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ABSTRACT
Ecological stoichiometry in detritus-based ecosystems with a special focus on forested headwater streams

Ecological stoichiometry has been defined as the study of the balance of chemical elements in ecological interactions. This
approach was initially aimed at understanding the causes and consequences of elemental imbalances in nature, from molecular
to ecosystem levels. Despite the theoretically wide applicability of this conceptual framework, most ecological stoichiometry
studies have been restricted to the plant — herbivore interface and these studies have only rarely explored consequences of
elemental imbalances at the community and ecosystem scales.

Detritus-based ecosystems can be defined as ecosystems receiving most of their energy inputs under the form of detritus, i.e.
dead organic matter. These detritus are generally dominated by dead plant material, which most often correspond to strongly
nutrient-depleted organic matter. Stoichiometric imbalances are thus expected to be particularly exacerbated in this kind of
ecosystems. Mainly fueled by allochthonous detritus (e.g. dead wood, leaf litter), forested headwater streams represent
typical detritus-based ecosystems, but also well-suited ecosystem models for understanding the consequences of elemental
imbalances in nature.

In this paper, after summarizing the main concepts of ecological stoichiometry and the stoichiometric peculiarities of
detritus-based ecosystems, I will present, based on a selection of literature examples, a list of stoichiometric questions that have
been investigated in forested headwater stream ecosystems in the past few years. I will finally present a non-exhaustive list of
research perspectives that should deserve, in my opinion, particular attention for improving our understanding of the conse-
quences of elemental imbalances in detritus-based ecosystems.
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RESUMEN
Ecologia estequiométrica en ecosistemas detrito-dependientes con especial énfasis en arroyos de cabecera

La estequiometria ecologica ha sido definida como el estudio del balance de los elementos quimicos en interacciones ecologi-
cas. Este enfoque se dirigio inicialmente a entender las causas y consecuencias de los desequilibrios en la composicion
elemental en la naturaleza, desde el nivel molecular al nivel ecosistémico.

Los ecosistemas detrito-dependientes se pueden definir como ecosistemas que reciben la mayor parte de su energia en forma
de detritos (materia organica muerta). Estos detritos estian generalmente dominados por restos de plantas muertas, que por lo
general presentan una concentracion de nutrientes muy baja. Por ello, se espera que los desequilibrios estequiométricos sean
particularmente importantes en este tipo de ecosistemas. Los arroyos de cabecera, principalmente alimentados por detritos de
origen aloctono (madera muerta, hojas en descomposicion), representan los tipicos ecosistemas detrito-dependientes y sirven
como modelo para entender mejor los desequilibrios elementales en la naturaleza.

En este manuscrito, después de resumir los conceptos basicos de la ecologia estequiométrica y las peculiaridades de la
estequiometria de los ecosistemas detrito-dependientes, presentaré, a partir de una serie de ejemplos de la literatura, una lista
de cuestiones sobre estequiometria que se han investigado en los arroyos de cabecera en los ultimos arios. Finalmente presen-
taré, una lista no muy exhaustiva, de perspectivas de investigacion que merecen, en mi opinion, atencion particular para
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entender mejor las consecuencias de los cambios en los balances elementales en los ecosistemas detrito-dependientes.

Palabras clave: estequiometria, ecosistemas detrito-dependientes, arroyos de cabecera

