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Processing chain ecology : resource condition and

interspecific interactions
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Summary

1. When units of a resource pass through a sequence of condition changes over
time’ and when some consumers specialize on resource in each condition. consumer
dynamics may be coupled through their effects on the resource even though they
cannot directly compete Consumers may also influence the tate at which resource is
transformed between conditions (e.g shredders processing leaf detritus in streams} I
call such a system a processing chain.

2. Although examples in which consumers influence one another through resource
processing have been recognized (if poorly documented), a general treatment of
processing chain dynamics has not been available. | use simple compartment models
to examine the population behaviour and interspecific interactions of consumers in
two-species processing chains. Talso compile literature examples of possible processing
chain interactions.

3. A range of interactions, from amensal (—. 0) to commensal (+.0}). is pDSSIblC in
theory. and I addsess factors controlling the interaction type.

4. Despite the theoretical implication of a range of outcomes. literature examples of
processing chains are largely commensal. T discuss several possible reasons for this
incongruity, including guild- versus species-level effects and issues of temporal scale.

Key-words : amensalism. commensalism. resouice quality, resource processing, species
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Introd uction

Studies of interspecific interactions have often focused
on effects mediated through the quantity of resources
available to consumers In competitive interactions.
1wo species exploit and diminish a single limiting
resource pool. while in predatory interactions the
abundance of one species translates directly to
resource quantity. for the other These two resource-
quantity interactions have had & central place in the
development of community ecology. (reviews: e g
Pimm 1982 ; Connell 1983 Schoencr 1983 : Kikkawa
1986 Cohen 1989: DeAngelis er al 1989 Yodzis
1989 ; Goldberg & Barton 199)

However consumer;  uation dynarmics may also

be affected by resource quality. or condition Resource -

condition may include a number of differen: prop-
erties, and these may vary more or less independenily
of resource quantity For example, many browsing or

* Present address: Department of Zoology. University of

British Columbia 6270 University Blvd Vancouver BC
Canada VéT 1Z4.

grazing herbivores prefer younger. more nutrient-rich
foliage. which may grow in the wake of browsing by
other species (e g Thompson s gazelles McNaughton
1976) Alternatively. herbivory early in the growing
season may induce defensive responses which lower
foliage quality for later herbivores (Faeth 1986}
Among frugivorous Drosophila. D immigrans sur-
vival is higher in citrus fruits infected by Penicillium
moulds. while D melanogasier survival is higher in
uninfected fruits {Atkinson 1981) Different genera of
scarab dung beetles are attracted to dung pats of
different ages (Peck & Forsyth 1982). Mycophagous
Drosophila prefer as oviposition sites mushrooms
which have been partially browsed by shugs (Worthen
1988} : similarly. a variety of mites and insccts prefer
acorns 1o which access is afiorded by weevil exit holes
(Winsion 1956)

When units of a single resource pass through a
temporal sequence of condition or quality changes,
for example as fruit ripens or organic detritus decom-
poses. the dynamics of the pools of resource in each
condition will be strongly coupled. If different con-
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sumer species specialize on resource in diflerent con-
ditions. their dynamics may in turn be coupled

through their effects on resource levels as resource

removed while in one condition cannot be trans-
formed to another Furthermore in addition to
removing some of the resource. consumers may inftu-
ence the rate at which resource is transformed between
conditions As a resull. two consumer species can
interact even though the same unit of resource is never
simuhaneously available to both (and they cannot,

- therefore. be said to compete). The interaction will be
indirect sensu Strauss (1991). because the interaction '
. ismediated by resource condition. Such a system may

be termed a processing chain (Fig. 1).

Although résource processing has been widely
recognized (if only irhplicitfy) in the systems ecology
hiterature {e.g O'Neill 1976; Hunt 1977 ; Newbold e/
al. 1982 ; Odum & Biever 1984 ; Valiela 1984, p 297;
Hunt er af 1987; Anderson 1988 Moore, Walter. &
Hunt 1988: Day er o/ 1989 p. 283: DeAngelis 1992).

these workers have focused on ecosystem-level.

phenomena and on nutrient cycling rather than inter-
specific interactions. The population- and com-
munity-level implications of processing chains appar-
ently have not been modelled or discussed in general
terms {although for some related ideas sce Reilly
1974 ; Kitchell ez a/ 1979 Richardson 1980) There-
fore, in this paper 1 focis on popuiation dynamics

_‘and interspecific interactions arising from processing

chains. I discuss the nature of simple. two-species
processing chains and develop basic theory to predict
possible outcomes of interactions between the species
I also briefly review some literature examples of simple
ecological systemns which are likely to fit into a pro-
cessing chain framework. and ask what broad patterns
may be drawa from thern.

Structure of processing chains

Processing chains may be analysed by tracing patierns

- of resource flow in compartment models. The two-

species case is the simplest A gencral lwo-species pro-
cessing chain is iliustrated and some terms are defined
in Fig 1 Resource exists in the sysiem in two con-
ditions: resource is supplied to the system in the
-upstream” (first) condition and some is transformed

" 1o the downstream (second) condition These terms

emphasize the unidireciional flow of resource (I do

"not mean to suggest more than an analogy with the

flow of water in a stream or the flow of malerials

rried by th_zit waler: processing chains occur in
. feams, but they also occur in many other systems
{Table [)). Each consumer species specializes on and

consumes resource in only onc condition. as in the

case of one aquatic species fecding on coarse detritus
and a second fzeding on particulaies derived from the
same detritus

The transformation or processing of resource from
the upstream to the downstream condition may follow

Resource supply

|

Resource condition 1

/ (upstream condition}

&insumption
Resource
loss N
Species 1
{upstream consumer}
Consumer-
mdependent Consumer-
processing dependent
oy processing
Resource condition 2
/ {downstream condition)
Resource
loss Consumption
Species 2

{downstream consumer)

