lound of Envirowwertal Sciences China Vol. 3, No. 4, pp. 108 —120, 1991 ISSN 10010742

The hierarchy and spatial characteristics of
ecosystems: A reconsideration of the
ecosystem concept (II)
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Abstract — This paper, based on the autonomy concept, continues to mvestigate hicrarchical forms and spatial
structure of ecosysterns, The former can lead to limits for the selection of the component parts of an eoosystem
and a distinction between its endogenous and exogenous variables. and the latter can be lead to a hypothesis

of the space of an ecosvstem: the space of an ecosydem = its habitat ama + supporting area | impact area,
and two charaveristics of ecosygems, space-overlapping and the area of ecosystem space, have been further stu- -
died referring to human activities.

Keywords wosystem; autononty; hierarchy: @atial chamcteristics.

INTRODUCTION

The study of functions and structures of ecosystems have been maintaining the center of
ecosystemn theories. Several approaches have been developed, which include the highly compli-
cated Energy-Circuit Diagrams by H. T. Odum {Odum, 1971), an Environs concept by Patten
(Patten, 1982), an “IE + S +OE” structure by E. P. Odum(Odum, 1983) and “Dual
Hierarchies™ by O’Neill of al. (O’Neill, 1986). We have redefined the ecosystem using the con-
cept of autonomy(Xu, 1991) Now we continue to investigaie furiher the mterrelationships
within ecosystems which, we presume, have a degree of a autonomy and show hierarchical
forms and spatial characteristics, whilst a comment will be given to E. P. Odum’s concept
mentioned above.

AUTONOMY AND THE HIERARCHY OF INTERRELA-
TIONSHIPS WITHIN ECOSYSTEMS

We have re<defined the ecosystem using the concept of autonomy. Now we will discuss
further the interrelationships within ecosystems in which we presume that there is a degree of
autonomy. Ecologists seek to recognize and identify the nature of these interrelationships.
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Tansley pointed out that the ecosystems “are of wvarious kinds and sizes” (1935} while
Lindeman stated that the ecosystem is “a unit of any magnitude” (1942). Odum has further
discussed the connections between ecosystems, biomes and the biosphere or ecosphere (1983).
In general, the interrelationships within ecosystems are hierarchical in form. These hierarchies
essentially come from the open and closed aspects of ecosystems,

It is obvious that ecosystems are open systems(Young, 1974; Odum, 1983) This is be-
cause:

1. All ecosystems are open to the sun, on which they depend for their survival.

2. Because of the mobility of materials and energy, all ecosystems must be open to the at-
mosphere and climate. This means that ecosystems are connected with each other through
those flows.

3. Because of the migration of biological organisms. This s “the species channels
through which matter and energy move” (Elton, 1949). The biotic connections (including edge
effects) between ecosystems are strengthened. This means that ecosystems are open to others.

4. As human beings develop, utilizé and reconstruct natural ecosystems, all ecosystems are
forced to be open to human beings. The reason that these open aspects lead all ecosystems
to become the same is that all ecosystems also have closed aspects, and the nature of an
ecosystem is determined by both its open and closed aspects.

The closed aspects of ecosystems result from the fact the influences of their component
parts are region-limited. Thus, the open aspects emanate from interaction with external
systems, while the closed aspects are derived from internal factors which depend on the special
nature of an ccosystem. They are both necessary elements for the ecosystem hierarchies which
exist not only within ecosystems, but between them.

From this, we can see that there cannot be completely closed ecosystems, as all of them
are open to some extent. This means that strictly speaking no ecosystem can be completely
autonomic. Theoretically the whole world is much more autonomic than its parts. But SST
community systems can be considered as the autonomic for practical purposes for the reasons
given early. As ecosystems always cxhibit closed aspects manifested in, a degree of autonomy
can exist even in non-autonomic systems. Now, we will discuss the autonomy of ecosystems
by means of the concept of hierarchy. Some studies on the hierarchy of biosystems
(including ecosystems} have been made by Allen and Starr (1982), and O neill, DeAngelis,
Waide and Allen (1986). But we can carry out the analysis in another way.