INTRODUCTION

Ecological Stoichiometry (ES) corresponds to an
approach of ecology taking into account the
balance between several chemical elements
during organisms’ interactions and ecological
processes (Elser et al., 1996; Sterner & Elser,
2002). All living organisms are composed of
several chemical elements associated into organic
matter in more or less variable amounts, for
example nitrogen (N), phosphorus (P), carbon
(C), iron (Fe), silica (Si), potassium (K), etc. The
main interest of this approach relies on the fact
that it takes into account the elemental composi-
tion (often expressed as ratios, for example C:N
or N:P ratios) of living organisms involved in
ecological interactions, thus making it possible to
explicitly consider the couplings between biogeo-
chemical cycles and organisms via chemical
elements. The ecological stoichiometry conceptu-
al framework is mainly based on the differences
in chemical composition between interacting
organisms, which can both influence the efficien-
cy and ecosystem consequences of their trophic
relationships, but also play a role in the outcome
of non-predatory interactions (e.g. competition
vs. mutualism). Ecological stoichiometry,
although formalized quite recently (Sterner &
Elser, 2002), finds its origin in much older
approaches. Lotka (1925), in his book entitled
Elements of Physical Biology, was certainly the
first to evoke the importance of considering the
composition of living organisms in the study of
their interactions and their impacts on their envi-
ronment. The rest of the framework development
will be made by Reiners, in 1986, who proposed
a mechanistic view of the connections between
the basic composition of organisms, environmen-
tal constraints, and ecosystem consequences.
Ecological stoichiometry has been initially
developed by limnologists, and this approach has
now been successfully transferred to diverse
ecosystem types, including terrestrial and marine
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ecosystems. Yet, more than 15 years after the
publication of the ecological stoichiometry book
(Sterner & Elser, 2002), it is still noticeable that a
large majority of these studies have been restrict-
ed to the investigation of plant-herbivore interac-
tions. The stoichiometric aspects of detritus-de-
composers interactions have, in comparison,
received far less attention (see Evans-White &
Halvorson, 2017). The aim of this paper is not to
propose a thorough review of all the studies
dealing with ecological stoichiometry in detri-
tus-based ecosystems, but to present how taking
into account elemental imbalances already has
changed or might change our view of the func-
tioning of ecosystems, more specifically focusing
on forested headwater streams. After a short
reminder of the main principles of ecological
stoichiometry and of the main features of detri-
tus-based headwater streams, [ will present some
selected scientific questions concerning detri-
tus-based ecosystems functioning that have been
tackled in the past 15 years and that benefited
from the Ecological Stoichiometry framework. I
will finally conclude by proposing a list of
perspectives that I would find interesting to deal
with in the future in order to increase our under-
standing of detritus-based ecosystems function-
ing, but also our general knowledge on the conse-
quences of elemental imbalances in ecosystems.

Basic principles of Ecological Stoichiometry

Ecological stoichiometry is based on three basic
principles. First of all, living organisms are all
built of the same main chemical elements, but
each species has specific requirements in these
chemical elements that will differ from those of
other species. These requirements seem to be
globally well related to phylogeny. For example,
the differences in elemental composition of
animals within a family of organisms is generally
much smaller than the differences between this
family and other families of living organisms
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(e.g. Woods et al., 2004; Hendrixson et al., 2007).
Elemental composition of organisms is generally
used as a proxy of organisms’ elemental require-
ments, and the difference between resources and
consumers’ elemental composition is commonly
supposed to indicate the degree of elemental
imbalance during trophic interactions. Yet, a
proper evaluation of elemental requirements of an
organism should also include the metabolic costs
of using a particular resource (see Question 3,
below). Sterner & Hessen (1994), followed by
Frost et al. (2006), proposed to calculate organ-
isms Threshold Elemental Ratios (TER), i.e. the
elemental ratios in resources where growth
limitation switches from one element to another.
This TER explicitly takes into account the assimi-
lation efficiencies, the ingestion rates, and the
respiration rates of consumers, in addition to the
internal elemental composition of the consumer
(Frost et al., 2006).

The second basic principle of ecological
stoichiometry corresponds to elemental home-
ostasis. In the context of ecological stoichiome-
try, homeostasis is the ability of living organisms
to control their internal elemental composition, so
that the latter is less variable than the resources
they consume (Kooijman, 2000; Sterner & Elser,
2002). Although strict elemental homeostasis has
been discussed or refuted for several taxa (Cross
et al., 2003; Small & Pringle, 2010; Halvorson et
al., 2015), it can be closely approximated for
numerous metazoans (Persson et al., 2010, but
see Question 4, below). In contrast with meta-
zoans, primary producers are generally consid-
ered as non-homeostatic, i.e. their elemental com-
position will vary greatly depending on the avail-
ability of resources in the environment, these
organisms being able to store nutrient in excess (a
process commonly called luxury consumption;
Chapin, 1980).

Finally, the third basic principle corresponds
to the law of conservation of mass. In other
words, the elements available at the beginning of
the ecological interaction are necessarily found
after this interaction, but in different forms or
compartments. The gap between consumer
requirements and the availability of nutrients in
resources will be considered as a stoichiometric
constraint. The latter, for example, may affect the
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growth rate of the organism, but also the quantity
and ratios of the excreted elements (e.g. Elser &
Urabe, 1999). In this way, it is also possible to
extrapolate the consequences of these stoichio-
metric constraints to larger scales, for example to
population dynamics (Moe et al., 2005), to com-
munity structures (e.g. Elser et al., 1998), or to
matter and energy fluxes within ecosystems (e.g.
Cebrian et al., 2009).

Detritus-based ecosystems with a special focus
on forested headwater streams

What are detritus?