Fig. 1. A general two-species processing chain. The left-hand -
boxes or compartments represent pools of resource in a
sequence of two conditions. The right-hand boxes represent
populations of two consumer species. one specializing of
each resource condition. Arrows represent flow of resources
between compartments

two. pathways (Fig: '1} In consumer-dependent pro- '

* cessing, some resource is processed as a consequence

of the activity (especially feeding activity) of the
upstream consumer : for instance. faccal pellets might
be a source of particulates. Consumer-independent
processing. on the other hand. occurs even in the
absence of the upstream consumer. If' a particular
upstream consumer species is-of interest. then pro-
cessing by other species might be included in this
pathway (and a suitable form given to the function
describing it); alternatively. abio_tic agents. such as
mechanical fragmentation of detritus. may be respon-
sible for this processing Finally. resource in each con-
dition may leave the system {or equivalently. be trans-
formed to a condition not available to consumers).
The processing chain depicted in Fig 1. and the’
models 1 develop based on that compartment dia-

_gram, are simple in structure and wiil undoubtedly

omit some features of many natural systems More
complicated models could. of course. be constructed
for detailed simulations of any single sysiem For
instance. the models could be elaborated by adding
further resource conditions or consumers and the con-
necting processing pathways Allernatively. ¢ ~sumer
specics might be replaced by consume uilds
although perhaps with some loss of modelling

precision. Non-trophic interactions. such as waste

product toxicily or behavioural interference might
occur in addition to trophic interaclions and intro-
duce additional feedbacks Finally. if onc consumer
can use resource in both conditions. another con-
sumption arrow would be added and the interaciion




(SH61 “C461) Lanrag

EISSRALND 1o

SN ASIN0)

Papuddsns DUER JU} SNILEAD PALING puw a8IR0,_,

fqm

SN

(GHA1} (DN .
w3 Fuysy - (AN (IN AN + sanw tramdic] B0 mIndIC] snoe €4 SILIOP JAP|O)
(5861} (N rI21G0310D) -
uruegf 2 Suiyamny (AN (4N "dUN} —- 8oy fraoydi] snouep ‘raapdiq] snosep 5d STHISE AUl
(z661) [§0] 1dsc)) (umdosjon) woddoouoty sNILOp
[dEZI0] ] 2 meysprag < (WIN (UN +) w sppal sopoy. {erdicl) snouoiaagy Sd
. {IN {mandcg) {raandicy) ;
(LB6F) Tungony —  CUAJN (N “UN) = DipavnBagy ‘mipoydsogt  puipromndif o190y pilatg Sd SN1EN2P QU1
. spodados (e )
{DN uzpradopnasd v
S.m_o: WaavN —_ (NN (UN ‘' +) -— mduwodd gy (randodton) majomyday Sd BLIJIDRG 'S0y
(946]) A91ss040y — .g_.u.x AN ') — 13uny ‘eusoeg spodoyule [tog Sd §3991]
. (DN -
(LS61) JON 4 .EEO (N ' +) - BLIR10BY sapadnyi Sd e
o {IIN i PRy :
(6861) mowry — :>:.Z (dN *+) — '$319RLD0B10 *SINULIR) . . aRAIR] 1I9SIN ‘sapadinpy Sd - sapnaed swwdin
. B imama) _
. “ - ) ADN . mndp 4 {RI01d0D9]d }
(€861} dOH,O 2 1940 1 ke (AN ‘) — RIDORg SAAPUOLI T LA ] Sd T WOQ
. R (DN : siuawdeg
{Z861) "0 12 s0mpE M 4 (W)a (UN *+) — S1010([0D SNOLIRAS SIAPPAIYS SNOUTA sd LRI SIDAV] L A Okl
. . 886 VIS ; tepodorseny) sjusfeay
o 18 puRfloynpy " (g - QIN up) — PRI2PISUOD JuoN SHLA0 fanapys SIS0 8d JEIS3000] 1 N
(1660) , (Dg . o ] - . stuawdv|
[N 2% uospIvydly /4 (woda (AN *+) - SIONOI[[OT sNOLITA SIDPPAIYS SNOLIRA Sd 8317530905 L INQJ
" (£861) pAYyuay (UN . . . sluswdt)
E'd .._Smnu}z ...E.._,_.x 4 WO (N AN - LLE _§10109]{02 SnOLRA SSIAPPRAIYS SNOLIVA S 89750908 L NOJ]
(ra61) DN a s . s1uawgny
lIrysuipy 3 pardayg 1 (4 (4N ‘+} u $A0129]] 0D SNOURA SIAPPAIUS SNOLEA S8d Je9) 's9090) | NOY
S tradicy) pindi g ) S
{(ON a&._BQOhD._,Cu:va ‘(esndoo 1) A SLOUI S ) s1uawiingyg
(ELGI) 17 13 sunuun ) 1 (na {0+ — PUAIONAIS  (BIUOID][) Staapuoaarg Sd JEOL'$200R] T AIOl |
.o lelen) {ON . . : R (eralioyo ) . C e sjuawEny
UOSIIPUY 39 snyeiry 1 (A3 (UN *-H) = (esodicy) awpnuLg RULND DU isop)dary g4 JU2['52201) L WO
o : (raadiy) remnorran
. o . :s..:m (randoon } wamnna g “(Rendoedag) ) siunudngg
(LLGT ulselA % Hoys 1 A (N +) —  DIIOJIING oddsdaapl ) DHUAGIDY SADIvU01al Sd . Jual *$9008) T INO ]
20UL20Y  fypall seieQ HoEo.u:Au Jdwon o Mg Y

SRILDP a0 )
onssK kg

13130 A84R0 )

101 152407 asIra )

SIARI SEVIY

mu>=u.|_

saAraT|

my:&_ yeo 2:..,..5
saava] ardew “3appy
SDART

H3ARDT]