The autonomic interrelationships of an ecosystem are shown in Fig.l. In this, a hierarchy
of interacting community systems are depicted, without any indication as to what constitutes
an ecosystern,

In Fig.l, community system 1 (CS1) is an IOT. It, as the study object, is at the primary
level of the hierarchy, Community system 2 and community system 3 (CS2 and CS3) have dr
rect effects on CS1, and are thus at the second level of the hierarchy. Community systems
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Fig. 1 The hierarchical structure for the study of S1

4, 5 and 6 {CS4, CS5 and CS6} have the first-order indirect effects on CS1, and are thus the
second level of the hierarchy. Simiarly, CS7, CS8, CS9 and CS10 have the second-order
indirect effects on CSl,f‘ and are thus at the third level of the hicrarchy and so on. Thus a
hierarchical structure exists between the primary level and the nth level. What, then, in this hi-
erarchy constitutes an ecosystem? If we assume -that CS1 is the core part of an
ecosystemn, according to Fig. 1 there are both direct and indirect effects upon it. Sometimes,
some indirect effects may be of importance as much as direct effects, so that they cannot be
ignored (Patten, 1982). Thus the community systems which have important indirect effects
should also be considered  parts of the ecosystem for the study of CS1. However the formu-
lation of the study object mentioned early, includes the direct effects only, but not the
indirect effects. It means that the formulation implies avtonomy only in form, and not in
essence. Thus, formulation is only the first the step in determining an ecosystem, The second
step is the inclusion of some necessarily indirect effects.

We will now consider the problem of determining which indirect effects are to be in-
cluded in an ecosystem. From Fig.l, we can see that the higher the level of the hierarchy, the
smaller its indirect effect are on the study object CS1. This means that there is a certain level
above which the indirect effects are so small as to be ignored, and where there is autonomy
in the study of CS1. '

It is obvious that the choice of the level of hierarchy is direct related to the level of preci-
sion that the study needs to attain, and the complexity of ecosystem. In general, the higher the
demand for precision, the higher the level of the hierarchy of the ecosystem, and the more com-
plex the ecosystem that will result. In a hierarchical system, the relationship between the preci-
sion and complexity of the system is not proportional, but comprises an “S” as shown in Fig2,

In Fig.2, below A there is little complexity or autonomy for the study object, and the
ecosystem so defined does not satisfactorily met the need for precision. Thus A can be
termed the lower It in ecosystem definition. And above B, the complexity added raises
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the level of precision slightly, but is expensive in terms of the cost of ressarch. Thus B can
be termed the upper limit in ecosystemn definition. In summary, then, an ecosystem should be
chosen between the lower limit, A, and the upper limit, B, according to the demands of preci-
sion and cost. This seems to be the reason that the boundaries of ecosystems are sometimes
obscure (Van, 1966).

Precision

|

l
. 1
A B
Cumplcxity autonomy

Fig. 2 The prﬂcision-lomm.l::lt,xity arve

The definition of an ecosystem is also related to concepts of endogenous and exogenous
variables. In systems analysis, endogenous variables and exogenous variables have different
characters and functions. Exogenous variables are usually used to present the interactions be-
tween the system and extra-systerns. The effects of such extra-systems on the system are pre-set.
Endogenous varsables are used to present the interaction of components of the system. They
are constrained by both external and internal effects. And exogenous variables cannot present
the reactions of cxtrasystems on the system afier they have been affected by the system. This
is the main difference between endogenous and exogenous variables in systems analysis,

The choice and determination of endogenous and exogencus variables are very important
in ecosystems analysis. Ecosystems can be viewed as being cybernetic in nature (Patten, 1981;
McNaughton, 1981) because they exhibit feedback effects (Wiener, 1948} The feedback effects
in ecosystems are basically of three kinds, as shown in Fig.3.

In Fig.3, A is the study object, such as a population, a community or a community sys-
tem, and B is a component part which interacts with A. In this case, Type 1 feedback is
that directly occurring between A and B with the form A, B; Type 2 i that which takes the
form A, B, C, indicating that the feedback from B to A is through C; and Type 3 is that
which takes the form A, B, D, E, indicating that the feedback from B to A contains the in-
fluence of D and E. Similar analyses also apply to other component parts.

