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Perspectives of research on detritus: do factors controlling
the availability of detritus to macroconsumers
depend on its source?
by K. R. Tenore 1 , L. Cammen1 , 2 , S. E. G. Findlay 1 and N. Phillips1

ABSTRACT
Various factors have been suggested as regulating the availability of detritus to detritivores,
e.g., particle-size and microbial dynamics, nutritional composition of detritus per se, and
chemical inhibitors/ enhancers. These factors might vary in importance depending on detritus
source: fecal pellets, vascular plants, or seaweed-derived detritus. We review the literature to
evaluate the above factors and suggest that future research on detritus should consider
regulatory mechanisms which depend on detritus type.

1. Introduction
Organic detritus has long been recognized as an important food resource in
shallow water aquatic environments. Major contributors to detritus pools in coastal
systems are decaying plant material, especially marine grasses and seaweeds, and
animal fecal pellets. Early Danish scientists hypothesized that detritus was the main
source of food for benthos in shallow coastal areas (Peterson, 1913, 1918; Jensen,
1919; Ekman, 1947). Others have since correlated production of benthos (Bader,
1954; Wieser, 1960; Schelske and Odum, 1961; Wigley and McIntyre, 1964; Rowe
and Menzies, 1969) and fish (Darnell, 1961; Odum, 1970; Jeffries, 1972 and 1975)
with detritus.
However, factors governing the utilization of detritus in marine and freshwater
systems are still not well understood, although the possible importance of several
regulatory processes has been recognized. Detritus particle size and associated
effect on microbial colonization (Levinton, 1980), nutritional quality of detritus
particles per se (Tenore, 1977a and 1981), and chemical inhibitors (Valiela et al.,
1979) are suggested to be major factors controlling the availability and utilization
of detritus by deposit feeders. However, results are not consistent and we propose
that seeming contradictions result from a failure to consider differences in detritus
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sources. Factors regulating detrital utilization may vary in importance depending
on whether detritus is derived from fecal pellets, vascular plants, or seaweeds. We
propose a simple model of detrital utilization where the importance of factors
regulating the utilization of detritus vary depending on detritus source.
Several decades of research have dealt with the role of microbes in detritus-based
food chains, specifically coprophagy, i.e., fecal pellet ingestion and associated
microbial growth, and aging, i.e., microbial colonization of detritus particles derived
from sea and marsh grasses such as Zostera and Spartina. Marine bacteria utilize
detritus and long have been considered as food for large organisms (Zobell and
Feltham, 1938; Burkholder and Bornside, 1957; Rodina, 1963). Thus, much of
the research on the availability of detritus to macroconsumers has involved the
study of microbes and their activity on detrital particles. Therefore much of our
understanding of detritus-based systems has been placed in the context of microbially induced changes of detrital particles.
a. Coprophagy
Early woik suggested that microbes colonize fe<;:al pellets and are utilized for
food by benthos while fecal pellets per se pass the gut undigested (Newell, 1965;
Johannes and Satomi, 1966; Frankenberg et al., 1967; Frankenberg and Smith,
1967; Hargrave, 1970a; Fenchel, 1970 and 1972). As microorganisms recoloniie
fresh fecal pellets, the nitrogen content of the pellets increases. For example, the
C:N ratio of fecal pellets produced by the deposit-feeding snail, Hydrobia ulvae and
the tellinid clam, Macoma balthica, initially low in organic nitrogen, decreased as
microbial colonization on the fecal pellets increased (Newell, 1965). When the
snail reingested the fecal pellets, the nitrogen concentration of the pellets decreased
to original levels, presumably because the macroconsumers had removed microbes
from the pellet. In a similar study, microbial colonization increased with aging of
fecal pellets of the amphipod, Hyalella azteca (Hargrave, 1970a).
The concept of microbial growth (or transformation products) increasing the
nutritional quality of detritus by increasing nitrogen content may need modification.
Changes in nitrogen may or may not reflect a real increase in nitrogen content
(concentration and/or absolute amount) depending on a combination of differential
C-N mineralization rates and accumulation by microbes of nitrogen from extraneous
sources (de la Cruz, 1975; Haines and Hanson, 1979). Also, phenolic complexation of nitrogeneous compounds could produce apparent increases in nitrogen
content but the nitrogen may not necessarily be available to consumers (Rice,
1979). Also, non-protein nitrogen (chitin, humus, complexes) may represent a
significant fraction of the observed nitrogen increase during aging of detritus (Odum
et al., 1979).
·
b. Detritus "aging"
Detritus derived from plant material undergoes various modes of degradation
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when it enters the equatic environment. Initially soluble compounds are rapidly
leached from fresh detritus (Olah, 1972; Harrison and Mann, 1975; Fell et al.,
1975; Rice and Tenore, 1981). Epiphytic growth on dead plant material may enhance nutritional value of the detritus. The more amorphous detritus used by