SRR K109

SIARD] LOP|Y

S2ARA] J3p|Y

¥

SEYMId

SHpdIN L WDI0NAY
sajoudan

SNALIBA E_u::.._EL
[UIRRIY

USTRIE] ALY

. ERTTEATH
ISIMBNG E_u._c._.ir_.
S190105q

PO WAL G
SNIAD |10

SNLL2OP [10g

SMILLap [0g

SUILOP WG
SNILAP WG
SNELNOP Weal)g
SILOD WRg
SNLIDD WG

STILIAD Weng

SNIENAP NG

SRIAPRP UMAg

SNILNAP WE2ng

woakg

S B Heard

453

steyas Surr

RURINIEA TS I I )



(7861 2am[Iwaq
 anousynoy

;_E.__w:mzoi 0$IE 998
Hle6i)

HOIRUIE) % INSURE
(RE61

SSOUIN,| 79 UOSPN|
(661}

Araquasse gy % aey
(0661}

WEL W d1dquassem

(bL61) maNEA

(8861) uayLopm

(9561) umsump

(9561) nosurp

(1661} surtQ
2 By uaieyg

(o661 ) vostz
{L861) P10y 3 Ajuaoyag

1861) uaneq » sweq
(bL61) Mrvey osIe aos
(LE61) uasuMsiyy

%} 10 ‘Yoray

(PRO61) P 12 1SRN OS|¥ 238
(6£61) A19aRg

Wonl ) paenpy

]

A

i

.l

fqe

(N
(WIN
nao

.CZBO.

(390
(W10
(N
(W0

(DN
-

N
(A0

ADN

(Wwo

(DN

(WIN -

(40

(NNO

(DN
(WIN
(hpo
(o

A(Dd
(A0
(DN
(WIN
(s
(Wi

13ung
'S10a5W snojjdordoD)

s10uuEd ‘senys ‘s|noy

SIUBIOULIOD
‘S 'S nD

S "aRALR] uTIDldig]

S9IU PTYUOsGIg)
821 *avAlR]

C urindip f(ramdopiian)

[N ")
(AIN*+) -
CIN ) —~
QIN ) +
(4N F) +
N -) -
GIN *+} -
QIN ' +) +
E.ZL; +
(AN ) w
0+ -
UML) +
NG+
0"+

Biampunili pruruan 4
S "avasy]

uridip ‘{ermdopida)
Dol muriam 4
s[Ind paduim

-SnOMRT ‘smoa)

saiymorg

$aM199q
prion *physsuttagy

SPEOATILIAD anpjuag

1Bung
S9)REGaLIDAN
{tews sFun,g

(maodicy)
HIfy Atuosd 4

$3JOAIIY

SIIMMEIT USYILLM UBLINTY

‘S1opmRI1 umpad urwin H.

SANAG Ul iy

SWRIPILIDYHS Spoidy

sq015 wony

C o {riadoprds)
SRUDALA[ 11D SRAOSSHA P

(rIm1d02107))
SHE22L VIRIND

sa[dra pleg
2 (empIy)
LGN

s3Iy plodsnW ‘sluy -

: S[ossnur ‘121540

S311999
PIPAQIUTIZY pUR PNSIIdng

S3N120g

(vrmdecy)
DY SHUENEIOLID By

TH. Sunp aroaigiag]
.wE $1s001a§ Suneoy pra¢y
T - 51503191 Bunroy peacy
) sa0ay

v D3puuny pasodxy

. (uonsediao

0] anssn
Y pauaydnos ‘pasodxy)

"sanany
‘SUOPAIAL0D pasodxs

 sanawy
v ‘SUOPAIALDD Pasodxs]

v SASSRDIBO U0 [
Y ©ysoy pasodyy
ys|

V' TR]PLUNT J0 DOsOdxy

v snunap papsodagy

v Poom pasodxs)

V. poom pasodxyg

Sd (rumong puel sapnang

fowoning  Ldwory

" umop

¢

F___W

+URW

._e::.tq

SRy

S1500[3] JAI7

§1S0319) aar

1ed mon om0y

SO0 USNUE US2IE *1pmu g

SWIODE 130Uy

SULEODE 1DEIUY

L LR bRl el oy Lontug

sasEaIRD prediun 1w

SASEUIND 10U

Japew surio papuadsng

(s30) auid) POOM 10112)U]

[ERA]]
¥eo faurd) poom 1ouiug

SASKRIY auny

;:w...

Jungy

UOLEIE )

UGLLIE )

Aungg

SWoRIS A

SUI0NY

SUHIOAY
uoLrey
UOLILTY
uoLIR)

spoar ansd0

POO M

DOOAL
sIaond
IR HLIDG WU D0 LA L[

WISAS

Processing chains

454

(2, 1000) | ayqe,



LIRS ITIN IIPUBXITY S[AUWHXD JOJ 595 ‘mdian oy “a1ay sodwiexs aanuy
"BIRD AJOJRIOUR| A[J50U t{sweaas [eroyIe -

“PALISAYIUAS " |2y uondrsnug Jo wsturyaaty pajamised ay) o) Suiumiad <y SUONIRIBNN 0} Fummiad

(DUDEAET W) 1ea1d wou) aghru SIUHUA 3antadwon o ¢ —

asardar ma) n

Aluo-3a18 1 ! swsiuedio-o1amy Juowne
89} sarumuuon BRI E *erep pla

< Sasyuased _.: BUOU N Buljepout e Rway

..mzc_.xﬁﬁou Y304 ur ao.