Thus, if ecosystem research i focused on A, some of the associated factors, such as B, C,
D and E, which together with A exhibit feedback effects, should be considered as endogenous
variables, since exogenous variables cannot exhibit feedback effecis.

Whether or not a component part is treated as an endogenous varable depends not
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only on whether- it exhibits feedback effects, but also on what its role is in feedback is. If its
role in feedback is too insignificant, the relevant elements can, for practical purpose, be consi-
dered as exogenous variables.
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Fig.3 Three kinds of feedback between A and B

We are now in a position to summarize the discussion in this section. Because of the
open and closed aspects of ecosystems, the interrelationships within ecosystems have a
hierarchical structure. An ecosysiem which has a degres of autonomy can be defined within
this hierarchical structure, based on upper limit and lower limit of precision and complexity.
Finally, the choice and determination of endogenous and exogenous variables in ccosystems
can be made on the absis of feedback relationships.

THE SPATIAL CHARACTERISTICS OF ECOSYSTEMS

Spatial analysis is crucial in ecology. The spatial elements in ecology include for aspects:
“distribution, ~natural area’, location, and interractional fiedd “(Young, 1974} Some attention

has been paid to spatial characteristics in recent thinking about the ecosystem, but not
enough.

Margalef (1968), in discussing the divisibility of ecosystems, suggested the concept of spa-
tral distance for the interaction between two elements. He argued that the interactions will be
stronger the closer together are the elements. This can be viewed as micro-analysis of the spa-
tial concept of ccosystems. 7

As to the macro-aspect of the spatial concept, Elton (1949), in a discussion of the
methodology of ecosystem research, suggested that one should choose an area which is small
enough to make detailed investigation feasible and which is sufficiently representative to enable
comparisons to be made with the system as a whole. Elton and Miller (1954) made a further
point arguing that an e¢cosysiem is  “composed of comparatively limited minor centers of ac-
tion, each having certain distinctive characteristics as habitat, that arc reflected in their
communities, and which have a considerable amount of imterchange by lateral and vertical
movements” ., Tt is also interesting to note that Elton proposes a multicommunity view of
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the ecosystem, which is put forward in the present paper. Major(1969) has pointed out that
we must consider the spatial nature of ecosystems, which “will be add to what should be a
continuing examination of our assumptions and logical position”

There are, however, several 'conoepma.I problems concerned with the spatial concept of
ecosystems. We therefore analyze firstly the contradictions that result from different under-
standings of ecosystem space. From this, a new concept of ecosystern space 15 suggested.
Finally, the significance of the concept of ccosystem space is examined.

In ecology, one of the prevailing conceptions is that there are two sorts of ecosystems:
the autotrophic and the heterotrophic. This distinction is invalid, and stems from a
misunderstanding of ecosystem space.

In Odum’s works (1971, 1975, 1983), pond and lake ecosystems are considered to be ex-
amples of a autotrophic ecosystems, and oyster reefs are considered to be heterotrophic. For a
detailed explanation see Odum (1975).

Fig.4 shows a lake.

Figd The view of a lake (after Odum, 1975)

Odum defines the lake itself as an ecosystem, and the boundaries of this ecosystem are
delimited by the banks and the bottom of the lake. It means that the space of the lake
ecosystem is that the lake itself. Thus Odum calls the lake an  * « autotrophic ecosystem”, be-
cause the food of fishes (the consumers in the lake ecosystem} can be provided by the lake
acosystemn itself (namely, by the producers in the ecosystem). Fig. 5 represents an oyster reef,

Water current

Food inflow Heat

Fig.5 The view of an oyster reef (after’ Odum, 1975
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Odum similarly defines the oyster reef as an ecosystern. The boundaries of the oyster reef
is also the boundaries of the ecosystern, It means that the space of this ecosystem is the oy-
ster reef itself. Odum calls the oyster reef ecosystem a  “heterotrophic ecosystem”, because the
food of oysters can cnly be provided from the outside of the ecosystem, since the oyster reef
itself lacks the producers and the nuirient environment necessary to suppor the oysters.