detritivores is formed by mechanical abrasion by wave action, sediment shifting,
and animal activity that break up recognizable plant material and biological
transformations of detritus, such as reworking of microbial cxudates (Barsdate
et al., 1974; Cummins et al., 1973; Fenchel and Harrison, 1976; Harrison, 1977;
Lopez et al., 1977).
Aging of detritus also includes a buildup on detrital particles of microbes that
enrich the protein content (as described above) and decompose plant material
that is in itself not assimilable by macroconsumets. A heterogeneous microbiota
occurs on the surfaces of detrital particles and their activity is the initial step in
degradation (Fenchel, 1969). Fungi can be important, especially in primary decomposition of detrital cellulose and lignins (Parkinson, 197 5; Meyers and Reynolds,
1963). Specific succession of fungal species occurs on macrophyte detritus resulting
in an increase in the protein content of the detritus (Fell and Master, 1973).
Epiphytic diatoms and protozoa also colonize detritus, increasing the nutritional
value of the material to detritivores.
Many types of detritus, especially those derived from vascular plants that are
low in nitrogen and high in structural tissue, resist microbial decay (Gosselink and
Kirby, 1974; de la Cruz, 1975 ; Harrison and Mann, 1975; Gunnison and Alexander, 1975). These substrates (at least the decay-resistant portion) are available
to macroconsumers only after long periods (e.g., months) of "aging" and related
microbial activity (Tenore, 1975 and 1977b; Boling et al., 1975; Tenore and Hanson,
1980). Artemia was unable to survive on detritus unless it was enriched with an
inoculum of Pseudomonas (Seki et al., 1968). Detritus-feeding amphipods and
isopods in streams do not survive or grow well on leaf litter when fungi are absent
(Kostalos and Seymour, 1976; Rossi and Fano, 1979). The freshwater amphipod,
Hyalella azteca, utilized less than 15% of the organic matter present in bottom
sediments but assimilated more than 50 % of the associated biota of bacteria,
diatoms and other algae (Hargrave, 1970b). Similarly, the holothurian, Parastichopus paravimesis, assimilated organic matter with a 22 % efficiency but assimilated associated microorganisms at 40% efficiency (Yingst, 1976). Detritus
derived from seaweeds was quickly utilized (both mineralized and incorporated by
the polychaete, Capitella capitata) whereas more decay-resistant detritus derived
from eelgrass or marshgrass took a longer period of aging before it was utilized
(Tenore, 1975, 1977b; Tenore and Hanson, 1980).
Thus, the availability of much of a detritus pool has been related to initial
microbial (both bacterial and fungal) degradation and nitrogen enrichment. During
aging, the nitrogen content increases, presumably due to the growth of microbes
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that incorporate inorganic nitrogen (Odum and de la Cruz, 1967; Fenchel, 1969;
Zieman, 1975; de la Cruz and Poe, 1975; Harrison and Mann, 1975; Haines and
Hanson, 1979; Fell et al., 1980). With "aging" of detritus initially low in nitrogen,
carbon/nitrogen ratios are lowered by "protein enrichment" (Mann, 1972) (but see
discussion above regarding absolute versus relative nitrogen increase).
Nitrogen enrichment by microbes might, on the other hand, not be the sole factor
controlling the nutritional value of detritus derived from vascular plants·. Microbial
degradation is important because most macrobenthic "detritus feeders" are not
capable of assimilating structural carbohydrates. Detritus feeders can be deficient in
enzymes that hydrolyze cellulose, xylan, and other structural components which
comprise the bulk of detritus (Kristensen, 1972; Bjamov, 1972) (but see Kofoed,
1975 and Foulds and Mann, 1978 for data on cellulose digestion by invertebrates;
there may be great diversity among macroconsumers with regard to the ability to
digest various biochemical components of detritus). The growth of the polychaete
Capitella capitata was correlated not only with nitrogen content but also with
"available" caloric content of detritus (Tenore, 1981). Available caloric content,
defined arbitrarily as that portion of total caloric content hydrolized by 1N HQ for
6 h at 20°C, is presumed to be l,l rough index of potential energy readily utilized
by macroconsumers. The importance of nitrogen versus available caloric content
to the growth of Capitella depended on detritus type: detritus derived from vascular
plants is typically low in organic nitrogen (ca . 1 % ) and is also low in available
caloric content (10 to 15% total calories); detritus derived from seaweeds is
typically high in nitrogen (1-6%) and in available caloric content (20 to 55 % ).
When seaweeds were manipulatively cultured to obtain low nitrogen (but still high
available caloric content) detritus, nitrogen content was the primary predictor
variable of food quality to Capitella. For detritus derived from vascular plant
material, even though low in nitrogen content, available caloric content was the
primary predictor variable. In short-term feeding experiments, the addition of
organic nitrogen (casein-albumin) to fresh Spartina did not increase its utilization
by the same polychaete (Tenore et al., 1979). Similarly, Spartina grown hydroponically had a higher available caloric content (but a usual low N content) and was
incorporated by Capitella at a greater rate than natural Spartina detritus (Tenore,
1982).

