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ABSTRACT: Environmental heterogeneity 

is a key regulator of ecological processes. River-
ine floodplains are particularly heterogeneous 
and dynamic systems and loss of their natural 
environmental heterogeneity and dynamism 
as a consequence of human impacts constitutes 
their most serious threat. On river floodplains, 
flow and flood pulses create a shifting mosaic of 
channels, ponds, bars, islands, and riparian forest 
patches. Composition and spatial arrangement 
of these habitat patches determine their degree 
of connectivity, which in turn controls the flux 
of matter and energy among adjacent patches. In 
light of these attributes, riverine floodplains are 
model ecosystems for studying the effect of het-
erogeneity on ecological processes. In this article 
we introduce a conceptual model for river-flood-
plain ecosystems that unifies leaf decomposition, 
organic-matter input, storage and quality, and 
stresses the importance of the flow and inunda-
tion regime. In combining these aspects of or-
ganic matter dynamics, which have been treated 
separately in the ecological literature, this model 
fosters a more holistic perspective of ecosystem 
processes on riverine floodplains. We conclude 
that the linkage between natural heterogeneity 
and ecosystem processes needs to be considered 
in future river-floodplain restoration projects.
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1. ENVIRONMENTAL 
HETEROGENEITY AND 

THE SHIFTING HABITAT MOSAIC

Environmental heterogeneity is defined 
as variance in patterns and processes over 
space and time (Kolasa  and Rol le  1991). 
Physical complexity of an ecosystem, i.e. 
composition and configuration of habitats, is 
the key component of heterogeneity and one 
that mediates ecosystem functioning (Car-
dinale  et al. 2002). 

Natural riverine floodplains are among 
the most diverse and dynamic of all Earth’s 
ecosystems (Tockner  and Stanford 2002, 
Tiegs  and Pohl  2005). Riverine floodplains 
consist of a shifting mosaic of aquatic, semi-
aquatic and terrestrial landscape elements. 
While these elements change their location, 
size and configuration over time, the over-
all abundance of various elements often re-
mains constant, a phenomenon referred to as 
“the shifting habitat mosaic” (Arscott  et al. 
2002, Stanford et al. 2005). If such a habitat 
mosaic consists of elements which exchange 
mass, energy, organisms, or information 
with one another, as it is the case for riverine 
floodplain habitats, they can be referred to as 
interactive (Lovett  et al. 2005).
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Here, we introduce a conceptual model 
of how environmental heterogeneity controls 
coarse-particulate organic-matter dynamics. 
Our model stems from ongoing research of 
the braided Tagliamento River in northeast-
ern Italy (46°00’N, 12°30’E). The Tagliamen-
to is among the last large reference rivers in 
Europe and offers a rare opportunity to study 
patterns and processes across different scales 
under near-natural conditions (Tockner 
et al.  2003).  

2. ORGANIC MATTER 
AND DECOMPOSITION DYNAMICS 

ARE HETEROGENEOUS

In functioning as a vital source of car-
bon and energy to streams and rivers, al-
lochthonous organic matter links terrestrial 
with aquatic ecosystems, and decomposition 
of this matter is a key ecosystem-level pro-
cess (Webster  and B enf ie ld  1986, L ang-
hans  and Tockner  2006). Organic matter 
accumulates and is temporarily stored in 
depositional areas where it is pre-processed 
prior to its further transfer to other habitats 
(Mayack et al. 1989, Merr itt  and L awson 
1992). Particularly during floods, exchange 
of organic matter between the river and its 
adjacent riparian zone can be widespread 
(Neatrour  et al. 2004). Decomposition of 
leaf litter has been widely investigated in both 
aquatic and terrestrial environments (B oul-
ton and B oon 1991, Gessner  et al. 1999), 
but few studies have addressed decomposi-
tion of leaf litter across heterogeneous envi-
ronments such as river-floodplain ecosystems 
(Chergui  and Pattee  1990, McArthur  et 
al. 1994, Ba ldy et al. 2002). Physico-chemi-
cal conditions, composition and abundance 
of the decomposer community, leaf-litter 
quality (Gessner  and Chauvet 1994), and 
the flow regime differ across these environ-
ments and control decomposition processes 
(L anghans  and Tockner  2006). Rapid 
decomposition can occur under permanent 
inundation (Herbst  and Reice  1982) as 
well as under highly fluctuating water lev-
els (Batt le  and Gol laday 2001). By sepa-
rating the effects of duration and frequency 
of inundation, L anghans  and Tockner 
(2006) found that duration of inundation is 
the main inundation component that con-

trols leaf decomposition in gravel bed rivers. 
Additionally, leaf decomposition was found 
to be faster in channels than in ponds in a 
floodplain reach of the Tagliamento River 
(S.D. Langhans - unpublished), and faster in 
humid than in dry riparian habitats (Hutch-
ens  and Wal lace  2002).

In order to understand organic-matter 
dynamics in complex river-floodplain eco-
systems, aspects of aquatic and terrestrial leaf 
decomposition need to be linked with input, 
storage and quality of organic matter, as well 
as with the character of the flow regime. The 
conceptual model we present here unifies 
components of organic-matter dynamics 
and illustrates how these components, which 
have been treated separately in the ecological 
literature, interact on riverine floodplains. 