However, the behaviors of both oysters an fishes are very similar: they are both
neterotrophic species, their - food must both be provided from their surroundings, and
their wastes and heat must both be dispersed to and decomposed in their surroundings.
Why is the lake called “an autotrophic ecosystem” but the oyster reef “a heterotrophic
ecosystem”? What is interesting is that we can obtain another conclusion on the lake and the
oyster reef, which is completely different from those mentioned-above, if we use different
logic.

Firstly, suppose that the lake is divided into several layers by food webs, with different
species of fish hving on the different layers. This 5 shown m Fig.6.

. ° 4 . O
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Fig.f Another understanding of the lake

In this case, each layer of the lake can be taken as an ecosystem, and they all are
heterotrophic, because the food of fishes in a given layer must be provided from outside of
that layer.

Secondly, suppose that the oyster reef ecosystemn contains not only the oyster reef itself,
but also is surrounding area which extends sufficiently to provide enough food for the oy-
sters. This is shown in Fig.7.

In this case, the oyster reef ecosystern is not heterotrophic but autotrophic, becuase the
ecosystem has enough producers to provide food for the oysters.

In the above discussion, we can see that the key lies in an -understandmg of the space of
ecosystems. Differents concepts of ecosystem space can lead to diametrically opposed conclu-
sions for the samc ecological abject. These different concepts of ecosystem space arise from dif-
ferent definitions of the ecosystem concept,

Most ecologists agree that an ecosystem should contain the nondiving environment, pro-
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ducers, consumers and decomposers. Thus every ecosystem always has its own
autotrophic component parts {(producers) and its own heterctrophic component parts
(consumers and decomposers) As previously pointed out, an ecosystem must exhibit a degree
of autonomy in relation to the study object, so that its two component parts, the autotrophic
and the “heterotrophic® are in equilibrum, Thus it is clear that the “autetrophic” and the

“heterotrophic” are not different types of ecosystem, but describe the trophic characteristics of -
species, populations and communities. The so-called “atrophic” ecosystems are SST community
systems, while the so-called: heterotrophic” ecosystems are IPTs and [OTs. We have

already demonstrated that the IPTs and 10Ts cannot be regarded as ecosystems if the study
‘ objects are the IPT and IOT themselves or their component parts which suffer the external ef-
fects seriously. The oyster reef can be taken as an example. If the study object is the oysters
or the oyster teef, Fig.7 rather than Fig.5 must be taken as the ecosystem. It means the oy-
ster reef ecosystem should contain not only the oyster reef but its immediate surrounding arca.
Here we can also see that the difference in spatial character between ecosystems and communi-
ty systems. In genera), the size of a community system is fixed, but the size of an ecosystem
may change depending on the nature of study objects.

Food i
ocod inflow Waste out{low

Fig. 7 Ancther understanding of the oyster reef

Thus, according to the discussion of the ecosysiem concept in previous sections, the correct
definition of lake ecosystems and oyster reef ecosystems are Fig4 and Fig.7 respectively. The real
difference between them does not lie in their trophic behaviors but in their spatial structure.

Fig.5 is acceptable according to Odum’s Definition 1 and 2. but Fig.7 is valid according
to Odum’s Definition 3. This illustrates the difference between these three definitions.

Ecosystem space can be determined by combining our new definition of an ecosystem.
The whole space of an ecosystem can be considered to include three parts: a. the habitat area
(HA) where the studied object is located; b. the support area (SA), where functional inputs
to HA take place; and c. the impact area (IA} where the functional outputs from HA mani-
fest themselves. The spatial structure of an ecosystem can be shown in Fig.8.

In Fig.8, HA, SA and IA are always located in relation to community systems, their areas
partly overlap, and their boundaries can be determined by the previously discussed limits,

In order to illustrate the concepis of HA, SA and 1A, several kinds of ecosystem space
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Fig. 83 The space of an ecosystem: HA, SA and 1A

are shown as follows:

1. A lake (Fig.9).

As the lake is SST, the HA, SA and IA of the lake ecosysiem overlap each other. The
SA and 1A may contain the ecotones of the lake.

