flow analysis offers a new set of tools to investi- 
gators of biogeochemical cycling which enables com- 
parisons between elements and across systems, and 
which also may serve as an aid in evaluating models 
of cycling. 

TABLE7. Nutrient characterizations: ratios expressing nutrient behavior at Hubbard Brook, New Hampshire. Taken from 
Table 7 in Whittaker et al. (1979). 

Deciduousiwoody concentrations 
Leachability (leachingileaf pool) 
Relative turnover rate (litter + 

1eaching)iaboveground stock, % 
Relative turnover rate (litter + 

1eaching)iaboveground NPP, 
1961-1965, % 

Ca Mg Na K S N P 

2.2 6.4 1.5 10.2 6.0 10.0 8.0 
.32 .38 5.75 .94 3.75 .13 .12 

11.3 19.6 25.7 30.3 60.8 16.2 12.1 

1.17 1.06 3.52 1.19 3.42 ,637 ,548 
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