Based on the pioneer work of Swift et al. (1979),
Moore et al. (2004) defined detritus as "all forms
of dead organic matter". In their synthesis, these
authors noted that in ecology, although detritus
has long been included in discussions, and that
much is known about the origin and decomposi-
tion of detritus, their integration into the study and
understanding of food webs is generally lacking.
In ecosystems, detritus can have very different
origins and forms, including all types of dead
plant tissues (e.g. dead leaves, dead wood, macro-
phytes, and dead algae), dead animals, dead
microorganisms, faeces, as well as dissolved
organic matter excreted or exuded (e.g. exopoly-
saccharides, dissolved organic matter, root or leaf
exudates). Nevertheless, if one refers to the fact
that most of the energy present in organic matter
comes from primary producers, and that about 90
% of this primary production is never consumed
by herbivores and ultimately ends in the detritus
stock (Cyr & Pace, 1993; Hairston & Hairston,
1993; Polis & Strong, 1996), we can deduce that
the vast majority of detritus is of plant origin.
This last observation does not necessarily mean
that the detritus originating from heterotrophic
consumers is negligible, because many parame-
ters could affect the role of detritus in ecosys-
tems. Among these parameters, the quality and
decomposability of detritus might play a funda-
mental role. In ecosystems, especially in ecosys-
tems that are subject to nutrient limitations, most
organisms have been selected for reabsorbing and
retaining limiting nutrients before senescence
(plants; Killingbeck, 1996; Nooden et al., 1997)

Limnetica, 39(1): 335-352 (2020)
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or excretion of wastes (animals; Anderson et al.,
2004). Thus, detritus are most often extremely
nutrient depleted, containing generally very low
N and P contents (Martinson et al., 2008).

Towards the recognition of "green" and "brown"
food webs

Detritus has long been acknowledged as an
important or even preponderant component of
ecosystems. In particular, Lindeman (1942)
positioned the detritus (called "ooze") at the heart
of his vision of lacustrine food webs. Later,
Odum (1969) will also point out that detritus
supports a large part of ecosystem functioning,
distinguishing between compartments of herbi-
vore-based food webs, in which energy comes
initially from living primary producers, and com-
partments based on decomposers, in which
energy comes from dead organic matter. These

food webs will then be commonly referred to as
"green" and "brown" food webs, respectively.
While most ecosystems are fueled concomitantly
by the two types of energy, transfer pathways of
organic matter from green and brown origins are
still too often studied independently, and taking
into account the interactions between both parts
of food webs might be of great importance for
understanding ecosystem functioning (Zou et al.,
2016; Quévreux et al., 2018).

Forested headwater streams as an example of
“detritus-based ecosystem”

As discussed above, many authors have distin-
guished "brown food webs" from "green food
webs" based on the energy source at the base of
the food web. Similarly, it is common to hear of
"detritus-based ecosystems" as opposed to "eco-
systems based on living primary producers". This

Figure 1. Example of a typical forested headwater stream in the Montagne Noire, France. In autumn, leaf litter represents the main
input of organic matter, accumulating in the stream. Ejemplo de un arroyo de cabecera tipico en Montangne Noire, Francia. En otorio,
la hojarasca que se acumula en el arroyo representa el mayor aporte de materia organica.

Limnetica, 39(1): 335-352 (2020)
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concept is used in both freshwater, marine, and
terrestrial  environments, and distinguishes
between ecosystems whose main source of
energy consists of detrital matter or living plant
organic matter. Forested headwater streams are
typically known as receiving most of their energy
under the form of allochthonous detrital organic
matter, especially as dead wood and leaf litter
(Fisher & Likens, 1973, Fig. 1). Nevertheless,
inputs of living organic matter are not excluded,
especially at some periods of the year (e.g.
insects, annelids, molluscs, pollen). Although
greatly reduced in these ecosystems, autochtho-
nous primary production is generally not null.
Despite its reduced contribution to the stream C
budget, this primary production might be more
functionally important than initially expected
(Danger et al., 2013a; Crenier et al., 2017).

Organisms involved in the functioning of
these detritus-based streams are mainly repre-
sented by microbial decomposers, rare primary
producers, invertebrates and some vertebrate
species. Microbial decomposers are mainly repre-
sented by aquatic fungi - in particular aquatic
hyphomycetes - and bacteria (Gessner et al.,
1999), and play an essential role in the condition-
ing of detritus before these detritus are taken up
by detritivores (Gessner et al., 1994). Other
microbial actors, such as protozoa, are well
present in these ecosystems but have been the
subject of only a very small number of studies
(Ribblett et al., 2005). Primary production is
mainly ensured by benthic algae present within
phototrophic biofilms, but can also be ensured by
higher aquatic plants and/or bryophytes. Inverte-
brate and vertebrate organisms have, for their
part, often been categorized in relation to their
diets as detritivores, herbivores, carnivores. The
functioning of forested headwater streams is
therefore mainly based on brown food webs with
a small green sub-compartment based on auto-
trophic primary production.