Fig. 9 The space of a dosxd lake coosystem

2. A woodland (Fig.10)
This woodland is IPT, so that the SA of the woodland ecosystem must #t least include
the terrestrial water source, and the IA may contain the ecotone of the woodiand.

< Walter-sourc site

Fig.10 The space of a woodland ecosystemn

3. An oyster reet (Fig.11)

As the oyster reef is IOT, the SA of the oyster reef ecosystem must contain the area
from which the food of oysters is provided, and the IA must contain the arca where the
detritus (heat or matenalg) of the reef is sent to.

To sum up, the spatial structures of the ecosystems associated with different types of
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Table 1 The spatial stuctures of the ecosystens (asochaed with
different types of commmmity sysem. IPTs, OPTs and
I0Ts denote those commmity systems which the ecolo-
gical study does not focus on, see Exi)

Type of community system Support area Habilat area Impact area
SST Ecotone -+ HA SST Eootone+ HA
OoPT Ecotone + HA orT FTs ; IOTs+HA
PT OFTs 7 IG0TsT HA iPT Ecotone+Ha
(a0 OPTs ; I0Ts+HA 10T IPTs ; 10Ts+ HA

LT I

Fig. 11 The space of an oyster reef ecosysiern

community system can be summarized in Table 1.

From this discussion of the spatial structure of ecosystems, some new ecological characters
and behavior patterns are revealed, both which may be of value in understanding the
ecosystem coneept.

Smce-overlapping in ecosysters

There are two sorts of spacooverlapping of ecosysiems:

1. Within an ecosystem

This means that the SA and TA may overlap partly or completely with cach other,
Space-overlapping between the SA and the IA can be shown in Fig.8 (shaded). The shaded
area shows the influences on and from the HA.

2. Among ecosystems

This can be shown in Fig.12.

The shaded parts in Fig.12 express the interactions of the ecosystems, These interactions
may include competition for nutrients or the processes involved in the decomposition of
detritus. In general, the larger the overlap between ecosystems, the wider the interaction field
and the stronger the interactions, The degree of interaction m Part 1 i obviously stronger
than that in pant 2 and part 3. Fig.12, howcver, just shows the spaceoverlapping of SAs
among ecosystems. A more general consideration must include the spacooverlapping of IAS.
It is clear that the spatial patierns of ecosystems may be helpful when analyzing complicated
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SAc

Fig. 12 The space-overlapping of different ecosystem

ecosystems like urban ecosystems (Xu, 1989)
Aerial characters of ecosystems

By comparing the areas of HA, SA and IA, we can find that there are two sorts of
distribution patterns of ecosystems.

1. Well-distribution patiems

In this situation, the areas of HA, SA and 1A overlap with each other. It means that
the producers, consumers, decomposers and the nondiving environment are distributed in
the ecosystem in equilibtium. This pattern can be termed “area-nutritidn, area-production,
area-consumption and area-decomposition” , Most natural ecosystems, namely SST community
systems, have this sort of pattern.

2. Non-well-distributions pattern (area-point patterns)

In this situation, since HA, SA and IA do not overlap with each other, the aenal charac-
teristics of an ecosystem is SA > HA, or IA>HA, or both. Stressed ecosystems and some
man-made ecosystems have this pattern. If SA > >HA, or IA> > HA, the aerial characteristic
of the ecosystem can be regarded as point for HA, and area for SA or TA. In this case, the
non-well-distribution pattern can be regarded as “point-area patterns”, shown in Fig.13.

Fig.13 The “point-area” pattern of ecosysterns

The point-area pattern is very important in ecological studics. A typical case can be
shown in Fig. 13. The pattern in Fig. 13 can be termed “area-nutrition, area-praduction,
point-consumption and area-decomposition” . Since SA> >HA, namely “area-nutrition,
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area-production and point<consumption®, it implies a high rate of material accumulation and
consumption in HA. The larger the ratic of SA/HA, the higher the rate of material
accumulation and consumption. Since IA> >HA, namely  “point-consumption and
area-decomposition”, it implies the heavy discharge of detritus from HA. The larger the ratio
of IA/HA, the heavier the discharge is.