2. A model of availability of detritus to macroconsumers

As diagrammed in Figure 1, the flow of material (and energy) from detrital
pools to macroconsumers can be affected by biochemical composition (i.e., "availability") of the detritus and by microbial activity. All rates of flow can be moderated by: external caloric (energy) and nitrogen sources (E & N), particle size
effects (P), grazing effects (G), and chemical inhibitors (C). We have simplified the
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E = Energy Source
N = Nitrogen Source

C= Chemical Inhibitors
P= Particle effect
Figure 1. General model of potential pathways of energy/material flow from detritus to
macroconsumers (see text for meaning of roman numerals).

diagram by combining organisms that are quite diverse into the simple boxes of
microbes (-bacteria and fungi) and macroconsumers (varied feeding types and
behavioral activity) and have omitted other components of detritus systems, such as
protozoa and meiofauna and microalgae. In reality, the factors regulating detritus
utilization may have different influences for these different groups of organisms.
For instance, an animal that does not actually ingest but only browses on the
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surface of detritus particles would not be directly affected by the nutritional quality
of the detritus particle per se. The simplicity of the model is not meant to underrate the importance of differences in macroconsumer feeding type etc., but to try
to focus on particular points of interest.
a. Biochemical availability of detritus
Detritus pools in an aquatic system are not homogeneous, but composed of particulate organic matter derived from various sources and in different states of decomposition. Further, even in marine systems dominated by one detritus source (e.g.,
salt marsh systems), short-term phytoplankton blooms that sink before decomposing, benthic diatoms, and seaweeds (e.g., Ulva and Enteromorpha) can contribute to the detritus pool. Depending on source and state of decomposition, the
components of a detritus pool can be "nutritionally available," i.e., directly
assimilable by macroconsumers (e.g., sugars, nonstructural carbohydrates, proteins)
or "nutritionally unavailable," i.e., not directly assimilable by macroconsumers
(e.g., celluloses, lignins) (see I in Figure 1). Detritus can contain material assimilable by both macroconsumers as well as microbes (II a and b). Nutritionally
unavailable components of a detritus pool can be converted by microbial activity
(III) into material that is nutritionally available to macroconsumers by: (a)
assimilation into and direct utilization of microbial biomass (IV) and/ or (b) the
formation by microbes of metabolic by-products due to exoenzyme activity (Sieburth, 1976; Paerl, 1978) or the formation of condensation products of microbial
proteins and plant phenolics (Suberkropp et al., 1976; Rice, 1979) (V). These
by-products may be nutritionally available to macroconsumers.
b. Factors regulating transformations of detritus
Dissolved inorganic and organic nutrients can regulate microbial activity on
detritus particles (Fenchel and Harrison, 1976; Tenore et al., 1979). Microbes
utilize external nutrients either as a supplement to decomposing detritus particles
(III A) or may only colonize the detritus particles as a habitat substrate (III B).
The size of particles (P) in detrital pools could affect the rate and direction of
utilization of detritus by affecting microbial activity and/ or ingestion by macroconsumers. For instance, it has been generally accepted that small particles are more
available to microbes than are large particles, presumably because . of , higher
surface/volume ratios. However, suppositions regarding the relationship between
microbial activity and decomposition rate of different sized particles are either
indirect or ambiguous. Commonly cited studies have measured the relation between
particle size and microbial biomass (numbers ?) and/ or oxygen uptake (Odum
and de la Cruz, 1967; Fenchel, 1970; Hargrave, 1972); smaller particles tend to
have greater oxygen uptake and higher microbial biomass .than larger particles.
However, microbial activity might not affect decomposition of the detritus particles
per se, but rather reflect utilization of external organic nutrients as discussed above.