Questioning ES in detritus-based, forested
headwater streams

The stoichiometric approaches, developed in the
early 90’s in lacustrine environments, were first
restricted to the study of plant — herbivore interac-
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tions (see Sterner & Elser, 2002). The first
concrete applications of these approaches in the
benthic systems have also been directed towards
these same trophic groups (e.g. Frost & Elser,
2002; Stelzer & Lamberti, 2002). The transfer of
stoichiometric concepts to detrital systems has
been more recent. As noted by Martinson et al.
(2008) followed by Evans-White & Halvorson
(2017), in spite of some pioneer work (e.g. Cross
et al., 2003), stoichiometric approaches have long
neglected detrital ecosystems and detritivores in
particular. However, these ecosystems are mainly
based on detritus that are most often character-
ized by very poor elemental quality, with
extremely low nutrient contents. Moreover,
specifically in the case of unpolluted headwater
streams, the availability of nutrients (e.g. nitrogen
and phosphorus) in the water column can be
greatly reduced. These ecosystems are indeed
known to respond strongly to nutrient inputs,
highlighting the potential importance of nutrient
limitations in these ecosystems (see review by
Ferreira et al., 2015). As a consequence of these
peculiarities, stoichiometric constraints in detri-
tus-based ecosystems are expected to be among
the highest that can be found on Earth (Cross et
al., 2005; Martinson et al., 2008).

The following part of this manuscript will be
dedicated to the discussion of some important
scientific questions arising when considering the
stoichiometry of forested headwater stream, and
more generally, those of detritus-based ecosys-
tems. All these questions and the scientific
challenges that need to be overcome are summa-
rized in Table 1.

Question 1: What can explain variations in detri-
tus elemental content?

When considering forested headwater streams,
leaf litter certainly represents one of the main
energy and nutrient source for food webs (Fisher
& Likens, 1973; Wallace et al, 1999). The
elemental composition (e.g. in terms of C:N and
C:P ratios) of these leaf litters are known to vary
widely. The first and most well-known source of
variation certainly concerns the large interspecif-
ic differences that can be found between leaf litter
types (e.g. Ostrofsky, 1997; Hladyz et al., 2009).

Limnetica, 39(1): 335-352 (2020)
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Table 1. Non-exhaustive list of research questions and the main scientific challenges arising when questioning ecological stoichiome-
try in detritus-based ecosystems. Lista, no exhaustiva, de preguntas y de los principales retos cientificos que aparecen cuando se
cuestiona la ecologia estequiométrica en los ecosistemas detrito-dependientes.

Question 1: What can explain variations in detritus elemental content?

Challenge 1: Understanding and predicting initial differences in detritus quality
Challenge 2: Understanding microbial decomposers stoichiometry (including fungi and bacteria)

Question 2: How can we measure the impact of detritus elemental content on detritivores life history traits?
Challenge 3: Disentangle detritus stoichiometry effects from those of other resources quality

parameters

Challenge 4: Quantify the relative importance of stoichiometry and other bottom up limitations

Question 3: How can we quantify stoichiometric imbalances for detritivores?
Challenge 5: Taking into account detritus stoichiometric heterogenity
Challenge 6: Understanding what detritivores really feed on (species selectivity)

Challenge 7: Precisely quantifying consumers elemental requirements (consumers' TERSs)

Question 4: Are all detritivores really homeostatic?

Challenge 8: What is the part of plasticity due to detritivores ontogeny and true non homeostasis
Challenge 9: Incorporate consumers elemental plasticity in stoichiometric models

Question 5: How can we predict detritivores community structures using ecological stoichiometry?
Challenge 10: Predict how stoichiometry explains competitive exclusion between species
Challenge 11: Develop a stoichiometric trait-based approach of community ecology

Challenge 12: Scale-up stoichiometric control of communities to impacts on ecosystem functioning

As an example, litters from N-fixing species are
known to present, on average, higher N-levels
than litters coming from non-fixing ones (Hladyz
et al., 2009). In addition to these interspecific
variations, several studies reported large intraspe-
cific differences, depending either on the latitude
leaf litters were collected (Lecerf & Chauvet,
2008) or on the nutrient availability in soils where
the litter producing plants were grown (Graca &
Poquet, 2014; Biasi et al., 2017).