W PO L IBUONBAIISGO g0 ¢
‘Papodas jou “y N -palsa) Al
IO $A8N IAUNSUOD AUO asn
W6 °Q Tazis sponded gy ! SSRL0IG FULAT] U0 aseDlal “1d

prasdsapis Algeqoad are surmya Juissaovad | [uanway
Y ANSOW W/ ] T saniunutuoey {BINERL 'R

LIS L 4

B0 PISU-ANSOW *.f © play/gen i»
SA0In0Y .—quu_._..ﬁ.a._.d._ EHC.G ’
Muswadya ' ;e §
BES20OU JOU Ing ‘pansad se awoong
Baaq juavaad JURUI daniladinoy i
TIRDNUSYD ) ! ssanam Vo WsIuBuoapy ,

(9961) yoouyg - —_ (4N “+13 — b:.utq:..y.vw
(g SISUAB.AaGYS )
(TL61} Aoy % oryy 1 tg W+ [ saalusoanyaong
_ (1 _
(Z061 ) unua anp 1 ()3 AN "+ — rds SR04 Y
S (szel “ : T
ZRUBOT 79 uRwsy Ay o -— Q.Z +) W sueasaiongf wintiajing
Wzolyuosqopy DN - .
leh Wiom 1 (WH - (N — susfouriapy
. - (N HUPSIO DD GdsHE gy
{9L61) uosqopy -~ A (N¥g (dN “+} == SHAISANID DU
TR _ wa _ _
(£861) v 12 weysu I {NH (AN +) L e sseId vwesd anjg
. . (WIN & Juny
TN puepu, | 4 (90 {UN +) — Jeing BIAUIOIAY
o S
BLeD vowBRINOW (g (Nt -6 SA[zed s,uosdwoy)
o w3
0661) Amputy o ey yiq - (g (AN H) - UOYHUBIAOIAY
: : (na . -
(8861} 4w jo Bpunzely v/ ()Y QIN'+) — HoPurIdouRN
o go/m -~ i
861wl 4 (W0 (++) - 818100
Lol a0y (Da , _
¥ UrEwal0) noyy T 0. (UNC+) — ssead plursd onjy
: _ (N : _ .
el 'wizuny — AN QUN ) - Sl
. (N o
(L861) 107 12 yun) g - AN QIN Y +) - Sa1eana(q
WUy jypioy _

feieg towonng - ldwon . . ua
fqer ' o )

HEECRY

SUDPAX OGNS 4010040130y

SHUDIXNO 1001 o

s SHBA2D SnfIvg. -
vaztroud”

PUE BLBIOEG SNOLIRA
SN0 SHII0I0Id 241G
. SHINIDGOLIT

Ie3zin}s .f.wytc__.:t._c.:ma_n—

Funy Fusodivosop

-udy puw -asomjasy

159900p)1 4 |

yosad moja

:vhuc MO[[a .
SpunIny-

angaoury

52404 NLNACT

HI
HO
“HD

HD

HO

+HD

T
“TY
R
Tu
T4

™

RN

roury1y
Umo_uz.h.r_

aso) ey

SPISR outy
,.OU x:

’ e
uzdoau :ﬁuc__z
sindng
NImoaday

d ¥qniog

d 3gniog

. d

‘N 21emonted ‘agnjog

uagospu :.c.m

usdoanu swediour [rog .

stag]

..t:s&«

siedns 1y
- JOIGUR Y
yaaegs Cw._w:vw.—.
urase;)
521 sE:.EtC
SOIRIpAYOGIRY

wadoaiu E.:‘
AFOIN[[3D 2101198 _:..z._ﬁ.z.__i.‘_&
. puessmd
JUDDEAUDS “ungky
snioydsoyd ::.“_v:.:‘._ach
sdoydsotd uopyurdowy

suloydsoud
‘usdonu ssead g

N <

FRINEHT]

SR

sanssiuerd aag

v

vonanpao.d ._.:wo:_>.
UENEIUALI]
SN,

afepods
udwun Yy

uBWIny

SNILNAD [10g
SILAD 110G
1:.,_.?;,..“.‘& Hoduniag
uopueid aye
uojued ayey
S1ad ydieg

110g

SNJL1AD [10g

STIP 1105

WoYsAY

5.8 Heard

455

P

i .::3 1 9{qe ],



456
Processing chains

could include an element of interspecific competition.
The theoretical models T develop here deal with the
basic processing chain of Fig [ and are. therefore,
most appropriate as general, qualitative models or for
systems where at least as a first approximation such
elaborations are not necessary

" The effect of an upstream consumer on the popu-
lation of a downstream consumer depends on its net
effect on the availability of resource in the downstream
condition (that is. neglecting non-trophic inter-
actions) On the one hand. the upstream consumer
removes resource which, if unconsumed could
eventually have entered the downstream condition.
On the other hand, the upstream consumer may also
increase the rate at which resource is processed to the
downstream condition, the fraction of resource so
processed, or both This sets up a trade-off. from the
point of view of the downstream consumer, between
the upstream consumer’s role as a consumer {reducing
the ultimate resource supply)} and its role as a pro-
cessor (making the remaining resource available
sooner).

In the absence of consumer-independent process-
ing, the downstream consumer depends entirely on
the upstream to provide resource in the appropriate
condition (‘resource dependence ; Fig. 2a). Clearly.
this interaction is commensal [or (+,0)}; because
resource flow is unidirectional, the downstream con-
sumer cannot affect the upstream via resources]. In

* contrast, when there is no consumer-dependent pro-

cessing. the resource use of the upstream consumer
only reduces the availability of resource in the down-
stream condition. and the interaction is armensal for
{—. 0); ‘resource pre-emption”; (Fig 2b)] Intuitively,
then, we might expect processing chain interactions
to range {rom strongly amensal through strongly com-

(a} Resource supply

|

_{ Resource condition 1
/ {upstream condition}

wlnsumption

Species 1
{upstrearm consumer}

Resource
loss

Consumer-
dependent
processing
Resource condition 2
/ {downstream condition}
Resource
loss Consumption
Species 2

{downstream gonsumer)

mensal, depending on the relative importance of the
wo processing pathways A simple mathematical
model wili make this expectation more explicit.