1982]

Tenore et al.: Factors controlling detrital availability

479

In fact, experiments carried out with inorganic particles give essentially the same
results as with detritus particles (Hargrave and Phillips, 1977). Studies of the effect
of initial particle size of detritus on weight loss with aging have shown variable
results. Harrison and Mann (1975) found that detritus derived from eelgrass,
Zostera, with initial particle sizes of 250-1000 µ,m lost weight faster than when
initial particle sizes were larger (2 to 4 mm) or smaller (< 250 µ,m). Gosselink and
Kirby (1974) used particles of Spartina ranging from 67 to 212 µ,m and after 30
days found no consistent differences in weight loss or organic matter of the
detritus.
There are several problems in interpreting the above results. The authors did
not establish that different particle sizes had the same initial organic composition.
That is, different weight loss might have resulted from differential decomposibility.
Also, both studies were conducted in closed flasks with variable inorganic nitrogen
additions and agitation either of which could have affected the results. For instance,
Rice (1979) found that in aerated flow-through chambers the weight loss in 30 days
of detritus derived from the red seaweed, Gracilaria foliif era increased from 25 to
50% with increasing inorganic nitrogen content of the seawater. Recent measurements of mineralization of different particle sizes of detritus (63-100 µ,m and
250-308 µ,m) derived from 14 C-labeled Gracilaria in flow-through chambers suggest
that smaller particles are decomposed only 20% faster than large particles (Findlay,
1981).
Macroconsumers can influence the particle size of detritus by two means:
"shredders" reduce large to small particles during feeding activity; other animals
consolidate small into large particles in the form of fecal material. "Shredders" in
both marine and freshwater systems increase the rate of breakdown of detritus
(Fenchel, 1970; Cummins, 1974; Harrison, 1977; Robertson and Mann, 1980).
In addition, their actions serve to make the material contained in large particles
available to animals capable of feeding only on small particles. In general, any
increase in the rate that large particles are reduced in size should increase the
energy ultimately assimilated by macroconsumers that ingest small particles.
In many aquatic systems a major form of detritus is fecal pellets (Rhoads, 1973;
Levin ton and Lopez, 1977). Levinton and Lopez (1977) suggested that the rate of
pellet breakdown and recolonization by microbes may control food availability to
benthic deposit feeders. Of course, this will depend on the rate of supply of new
detrital material to the system. Their model was generalized by Jumars et al.
(1981), who pointed out that the steady state established between particle selection
by the animals, pellet breakdown, transportation, and burial determines the residence time of material in surficial sediments. There is substantial variation in the
robustness of pellets. Some, such as those formed by Macoma, can remain intact
for long periods and be transported by tidal action and currents (Risk and Moffat,
1977); others such as those produced by the amphipod Corophium are relatively
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fragile and are easily broken part. Thus, the type of organism producing the pellets
must be considered when evaluating the appropriateness of our models for application in a given system. Also, some animals reingest pellets while others do not.
Many fecal pellets produced by zooplankton in the pelagic zone settle slowly
and are metabolized or reingested before reaching the sediment. By packaging this
material in relatively large pellets, sinking rates are increased as is the chance that
the material will reach the benthos (Honjo and Roman, 1978; Turner and Ferrante,
1979; Paffenhofer and Knowles, 1979)
Fecal pellets may be the foci of relatively high organic content due to selective
feeding by macroconsumers (Whitlach, 1974; Hylleberg, 1975; Hylleberg and
Galluci, 1975; Lopez and Levinton, 1978). Even after passage through the gut of
a consumer the organic content of fecal material may still be higher than in the
surrounding sediment. Microbial activity is often accelerated on feces in comparison
to that in the surrounding sediment (Hargrave, 1976). Animals such as Hydrobia
that feed by scraping sand grains, can produce pellets substantially richer in organic
matter than the sediment they are feeding upon (Lopez and Kofoed, 1980).
It has been well-established that the grazing activity of consumers on detritus
(G) can increase microbial biomass, stimulate microbial activity and actually increase the mineralization rate of the detritus (e.g., Hargrave, 1970b; Fenchel,