Then, when entering the aquatic ecosystem,
detritus elemental quality for detritivores not
only depends on the leaching of nutrient rich
soluble compounds from leaf litter (occurring
after the first hours-days of detritus immersion;
Graga et al., 2005) but also on detritus microbial
colonization and activity (Danger et al., 2016).
The colonization of detritus by microorganisms
will first depend on detritus traits, including the
detritus elemental composition (Hladyz et al.,
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2009). Then, the elemental composition of the
detritus colonized by microorganisms will
ultimately depend on the ability of microorgan-
isms to acquire nutrients from the water column
(Danger & Chauvet, 2013; Manning et al., 2015;
Danger et al., 2016). As all living organisms,
microorganisms must acquire nutrients from
their environment to fulfill their requirements,
and elements in excess can be stored in microor-
ganisms, at least in a certain extent. Both fungi
and bacteria will be able to acquire nutrients
from the detritus, and the maintenance of their
stoichiometric balance will be ensured by the
immobilization of nutrients from the water
column (e.g. Cheever et al., 2012). Only a few
studies investigated the elemental plasticity of
microbial decomposers (see Danger et al., 2016
for a review). While some taxa seem to be
relatively homeostatic, at least for some bacterial
strains (Danger et al., 2008), most studies seem
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to indicate a large elemental plasticity of these
decomposers, especially for  phosphorus
(Chrzanowski & Kyle, 1996; Godwin & Cotner,
2014; Manning et al., 2015; Gulis et al., 2017).
This elemental plasticity seems to be the rule at
the community level (Danger et al., 2008;
Godwin & Cotner, 2014). The putative stoichio-
metric controls of microbial community struc-
tures occurring in detritus, in particular the
respective roles of nutrients originating from the
detritus and from the water column remain to be
tested experimentally. In addition, the observa-
tion that mean C:N and C:P values of fungal
biomass are much higher than those of bacteria
(Danger et al., 2016) question the stoichiometric
control of fungi over bacteria on the low nutrient
detrital resources. Finally, from a more opera-
tional point of view, it can be noted that the
plasticity of detritus elemental composition has
recently been proposed for predicting nutrient
limitation in aquatic ecosystems, with detritus
C:N:P ratios giving an indication of the relative
availability of different nutrients in ecosystems
(Farell et al., 2018).

Question 2: How can we measure the impact of
detritus elemental content on detritivores life
history traits?

Using laboratory feeding trials (Gonzalez et al.,
2014; Fuller et al., 2015) or field experiments
(e.g. Friberg & Jacobsen, 1999; Cross et al.,
2007; Danger et al., 2012; Demi et al., 2018),
several studies investigated the relationship
between detritus N and/or P content and detriti-
vores growth. While most studies showed
significant correlations between litter N and/or P
content and consumers growth, one cannot
exclude that detritus stoichiometry co-varies
with other important factors. As discussed earli-
er, changes in detritus elemental composition
occur concomitantly with microbial coloniza-
tion and mycelium development. Thus, higher
detritus elemental content might also come with
more palatable and more digestible detritus for
detritivores, but also with drastic changes in the
biochemistry of detritus material (changes in
leaf litter lipids, soluble sugars and polyphenols,
as well as lignin contents; Suberkropp et al.,
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1976). Limiting these confounding factors
requires an experimental control of detritus
elemental content. In lakes, elemental quality of
phytoplankton resources has generally been
manipulated by applying short-term (< 6 h)
nutrient pulses, leading to fast and large increas-
es in phytoplankton elemental content with
reduced changes in primary producers’ biomass
or other resource quality parameters (e.g. essen-
tial fatty acid profiles; Elser et al., 2001). Taking
advantage of the largely non-homeostatic
elemental composition of both fungi and bacte-
ria (Danger et al., 2016), a protocol has been
developed to manipulate detritus elemental
content, letting first aquatic fungi or natural
microbial consortia colonize detritus in nutri-
ent-poor conditions before exposing detritus to
short nutrient pulses in the laboratory (Danger et
al., 2013b). Microbial immobilization was
shown to lead to large changes in leaf litter
elemental content over a 2 to 3 days period,
without changing microbial biomass. Using this
procedure, low leaf litter C:P ratios were shown
to increase the growth and the survival of a
detritivore crustacean species, Gammarus
fossarum Koch (Danger et al., 2013b). Using the
same detritivore species and a similar protocol,
Arce-Funck et al. (2016) showed that feeding on
low C:P resources was directly related to higher
energy storage as well as higher locomotor
activity, while Rollin et al. (2018) showed that
feeding on higher quality resources led to
reduced intermolt phase length, fastening the
reproduction. Using such a nutrient enrichment
procedure, the impact of detritus stoichiometry
on detritivores life history traits could now be
generalized to other taxa, and could also permit
to test in more details the different physiological
and ecological impacts of nutrient imbalances in
detritus-based ecosystems.

Question 3: How can we quantify stoichiometric
imbalances for detritivores?

In numerous stoichiometric studies, elemental
imbalance has simply been defined as the differ-
ence between the elemental composition of the
consumer and that of the resource (e.g. Cross ef
al., 2005). Yet, using these bulk elemental compo-
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sitions might sometimes lead to large inaccuracies
in the evaluation of stoichiometric imbalances,
and future research might require more attention
both at the resource and at the consumer levels.