Modelling processing chains

The compartment medel of Fig. 1 can be described
by a system of four differential equations:

dR .

g, = PO AR) =R = /iRy S1) (la)

dR, o

dr =h(Rl}_ul(RJ)“i'S[fi(RhSI)]_fZ(Rz 5.}
(1b)

ds '

5 = U=OR, SO —mi () (tc)

ds, '

dr- = g:{f+(R1, §})} —m1(53) (1d)

In these general equations, no particuiar forms are
given to the functions describing resource flow R, and
R, denote the instantancous guantities of resource in
the upstream and downstream conditions. respec-
tively; S, and $- denote the instantaneous densities of
the upstréam and downstream consumer {1 consider
units for these and other quantities after introducing
amore specific model) The rate of resource supply to
the system is p(#}. Resource fost from the system from
condition i as a function of the standing pool, is
w,(R) (if this function is linear. these models resemble
chemostat models). Total removal of resource by con-
sumer i including assimilated and non-assimilated
portions. is ]i(R,. $): the functions f; are functional
responses (multiplied by the appropriate consuner

densities). In the case of consumer 1 a fraction .

(b} Resource supply

!

Resource condition 1
~1 {upstream condition}

el .
: \::nsumptlon
Resource
loss -
Species 1
{upstream consumer}
Consumer-
independent
processing
Y

Resource condition 2
/ {downstream condition)

Resource
loss Consumption

Species 2
(downstream consumer)

Fip. 2 Limiting cases [or processing chain dynamics (a) Resource dependence: no consumer-independent processing (b)

Resource pre-emption: no consumer-dependent processing.

e T
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s[/1(R,.5,)) of this removal represents consumer-
dependent processing of resource to condition 2 {I
refer to 5 as ‘sloppiness”. and include here all material
processed by activity of the upsiream consumer)
Consumer-independent processing is a funclion
R{R,). Finally, each consumer has a maintenance cost
expressed in population units as m,(S,), and converts
some fraction of the resource it removes to population
growth: g {(1—9)[/i(R,, $|]} for consumer 1 and
g2Lf2(R,. §4)] for consumer 2. I ignore non-metabolic
losses such as predation.

To examine the interspecific interactions in a pro-
cessing chain system, we must give more explicit forms
to the functions in equation la—d Since different
resources will no doubt have different mechanisms of
transformation and uptake, no single form will be
fully appropriate for all systems ; however. if we con-
fine our interest to general qualitative features it is
appropriate to begin with a relatively simple set of
equations One reasonable possibility is to specify type
11 functional responses (Holling 1959. but using
exponential formulation of Watt 1959) for both con-
sumers, and let the remaining functions be linear:

4R, y
a; TP R R kS (Bl (2a)
dR,
5 =hRi—uy Rat sk, S, (1—e™ %)

—ky S (1 —e R (2b)
ds
T’I=gl.“_S)"k‘.S|"(1_€_R')"HIJ'S1 {2c})
ds. .
& =0k Syll—eT My S, (2d)

The assignment of units for parameters and state
variables (R, S,) is flexible : the most appropriate cho-
ices for a particular system will depend on the biology
of that system. For my purposes in this paper. the
exact choice of units is uriimportant It is convenient
for book-keeping reasons to denote resource pools (R;)
and consumer densities {(S5,) in the same units: mass

is perhaps most intuitive. but depending on exactly

what limits consumer growth in a particular system
both resources and consumers could be counted in
other units such as nitrogen- of phosphorus-equi-
valents. Different state variables may be given differ-
ent units if desired. but then appropriate conversion
constants must be introduced Any convenient time
unit may be used with parameters scaled to accom-
modate that choice Of ©  marameters. p is a rate in
{resource units){lime uniy" ' 5 and g, are dimen-
sionless fractions, and % w,. and m, are exponential
decay rates measured in (time unjts} ™ '; s and g, must
range from 0 to 1. Finally. the saturation feeding rates
(k,) are also measured in (1ime units) ~ ' {resource units
per consumer unil per time unit. with resource and
consumer units cancelling as suggested above). The

k,s could theoretically exceed | il a consumer can 1ake

‘in more than its body equivalent in food in one time

unit. although this situation might warrant the adop-
tion of a finer time resolution

Eflects of one species on another may be evaluated
at different temporal scales (equilibrium o1 transitory
dynamics). depending on the gquestions of interest
Here. I will examine the nature of the equilibria and
comment only briefly on shorter term behaviour. Two
species, then, may be said to interact if the presence
or absence of one in the system affects the equilibrium
density of the other. Criteria other than population
density are. of course. pessible: for instance. indi-
vidual fitnesses or population growth rates might be
compared instead (Abrams 1987) However, here 1
examine only density. which is both ecologically
important and relatively simple 1o measure in nature

The system (2) has {our different biologically mean-
ingful equilibria: (i} $¥>0. $%>0; (i) St=0,
§3T>0: (i) 57> 0 $¥=0:and (iv) ST=0 St=0
Of these, the last two are uninteresting (because the
downstream consumer has no direct or indirect effect
on resource in the upstream condition. S in case (iii)
is the same as for case (i) _

Forcase (i). restrictingp > 0.g,> 0.4, > 0. m, > 0,
and s < |. we find from equation 2a—d that

Rt = .'En - -l (3a)
T gikyt(1—s) T
Rt = —In []—q—mA J (3b)
(l—s) T
S‘rz&“ﬂ‘{pﬂh%n)
m, T

m, -
X]n[:!— g;'k.'(li;;]} (3c)

s_92. 1 o dg L ms
St py {sp—j—r.] ln[] gz'kz:l

) ) _ ni,
+s—1)h+5w,] !n[l gi-k,'(!ks)}}

(3d)

Notice that the presence and feeding biology of the
upsiream consumer influence the equilibrium density
of the downstream consumer {$% but there is no
converse influence (al least through the processes
modelled here) of the downstream consumer on the

~upiream. The unidirectional flow of resource resulis

in a unidirectional interaction.