We can also discuss this pattern from another view. Suppose that the ratios of SA/HA
and IA/HA is definite, if the rate of material accumulation in HA exceeds the support ability
of SA, a nutrient crisis will arise, and if the rate of detritus discharge from HA exceeds the
capacity of decomposition in IA, a decomposition crisis will arise. Both mply ecological crisis.
This analysis can be applicable to urbanization, environmental quality, resource shortage and
other human problems (Xu, 1989),

CONCLUSIONS

This paper reviews the development of the ecosystem concept. Tansley’s thinking about
the ecosystem is summarized as four aspects: autonomy of ecosystems, component parts or at-
tributes, material basis of interchange, and spatial characteristics. Advances in understanding
the ecosystem have been greatest in the second and third aspects. Less progress has been
made in the remaining aspects. This has led some deficiencies in previous definitions of the
ecosystem.

By means of a tramsitive concept, the oc;mmunity system, the autonomy of ecosystems can
be discussed. The main difference between ecosystems and community systems is that the for-
mer are functional systems, which must exhibits a degree of autonomy in relation to the study
object, whereas the latter are habitat or biogeographical systems, which need not necessarily ex-
hibit autonomy. Thus, any definition of the ecosystem must refer to autonomy and a study
object.

Based on autonomy, the interrelationships of community systems can be examined in a
hierarchical form. Limits can be determined to guide the selection of the component parts of
the ecosystem. A distinction between endogenous and exogenous variables can be made.

Based on autonomy, the ecological space of an ecosystem must contain three kinds of
area: habitat area (HA). support area(SA) and impact area(IA}. The space of an ecosystem
= HA+SA+1A. This leads to two spatial characieristics of evosystems: space-overlapping and
the area of ecosystem space. Both are valuable for the study of complicated ecosystems.
Acknowledgements — —We arc indebted to Mr. Guo Junyao who drew the figures of this pa-
per.

REFERENCES

Allen, T.F.H. and T.B. Starr, Hicrarchy: perspectives for ecological complexity, Chicago: Chicago University Press, 1982



120 Xu Songling e al

Elton, C. S, Jour. Ecol, 1949, 37 : 1

Elton, C.S. and R. S. Miller, Jour, ]_5,001, 1954, 42 ; 460

Krebs, C. J, Ecology, New York: Hamper & Row, 1972

Lindeman, R. J. Ecology, 1942, 23 : 399 .

Major, J., The ecosystem concepl in Natural resources management, New York: Academic Press, 1969

Margalef, R., Pemspectives in evological theory, Chicago: Chicargo University Press 1968

McNaughton, 8. I. and M. B. Cougheuour, The cybemetic nature of cposystems, 1981, 1§7 : 985

Odum, E. P, Fundamental of ecology (3th edn.), Philadelphia: W. B. Sauders, 1971

Odum, E, P, Ecology (#th edn.), London: Holt Rinchat & Winston, 1975

Odum, E. P., Basic ecology, Philaddphia; Saunders College Publishing, 1983

Odum, H. T., Environment, power and society, New York: Wiley, 1971

O'Neil, R V, D. L. DeAngelis, J. B. Waide and T. F. H. Allen, A hierarchical concept of ecosystems, New
Jersey: Princeton University Press, 1986

Pattern, B, C, Rescarch on fish and wildlife habitat, Washington, D, C. USEPA, 1982

Patten, B, C, Am Nat, 1982 119: 1%

Paiten, B. C. and E. P. Odum, The cybernetic nature of ecosystems, 1981, 118 386

Tansley, A. G. Ecology, 1935, 16: 284

Yan Dyne, G. M, Ecosystemns, systems ccology and systems ecologists, ORNL-3957, Tennesse= Oak Ridge Nationa
Labomatory, 1966

Wicner, N., Cybemetics {2nd edn.), Cambridge: MIT Pres, 1961

Xu Songling and A. D. Bradshaw, J. of Environ. Sci. (China), 1991, 3 {3}: 1

Xu Songling and M. Madden, Environment and Planning (B), 1989, 16 : 187

Yong, G. L, Advances in Ecological Rescarch, 1974, 18 : |