First of all, detritus generally represent highly
heterogeneous resources. For example, when
considering leaf litter, main veins generally
exhibit large differences in their physical (thicker
and tougher material) and chemical (higher lignin
and fiber contents; Graga et al., 2005) character-
istics with the rest of these detritus. In addition,
the microscopic chemical composition of a single
leaf litter can also vary much, depending for
example on initial heterogeneity in leaf litter
quality and subsequently on differences in the
intensity of microbial colonization (Grimmett et
al.,2009). Second, detritivores are far much more
selective than what was originally thought. These
invertebrates have long been considered as forag-
ing only on detritus, but several studies found a
non-negligible amount of algae, bryophytes, or
animals in detritivores guts (e.g. in gammarids:
Felten et al., 2008; Crenier et al., 2017). In addi-
tion, Lauridsen et al. (2014), measuring the
elemental composition of invertebrate gut
contents in comparison with the C:N:P ratios of
the consumers, showed that the elemental imbal-
ances were still present but far less pronounced
when considering ingested vs. bulk detritus mate-
rial. Invertebrates were able to select for the high-
est quality patches on the leaf litter.

The last important question when measuring
elemental imbalances for a consumer deals with
how we can really apprehend consumer stoichio-
metric requirements. For simplicity purposes,
most studies directly consider elemental compo-
sition of organisms as a good proxy of their
elemental requirements. Yet, such simplifications
totally omit the metabolic and biochemical costs
necessary for processing and assimilating the
diet. Evaluating the Threshold Elemental Ratio
(TER; Frost et al., 2006), i.e. the ratio at which
the nutrient limitation of consumers growth
switches from one element to another, permits to
estimate the real elemental requirements of an
organism. Consumers TERs can either be
estimated mathematically, based upon the knowl-
edge of consumers ingestion, assimilation, and
respiration rates (Frost et al., 2006), or measured
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experimentally (e.g. Boersma & Elser, 2006;
Halvorson et al., 2015; Khattak et al., 2018). On
the one hand, the theoretical approach has the
advantage to be generalizable to a large number
of taxa. However, this approach requires a
number of strong assumptions, and some parame-
ters might be more variable than what is com-
monly thought. For example, ingestion and
assimilation rates may vary considerably from
one resource to another (Urabe ef al., 2018), and
metabolic rates of consumers are highly sensitive
to resources stoichiometry (Ruiz et al., 2018). On
the other hand, experimentally measuring
consumers TERs requires to strictly control
resources elemental quality (see Question 2,
above) in order to quantify consumers growth
along a gradient of resources stoichiometry. Such
measurements have, to my knowledge, only been
carried out on a very restricted number of species
(e.g. Boersma & Elser, 2006; Benstead et al.,
2014; Khattak et al., 2018), and even more rarely
on detritivores (Halvorson et al., 2015). Finally, it
must be noted that while consumers’ TERs have
long been considered as invariable, recent studies
showed that this parameter might be largely influ-
enced by temperature in ectotherms, temperature
affecting differentially both consumers’ growth
and metabolic rate (Ruiz et al., 2019).

Question 4: Are all detritivores really homeostatic?

One of the central tenets of ecological stoichiome-
try framework relies on the fact that secondary
consumers exhibit higher elemental homeostasis
than their resources, allowing predictions on
consumer responses to elemental imbalances
(Sterner & Elser, 2002). In the past 15 years,
several studies questioned this principle in
streams, either in natural conditions (comparison
of taxa from streams naturally more or less rich in
P: Small & Pringle, 2010) or in experimental
contexts (streams supplemented with nutrients;
Cross et al., 2003; laboratory study: Halvorson et
al., 2015). While some taxa seem to be able to
store, to some extent, C and/or nutrients, Halvor-
son & Small (2016) stressed the difficulty to use
field data for evaluating organisms’ homeostasis.
For example, elemental composition of con-
sumers is known to vary with organisms’ size
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and/or ontogeny. Young and/or fast growing life
stages of aquatic invertebrates are generally richer
in nutrients, i.e. with lower C:nutrient ratios, than
older and/or slow growing ones (e.g. in Daphnia;
De Mott et al., 1998; in stream macroinverte-
brates: Back & King, 2013). The best way to
evaluate organisms’ abilities to maintain their
homeostasis is to do it experimentally, controlling
the elemental composition of the resources. Using
such controlled experiments, Halvorson et al.
(2015) were able to show that the trichoptera
Pycnopsyche lepida Hagen deviates from strict
homeostasis, while Danger et al. (2013) found that
the crustacean G. fossarum was able to maintain
constant C:N:P ratios when grown for 5 weeks
along a gradient of P availability in leaf litter.
Some authors also recently criticized the way
elemental homeostasis is measured (Meunier et
al. 2014). Elemental homeostasis has long been
evaluated through the measurement of the slope
of the relationship between the log-transformed
elemental composition of consumers and those of
the resources (either 1/slope: Sterner & Elser,
2002 or directly the slope: Persson et al., 2010).
However, using such log-transformed data
impede any fine characterization of consumers
plasticity. Meunier et al. (2014) suggested to
avoid using these transformations and analyze
data on large gradients of resources quality.
Using resource quality gradients would permit to
separate species between two large categories:
conformers (formerly called the non-homeostatic
organisms), that are able to store all nutrients they
receive between definite boundaries but who lose
these capabilities when elemental imbalances
exceed some threshold values, and regulators
(formerly called the homeostatic organisms), that
maintain their elemental composition quite
constant, except when exposed to extreme
elemental imbalances in their resources (Meunier
et al., 2014). Using this approach, that again
requires to use resource elemental quality gradi-
ents, would permit to understand in more depth
the real capabilities of species to maintain their
elemental homeostasis and to precisely quantify
the thresholds above and below which the organ-
isms are no more able to control these capabili-
ties. Such data could then be used for predicting,
in addition to species TERs, the outcome of