Whether the interspecific interaction (evaluated at
equilibrium} is commensal or amensal can be deter-
mined by comparing the performance (here 1 consider
population density) of the downstream consumer in
patches with and without the upstrcam consumer
this is equivalent to comparing S¥in the equifibria of
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cases (i) and (i1} above, If' $% = 0 (case i1} then from
equation 2:

4

Therefore S% > S¥(8% = 0) (the interaction is com-
mensal) if ;

: m,
[(s— 1)~iz+s‘n Jn [1 ﬁ E.mJ

+sp> R

When the upstream consumer can consume much
maorg resource than needed to meet metabolic costs
{if not food limited}. #, « g, &, (! —s). This is equi-
valent to having a large metabolic scope (sensy Yodzis
& Innes 1992; McNab 1980 used a slightly different
definition). Then. condition 5 reduces to:

A
§ > —— &
A+, )
This approximation should often be reasonable
(especially for invertebrates: Yodzis & Innes 1992)
The interaction is commensal when consumer-depen-
dent processing Is more ‘effective’ than consumer-

independent processing: that is. when the fraction of

resource removed by upstream consumers which is
processed to the downstream condition (s} exceeds
the fraction of resource not consumed which is so
processed [4/(hi+w»,)] The interaction is amensal
when the reverse is true. and neutral if consumer-
indepsﬁdent and consumer-dependent processing are
equally eﬁébtive. The influence of the value of v on

the interaction, for an illustrative set of parameter

values. is depicted in Fig. 3a

There is no a priori reason to expect either con-
sumer-dependent or consumer-indépendent  pro-
cessing to be consistently more effective. and therefore
a range of interaction types is 1o be expected. Note
that if 4 = 0 (resource dependence). the interaction is
always commensal and if s = 0 {resource pre-emp-
tion) the interaction is alwavs amensal; this confirms
the intuitive assessment offered above i w, = 0. so
that all resource is eventualhy subject 1o consumer-
independent processing. the interaction is always
amensal because consumption (removal less pro-
cessing) by the upstream consumer represents an
uncompens: loss of resource. However. if some
resource is fost from- the system {1, > O this con-
sumpltion can produce a nel gain for the downstream
consumer {e¢ 2. stream insect shredders processing
leaves otherwise lost by transport or during storms:
Wallace Webster & Cuffney 1982; Webster 1983)

The equilibrium density of the downstream con-
sumer is influenced not only by the presence or

h” .
£ TS

absence of the upstream consumer. but also by itg
properties {s. A,. m. and g,: Fig. 3} The downstream .
consumer is better off with a sloppier (larger 5)
upstream consumer. except when s is very large (Fig
3a). Very sloppy upstream consumers aitain only
small populations, and resource accumulates in the
upstream condition {equation 3a). unavailable to the
downstream consumer.

The sign of the influence of k. 7, and g, on down-
stream consumier density depends {equation 3d) on
the sign of the guantity [(s—1)"A+su,] which is
positive if 5 > A/(h+w ). or (approximately} if the

- Interaction is commensal (condition 6}. In commensal

cases. downstream consumers do better with
upstream consumers that have larger saturation feed-
ing rates (k,; Fig. 3b). higher growth efficiencies (g, ;
Fig. 3c). and smaller metabolic costs (m,: Fig 3d)
All of these produce larger equilibrium upstream con-
sumer populations which process more of the
resource. leaving less for species-independent pro-
cessing {(which Is less efféctive in commensal situ-
ations) Conversely, when the interaction is amensal
and species-independent processing is the more effec.
tive. downstream consumers do better with upstream
consumers having smaller saturation feeding rates
{Fig 3b). lower growth efficiencies (Fig 3c). and
larger metabolic costs {Fig. 3d). However. the curves
are steep only for rather small saturation feeding rates
and growth efficiencies and for rather large metabolic
COStS.

Two elaborations on the basic model deserve
mention First. if two {or more)} upstream consumers
can be present. indirect ‘aliernative processor inter-
actions become possible (S.B Heard unpublished).
Somewhat more complicated models are reguired.
becatse evaluating the interaction of each upstream

“consumer with the downstream consumer involves

considering the other(s) as part of ‘consumer-inde-
pendent’ processing. but the basic results are not hard
to derive intuitively. Consider two competing
upstream consumers one a more effective processor
(farger s) than the other. and their interaction with a
downstream consumer in patches containing one or
both. Either alone could affect the downstream con-
sumer positively ot negatively (with the more effective
processor of the two more likely o be commensal)

However. the net effect of each may depend on the
presence or absence of the other The presence of the
more effective processor will benefit the downstream
consumer if the less effective is also present—even if
either upstream consumer alonc or the guild as a
whole. has an amenszl inleraction with the down-
stream consumer. This might be called a ‘best of a bad
job” commensalism Likewise. even if either upstream
consumer alone benefits the downstream consumer,
in competition with the more effective processor the
less effective will have a negative effect on the down-
stream consumer. The magnitude and even the direc-
tion of the interaction between a particular pair of
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Fig. 3. Dependenice of downstream consumer (species 2) equilibrium on upstream consumer properiies for equation 2 Plotied
values were calculated directly from the equilibrium equation 3d. Values of model parametess other than those plotted: p =
Svy=n,=03Ah=020k=k:=1g,=¢. =05 my =m; =001 ands = 02 {amensalYor s = 0 6 { commensal }
(aj Effect of varying upstream consumer sloppiness: Broken line: downstream consumer equilibrium in a patch without
upstream consumer. (b) Effect of varying upstream consumer saturation feeding rate (c} Effect of varying upstream consumer

growth efficiency {d) Effect of varying upstream consumer metabolic cost

consumers are therefore likely to depend on which
other consumers are also present.