1972; Fenchel and Harrison, 1976; Harrison, 1977; Tenore et al., 1977; Morrison
and White, 1981; Findlay, 1981) irrespective of whether the consumers are
microbial (ciliates, microflagellates), meiofaunal and microfaunal. The increase in
microbial activity appears to be a response to the grazing itself, not a function of
increased nutrient regeneration by the grazing organism (Barsdate et al., 1974;
Lopez et al., 1977). Presumably, the increase in activity of the microbial community
in response to continued cropping could include freeing populations from densitydependent controls and selecting for fast-growing species or strains. The response
of microbes to grazing is nonlinear where increasing grazing pressure eventually
reduces microbial biomass and activity (Hargrave, 1970b; Fenchel, 1972; Morrison
and White, 1981).
Many plants contain secondary (nonessential in most cases) metabolites that may
be waste or by-products of various synthetic pathways. These secondary metabolites
fall into the following chemical groups: alkaloids, glycosides, phenols and tannins,
organic acids, saponins, terpenes and steroids, and other essential oils. We define
chemical inhibitors (C) as substances that prevent or reduce an organism from
utilizing an otherwise nutritious (or potentially, nutritious) detritus. Such compounds can function as attractants or repellents to macroconsumers (Fraenkel,
1959) or as antibiotics (Cruickshank and Perrin, 1964; Levin, 1971). In terrestrial
plant-herbivore systems, the allelochemical function of secondary metabolites is
well documented (e.g., Whittaker and Feeny, 1971; Levin, 1971; Went, 1973).
In marine systems, the role of secondary metabolites has been partially documented
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for plant-herbivore interactions (Geiselman, 1980; Kittridge et al., 1974; Vadas,
1977; Targett, 1979) and for bacteriocidal effects (Miles et al., 1977; Conover and
Sieburth, 1964; Bhattacharya et al., 1978).
Secondary substances might also affect the utilization of detritus by consumers
by making protein unavailable-e.g., protein-phenolic complexes (Rice, 1979)
and protein-tannin complexes. Martin et al. (1980) found that a stream detritivore,
Tipula abdominalis, possesses an alkaline mid-gut which presumably contributes to
high proteolytic activity by dissociating tannin-protein complexes. Other animals
may not possess such adaptation.
Because secondary metabolites are generally complex molecules that degrade
slowly, they could have long-term effects on detritus decomposition. Conversely,
even if they degrade relatively quickly they are present when the plant material
first enters the detrital pool and can influence the utilization of initially available
substrates. However, there are few reports on the possible role of these substrates
in marine detritus-based systems. Valiela et al. (1979) reported that two cinnamic
acids - ferulic and p-coumaric-that are abundant in the cell walls of the marsh
plant Spartina alterniflora inhibited feeding by two detritus feeders, the amphipod
Orchestia grillus and the snail Melampus bidentatus on agar plates. Also, Cammen
and LaPoint (1978) found that tannins in Chinese tallow leaves inhibited feeding
by isopods and amphipods.
c. Difjerences due to detritus source
The following summarizes knowledge of factors regulating utilization of detritus
based on the source of detritus:
Fecal pellet detritus (Fig. 2). There may be little nutritionally-valuable material
in fecal pellets (I). Microbes associated with the pellets are the major nutritional
source for macroconsumers (II) (but see discussion of nutrient enhancement by
selective feeding) . Microbes can utilize energy and nitrogen (dissolved organics and
inorganics) extrinsic to the fecal pellet and the supply of these substances can
regulate microbial activity and secondary production (III and IV). Macroconsumers
can enhance mircrobial activity by grazing effects (V) or by physically changing
(shredding or consolidating) detritus particle size (VI). This can affect not only
microbial activity but macroconsumers ingesting different particle sizes.
Vascular plant detritus (Fig. 3 ). In vascular plant detritus much of the potential
energy for macroconsumers is nonavailable (i.e., not directly assimilable) (I). This
detritus type is typically low in organic nitrogen, a major limiting factor in nutrition
of detritus feeders. Therefore microbes regulate macroconsumer secondary production in two ways: (1) microbes themselves can serve as food for macroconsumers
(II) and grazing effects of macroconsumers can enhance microbial production (III);
(2) microbes can degrade complex, unavailable substrates into simpler forms
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Fecal Pellet Detritus