species interactions when exposed to different
resources constraints.

Question 5: How can we predict detritivores
community structures using ecological stoichi-
ometry?

Ecological stoichiometry framework has been
initially thought to understand the causes and
effects of elemental imbalances at all biological
levels, from molecules to community and ecosys-
tems. Yet, to date, most studies dealing with
ecological stoichiometry have been carried out at
the individual or population level (Cherif et al.,
2017). For plant communities, resource ratio
theory (Tilman, 1980, 1982, based upon MacAr-
thur, 1972) mainly investigates species coexis-
tence or exclusion as a function of the ratio of
resources available in the environment. These
predictions rely on the a priori knowledge of
plants minimal requirements for the different
nutrients. Quite similarly, applying ecological
stoichiometry for consumers at the community
level would, at least partly, consists in evaluating
the intensity of the stoichiometric imbalance
between resources elemental content and the
elemental requirements of each consumer species.
Species exhibiting the smallest elemental imbal-
ances with the available resources should
ultimately dominate the community. Despite its
potential importance for community ecology, only
a few datasets testing this hypothesis are currently
available. Among these, Evans-White et al
(2009) and Dang et al. (2009), working on stream
macroinvertebrates, showed a significant negative
relationship between total phosphorus in the
stream water and the mean C:P content of
consumers. Similarly, Cross et al. (2006, 2007)
showed that nutrient enrichment of a small head-
water stream strongly reduced elemental imbal-
ances, leading to large increases in secondary
production. More recently, Demi et al. (2019),
using an in situ experimental manipulation of
available N:P ratios in natural streams, showed
that the C:P ratio of detritus was a strong driver of
the whole macroinvertebrate community compo-
sition, even if in this study, detritivore C:P ratio
was not a good predictor of community structure
changes. Understanding the relative importance of
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stoichiometric constraints when compared to
other potential drivers of detritivore community
structure would undoubtedly benefit from other
dataset, obtained in more diverse conditions.

Some perspectives for stoichiometric approach-
es in detritus-based ecosystems

From individuals to communities and ecosys-
tems: Develop stoichiometric trait approaches

The notion of "stoichiometric traits" in aquatic
invertebrates is still in its infancy. To date, this
type of trait has been mainly applied to plants
(e.g. Arrigo, 2005; Litchman & Klausmeier,
2008), but begins to be considered in animal
organisms (e.g. Litchman et al., 2013; Yamam-
ichi et al., 2015). Arrigo (2005) formalized the
relationships between elemental ratios, growth
and reproduction strategies in marine microor-
ganisms, proposing that organisms with high N:P
ratios were close to K-strategists, with moderate
growth but with strong capacities of resources
acquisition (high investment in N-rich enzymes;
Elser et al., 1996). In contrast, r-strategists would
have low N:P ratios, investing a large part of their
energy for growth and/or reproduction (processes
requiring high amounts of P; Elser et al., 1996)
but with reduced nutrient acquisition capabilities.
Similar predictions could be made for animal
communities, fast growing organisms being
expected to have lower N:P requirements than
slow growing ones. In a recent opinion paper,
Meunier et al. (2017) synthesized the different
biological traits of species that can be related to
elemental stoichiometry, and discussed the poten-
tial trade-offs potentially occurring between these
traits. Developing stoichiometric trait-based
approaches, and integrating these traits into the
list of more commonly investigated traits could
represent a very promising research avenue,
permitting to relate the elemental composition of
resources to community structure and nutrient
biogeochemical cycles.