Secondly. considering transitory dynamics rather
thzn equilibria shows that the temporal scale con-
sidered is important. (Heard 1993) The magn'itudé
and even direction of thé interspecific interaction can
be strongly influenced by the time interval afier which
effects are evaluated (ihe time horizon) In particular.
commensalism is more Hkely at short time horizons
In fact, all processing chain interactions even those
which show strongly amensal interactions at equi:-
librium. are inftially commensal This is because the
upstream consumer influences the raic of processing
as well as the fraction processed and the benefit of
accelerated processing temporarily outweighs the cost
of less effective processing. :

The transitory dynamics may often be moare rel-
evant biologically than the equilibrium dynamics
This may be true. for instance. because seasonality
imposes limits on time available for growth. because
disturbances or predation prevent equilibrium from
being attained (e g Sousa 1979; Paine & Levin 19813,
or because patches of resource are ephemeral (e g
Beaver 1984 if single-patch p(:} peaks and then falls
to 0 57 and 5% will be 0, bui the patch will support
growth. In the shorter term. of consumers which can
disperse to new patches) Commensal interactions
may be more common in these situations

Processing chains in nature

Although a general treatment of processing chain
dynamics has not b'een.previous!y attempted. many
specific instances in which ¢onsumers may influence
one another through resoiirce processing have been
recognized A number of studies that have examined
possible processing chain systems are listed in Table
1 I include here two-species systems thal can be
depicled in the format of Fig. 1. as well as a few
systems where the upsiream consumer may be able to
use resource in both conditions. potentially competing
with the downstream consumer for resource in the
downstream condition. I exclude most cases where the
upstream consumer also feeds directly on individuals
of the downstream consumer, e.g situations where
arthropod comminution of litier facilitates bacterial
growth. but the same arthropods prey on the bacteria
(Fenchel 1970: Hanlon & Anderson 1979 ; see also
Sterner 1986 for an analogous uation with
plankton) '

Although this list s surely not comprehensive, it
should provide a general picture of the character of
those processing chains which have received attention.
Most of the examples in Table | fafl into one of
four classes. based on the sort of processing involved,
although other sorts of processing are possible. First,
there are many cxamples of probable processing
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chains based on reductions in particle size of detritus.
including that in streams. soils and various phyto-
telmata (plant-held water bodies). Secondly, pro-
cessing often involves madifications arising from feed-
ing by one consumer that make resousce accessible
10 other consumers: for instance large scavengers
opening up carcasses to msect attack. Thirdly. a num-
ber of studies have pointed out that predators and
herbivores. by leaving dead but unconsumed or
egested or ganic matenal can release nutrients other-
wise bound up in the living tissues on which' they
feed Abrams (1987, his example 4) briefly discussed

a model of interactions among predators, prey and
scavengers which belongs to this class, and which -

shares many features with the processing chain models
above ~Finaily among micro-organisms processing
chains based on chemical transformations may be

relatively common, often involving one species of bac-

teria metabolizing the waste products of another
spec1es

Several further points arising from the compilation
of examples in Table I bear discussion. These in¢iude
the rarity of thorough documentation, the pre-
ponderance of decomposers, and the high frequency
of commensal interactions

DOCUMENTATION OF PROCESSING CHAIN
INTERACTIONS

Although the phenomenon of processing is widely

recognized. processing chiain ipteractions are very
poorly documented in the literature For instance il
is a ‘common assumption” {Richardson & Neill 1991 ;
see also Richardson 1980: Vannote ef al. 1980;
Roeding & Smock 1989) in stream ecology that col-

lectors (fine- pamcie feeders) benefit from paruc]cs_

produced by the feeding activily of shredders.
However, few researchers have attempted to test this
idea {Winterbourn. Rounick & Cowie 1981 Table
1:Roeding & Smock 1989 Richardson & Neill 1981)

Several studies have shown that shredders produce -
" particulates (demonstrating s > 0in equation 2b). but

only iwo to my knowledge have also examined inter-
actions between shredders and the collectors that
might benefit from this processing: Short & Maslin
(1977) in laboratory populations and Richardson &
Neill {1991) with indirect tests (manipulating resource
supply rather than shredder densities) Simple exper-
iments manipuiating shredder densitics in the field and
measuring particulate levels and cotlector populations
downstream are clearly needed A similar situatton
holds for interactions among soil decomposers (S\Mfl

Heal & Anderson 1979: Hassell. Turner & Rands -

1987}

In many cases. processing interacions have been .

persphera] issues in siudies whose foci fay elsewhere
{often in natural history or in ecosystem- -level nutrient

" cycling) Perhaps as a result very few of the studies

in Table 1 develop any explicit population- or com-

munity-level models or theery or suggest that the
dynamics dealt with might be of gencral interest. Simi- .
larly. few of the tabulated studies provide convincing
documentation of both the interspecific inieraction
and its resource processing mechanism: in all cases
the supporting data are cither incomplete. indirect. or
exclusively obtained in laboratory populations

Apparently. in only one case has both the outcome
and the mechanism of a processing chain interaction
been demonstrated experimentally in a natura} popu-

lation (Heard 1993).
ses Heard 1994 (Pitcher-plant midges and mosquitoes: a processing chain
commensatism Ecology 15:1647-1660} ]

DECOMPOSERS AND PROCESSING CHAINS

Decomposer or detritivore systems are the subject

of the overwhelming majority of studies in Table 1.
Decomposition very often represents a unidirectional
sequence of resource conditfon changes and as a
result processing chain interactions wiil no doubt be
most common among decomposers (this is 1ol 1o say
that all decomposer systems are processing chains).
Decomposer systems are, of course. of tremendous
importance ; at least 75% and very often in excess of
90% of net. primary productivity enters the detritus
pathway directly (figures for terrestrial systems ; Swift