E = Energy Source
N = Nitrogen Source
C= Chemical Inhibitors
P= Particle Size effect
Figure 2. Model of energy / material flow from fecal pellet detritus to macroconsumer (see
text for meaning of roman numerals).

directly assimilable by macroconsumers (IV). Because vascular plant detritus is
typically low in organic nitrogen, both microbial production and microbial transformation may depend on nitrogen supplies (dissolved organics and inorganics) extrinsic to the detritus (V and VI). The presence of inhibitory chemicals could depress
microbial activity (VII and VIII).
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Vascular Plant Detritus
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Figure 3. Model of energy/material flow from vascular plant detritus to macroconsumers (see
text for meaning of roman numerals).

Seaweed detritus (Fig. 4). Much of the potential energy in seaweed detritus is
readily available, e.g., assimilable, to macroconsumers (I). Unlike the case described
above for vascular plants, microbes might not be the major source of food for the
macroconsumers, but rather compete with benthos for the detritus (II). This becomes apparent when one considers that microbial growth and production have a
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Sea weed Detritus

E = Energy Source
N = Nitrogen Source
C = Chemical Inhibitors
P = Particle Size effects
Figure 4. Model of energy/ material flow from seaweed detritus to macroconsumer (see· text
for meaning of roman numerals) .

metabolic cost in terms of a percentage of the detritus pool metabolized by the
microbes. Thus the total energy available to macroconsumers could be reduced and
theoretical secondary production of the macroconsumer will be lower than anticipated from the size of the detritus pool alone. In such a situation, we speculate
that chemical inhibitors, depending on whether they inhibit microbial activity (III)
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or macroconsumer feeding (IV), could have quite opposite effects on macroconsumer production. If chemical inhibitors only inhibit macroconsumer feeding, they
could increase the amount of detritus metabolized by microbes and decrease
macroconsumer production. If chemical inhibitors inhibit microbial activity only,
they could reduce the "loss" of detritus to microbes and conserve energy for direct
assimilation by macroconsumers. The role(s) of chemical inhibitors is one of the
least understood but possibly one of the most important factors regulating the use
of detritus by macroconsumers. We have attempted to provide a conceptual framework that might be used in interpreting present information and that might suggest
ideas for future research on detritus-based systems.
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