Advocate for using more gradient approaches

In the early stages of ecological stoichiometry
development, most studies were investigating the

Limnetica, 39(1): 335-352 (2020)

effects of nutrient deficiencies in resources with-
out considering that excessive amounts of nutri-
ents could also be deleterious for organisms (e.g.
Elser et al., 2001; Frost & Elser, 2002). Yet,
coping with nutrients in excess might also be
energy consuming and directly impact consumers
life history traits (Boersma & Elser, 2006). Some
species can adopt particular pre-digestive behav-
iors, modulating ingestion rates of resources or
selecting resources, in order to minimize stoichi-
ometric imbalances (e.g. Lauridsen et al., 2014).
When ingested, species might then greatly differ
in their abilities to assimilate, store, or eliminate
elements in excess. For example, some species
might increase their respiration, excretion or
metabolic rate when C is in excess in resources
(Darchambeau et al., 2003; Anderson et al., 2004;
Ruiz et al, 2018), others might have some
storage capacities (Cross et al., 2003; Halvorson
et al., 2015). When N and P are in excess in
resources, species may also increase their release
of N and P through excretion, this release being
also largely dependent on species metabolism
(Allen & Gillooly, 2015; Vanni & Mclntyre,
2016). Understanding such species-specific
differences might be of major importance to scale
up results obtained in stoichiometric studies to
larger scales, namely communities and ecosys-
tems. I suggest here that for measuring consumers
TERs, evaluate the degree of organisms’ home-
ostasis, and understand how each species cope
with imbalanced resources, the use of controlled
gradients of resources stoichiometry might repre-
sent an essential experimental step. Finally,
investigating how these specific parameters are
impacted by environmental stressors (e.g.
temperature increase, pollutants) might also
represent an important research avenue that
would certainly add to the current knowledge on
the response of consumers and consumers com-
munities to current global changes (Frost & Tuch-
man, 2005; Ferreira et al., 2010; Kendrick &
Benstead, 2013; Mas-Marti et al., 2015).

Taking into account the heterogeneity of resources
in detritus-based ecosystems

For a long time, the elemental quality of resources
has been studied in a very global way, working on
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coarse samples filtered (seston) or crushed (i.e.
"bulk"). Nevertheless, many studies have shown
that organisms are much more selective than they
appeared at first, and the actual stoichiometric
constraints that organisms face are certainly less
pronounced than originally imagined. Filter-feed-
ing organisms, such as daphnids, have already
been shown as being able to select "patches" of
algae more or less rich in nutrients (Schatz &
McCauley, 2007). As discussed previously, detri-
tivores can select for the highest stoichiometric
quality parts of the detritus (Lauridsen et al.,
2014). Similarly, microbial decomposers do not
use indistinctly all the detritus parts. For example,
Fanin et al. (2013) showed that the elemental
composition of microbial decomposers was more
related to the composition of leachates than to that
of decomposing litter, suggesting that these
microorganisms do not directly use bulk leaf litter
(at least in the short term) but preferentially use a
part of this resource (e.g. soluble, more labile
substances). All these results demonstrate the need
to better understand the diet of organisms inhabit-
ing detritus-based ecosystems and to evaluate
what is actually ingested compared to what is
available. The use of labelled specific compounds
(Bec et al., 2011) might represent an interesting
perspective for understanding the physiological
mechanisms involved in decomposers and detriti-
vores nutrition.

Investigating other potential limiting factors in
detritus-based ecosystems

To date, most researchers working in stoichiome-
try have overlooked the existence of other
resources quality parameters that could explain
the limitation of consumers and/or biological
production in ecosystems. From the very begin-
ning, some researchers have rejected the stoi-
chiometric theory by opposing, for example, the
role of polyunsaturated fatty acids (Miiller-
Navarra et al., 2000; Ravet et al., 2003) to those
of resource elemental imbalances. The scarcity
of exchange between these different research
communities has certainly slowed down the
development of joint and objective approaches to
tackle this issue. It is only recently that some
authors have brought elements allowing to

reconcile, at least partly, the different approach-
es, suggesting that temperature could for exam-
ple shift organisms from one type of limitation to
another (Masclaux et al., 2009; Persson et al.,
2011). An increasing number of studies currently
suggest that particular compounds, such as poly-
unsaturated fatty acids, might, in some condi-
tions, be important to consider as a complemen-
tary explanation of detritivores community struc-
ture, and, in turn, on ecosystem processes (Guo
et al., 2016; Crenier et al., 2017). Unfortunately,
these topics have not been fully addressed and
data on the respective roles of stoichiometry and
specific compounds limitations are still too
scarce in the literature.
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