“er al. 1979). and only fossilized production escapes
,evcntual passage through decomposers Connell &

Slatyer (1977: see also Richardson {980) suggested
that facrlnanon might be common in ‘heterotrophic
successions’ among decomposers, ciling examples
which are clearly processing chains (e 2. Savely 1939

my Table 1) Connell & Slatyer ( {1977) were not, how-

ever. primarily concerned with resource processing
arid did not consider the possibility of amensal pro-
cessing chains. Futhermore. they left unclear the
relat:onshxp between these unidirectional interactions
among decomposers and their other facilitative suc-

" fessions where later species displace earlier ones: the

formet are likely to be well described by processing
cham models but the latter are not

. Most of the decomnposer studies involve physical or
chemical transformation of dead organic matter {I
would include such orgamsms as rumen. cheese-mak-
img and fermenting bacteria as chemical decom-

_ posers). Several related examples involve the pro-

duction., by predators or grazcrs of dead organic
matier which then is used by decomposers (.2 -Meyer.
Schuliz & Helfman 1983; Vanni & Findlay 1989
Wassenberg & Hill 1990) Relationships between

’ predato;s and carrion feeders in general should be
well descnbed by v~ ~eessing chain modets

COMMENSALISMS VS AMENSALISMS

It is clear from Table [ that nearly all the literature
examples (39 of the 40 that include a clear indication
of the interaction type) suggest a positive effect of the

_ upstream consumer on the downstream (the recipro-

cal effect is very rarely tested). The model treated
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above. however, implies a range of interactions from
commensalism lo amensalism Why are more amensal
processing chain interactions not reported? There are
a number of possibilities

First,-as discussed above, if a guild of two or more
species compete for the upstream resource, the inter-
action of at least one with the downstream consumer
will be amensal. It is worth noting that one of the
two studies in Table 1 which may involve amensal
interactions involves alternative Pprocessors;. . in

lilinois, Melissopus Intiferreanus moths afford entry’

10 acorns by Valentinia giandulella moths, but in doing
so consume much more of the endosperm than do the
other processors. Curculis rec tus weevils, The majority
of studies i Table I. however, either consider the
entire upstream guild together (e g Valiela 1974;
Shepard & Minshall 1984; Richardson & Neill 1991)
or .else isolate a single upstream consumer in the
laboratory (e.g Short & Maslin 1977; Grafius &
Anderson 1979; Mulholland ez af 1985) In cither
case, alternative processor amensalisms cannot be
detected. This cannot be the entire explanation. how-
ever ; we can still ask why there are so few amensalisms

with isolated consumers or at the guild level.

Secondly, (equilibrium) condition {(6), s> &/

{A+w,). may normally hold in natural processing .

c-ﬁains; that is. that consumer-dependent processing
may be generally more effective than consumer-inde-
pendent processing This proposition is difficult to
evaluate, but there seems no compelling reason to
suppose it true. Stream shredders for example vary
considerabiy in s, the extent to which they are sloppy
eaters {e.g Herbst 1982} Furthermore, both rates of
resource loss (n;) dand consumer-independent pro-
cessing (%) surely vary from system to systern and with
spatial and terhporal changes in climate and other
physical conditions (e.g storms, Wallace et al. 1982 ;

Newbold er al. 1983} Systems with s < A{h+u,)

would therefore seem quite possible
Thirdly. condition 6 may not hold because some

.of the assumptions and choices involved in giving a

specific form to condition 1. or the assumption neces-
sary (o derive condition 6 from the more complicated

‘condition 3. do not hold Certainly. it would be sur-

prising if any real system were cooperative enough to
behave entirely in such a simple fashion The two
limiting cases of resource pre-emption and resource
dependence must obviously remain amensal and com-
mensal. respectively. so at issue is only the position of
the switch from commensalism to amensalism

-deseribed by conditions 3 or 6 This switch must be-

influenced by the forms of the functions in condition
1 {although it is very insensitive to the choice of fune-

tional response). However. there is no reason 1o sus-

pect that all other possible forms have analogs to
condition 6 which are very casily met

Fourthly. condition 6 applies when interactions are
evaluated at equilibrium. As discussed above. shorter
time scales inay be equally imporiant. and the shorter

the time frame of interest, the more likely the inter-
action is to be commensal The preponderance of
commenszl interactions in Table 1 may then. have
much to do with the importance of non-eguilibrium
dynamics in nature, or the typically short time scale
of ecological investigations. Of the studies in Tabie 1.
only one (Wallace er al. 1982) considers the possible
sensitivity of results to temporal scale.

Finally. the preponderance of commensalisms in
the literature need not necessarily  reflect pre-
ponderance of commensalism in nature. Perhaps
researchers have not considered amensal processing
chain interactions as interesting as commensal ones.
More plausibly, some processing chain amensalisms
may have been described instead as cases of asym-
metric competition : an observed negative interaction
need not do violence 10 2 competition-centered para-
digm, but a positive one cannot be so easily reconciled

Conclusions

Interspecific interactions arising from resource pro-
cessing may be quite common in nature. especially in
decompositional systems. However. such interactions
have received little theoretical attention. and ¢ven in '
systems such as streams where their existence has been
discussed. empirical tests of the interactions and their
mechanisms have been extremely limited

Simple models of processing chains suggest that
interactions may be either amensal or commensal,
depending on a number of factors includirig temporal
scale guild composition, and relative processing rates

- and efficiencies Literature exampies, on the other

hand. seem to be mainly commensal More theoretical
work: and empirical studies guided by this theory, will
be necessary to resolve this apparent incongruity
The realization that a system may be a processing
chain suggests approaches {or its study and aspects
of particular interest, which may differ from those
appropriale for other types of systems If our goal as
ecologists is to correctly understand and predict the
behaviour of natural systems. it is important that pIo-
cessing chain systems be recognized and treated as
such, and that appropriate empirical tests be applied
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