3. ORGANICMATTER DYNAMICS: 
A CONCEPTUAL MODEL 

FOR RIVERFLOODPLAIN ECOSYSTEMS

Unconstrained river-floodplain eco-
systems, such as the Tagliamento River, are 
characterized by a heterogeneous mosaic of 
channels, parafluvial and orthofluvial ponds, 
exposed gravel, vegetated islands and ripar-
ian forest (Fig. 1). Composition and spatial 
arrangement of these habitats determine the 
interface character among adjacent habitats, 
which in turn controls the flux of energy and 
matter through the ecosystem (Naiman 
and Décamps 1997). In contrast to terres-
trial habitats, the length of aquatic-terrestrial 
interfaces, which determines the interaction 
potential among adjacent habitats, varies 
with river stage. The connectivity among and 
within river-floodplain habitats is controlled 
by fluvial dynamics which are driven by the 
flow regime and morphology of the flood-
plain (Fig. 1 A). In regulated compared to 
natural river systems for example, frequency 
and duration of inundation often decrease 
and the exchange of material becomes less 
frequent and more pulsed.

Riparian forests and vegetated islands are 
highly productive (Naiman and Décamps 
1997) and contribute resources to less-pro-
ductive aquatic and terrestrial habitats. Spa-
tial arrangement of individual habitat patch-
es governs input and distribution of leaf litter 
across the floodplain. For example, aerial 
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Fig. 1. A conceptual model for braided river-floodplains based on observations from the Tagliamento 
River (NE-Italy). Characterization of aquatic and terrestrial habitats across a river-upland transect: 
Components of the natural flow regime include duration (% of time) and frequency (number of events) 
of inundation (A). Input (g dry mass m-2; B) and distribution heterogeneity (g dry mass m-2; C) of par-
ticulate organic matter. Leaf-litter quality of donor trees (D). Leaf decomposition potential (k = decom-
position coefficient (d-1); E). LW, MW, HW = low, mean and high water level; 100 year = flood event 
with a 100 years recurrent interval. 

p

Fr
eq

ue
nc

y
of

 in
un

da
tio

n

Le
af

de
co

m
po

sit
io

n
po

te
nt

ia
l

Le
af

 li
tte

r
qu

al
ity

O
rg

an
ic

 m
at

te
r

st
an

di
ng

 st
oc

k
O

rg
an

ic
 m

at
te

r
in

pu
t

D
ur

at
io

n 
of

in
un

da
tio

n A

B

C

D

E

journal 8.indb   677journal 8.indb   677 2006-12-27   20:41:372006-12-27   20:41:37



678 Simone D. Langhans  et al.

and lateral litter input declines exponentially 
with distance from their source (Fig. 1 B, 
Z ah and Uehl inger  2001), and varies with 
wind speed and direction, and slope of the 
terrain. Due to the heterogeneous nature of 
river-floodplain ecosystems, the same habi-
tat type, for example parafluvial ponds, can 
display highly different input-characteristics 
depending on its position relative to other 
habitats. Organic matter standing stock 
(Fig. 1 C) integrates input (transport across 
boundaries), retention and decomposition. 
Physical retention depends on relief and 
vegetation cover, as well as on large wood 
and channel roughness (Bi lby  and Likens 
1980, Gurtz  et al. 1988). Losses include de-
composition and flood-related export. A ma-
jor component of deposited coarse particu-
late organic matter is leaves (van der  Nat 
2002), which in temperate zones enter the 
system during abscission in autumn. Leaf-
litter quality is highly variable across a flood-
plain transect and often decreases from the 
active zone towards the riparian forest (Fig. 1 
D) because of the subsequent increasing pro-
portion of hardwood tree species (Ostrof-
sky 1997). This gradient of leaf-litter qual-
ity is related to the successional stage of the 
vegetation, which in turn is determined by 
the disturbance regime. The decomposition 
of leaf litter is strongly affected by its qual-
ity (Naiman et al. 2005).  For example, lig-
nin content of leaf litter was found to be the 
best predictor for decomposition in aquatic 
and terrestrial systems (Gal lardo and Me-
r ino 1993, Gessner  and Chauvet  1994). 
Therefore, floodplain habitats supplied with 
higher quality leaves (i.e. lower lignin con-
tent) experience faster decomposition rates 
than habitats with input of low quality leaves. 
However, leaf decomposition potential (i.e. 
the maximal capacity of a habitat to decom-
pose leaves not limited by environmental 
factors) in floodplain habitats is highest in 
channels (i.e. highest decomposition coef-
ficient k), medium in ponds, and lowest in 
terrestrial habitats (S .D.  L anghans  - un-
published, Fig. 1 E). 

In natural river-floodplain ecosystems, 
the area of aquatic habitats relative to other 
floodplain habitats can be small and these less 
abundant habitats have a significantly higher 
decomposition potential than highly abun-

dant terrestrial habitats (i.e. exposed gravel, 
riparian forest). Interestingly, despite having 
the highest decomposition potential, aquatic 
habitats have low organic-matter input and 
standing stock. Large areas with relatively 
low decomposition potential often have high 
organic-matter input and standing stock (e.g. 
vegetated islands and riparian forest patches, 
Fig. 1). This mismatch effect is reduced when 
floods mix and redistribute organic mat-
ter and deposit it during falling water level. 
Pre-processed organic matter with a more 
homogenous quality is now more evenly dis-
tributed among floodplain habitats. There-
fore, at local scales flood pulses control leaf 
decomposition via the flow regime and more 
broadly by linking sources of organic matter 
with areas of high decomposition potential. 

4. IMPLICATIONS

Worldwide, the loss of heterogeneity, 
largely through alteration of the flow re-
gime and channelization, is the most serious 
threat to the ecological integrity of riverine 
floodplains (Dobson et al. 1997, Bunn and 
Arthington 2002). Flow regulation reduces 
flood intensity, duration and frequency (Mc-
Mahon and Finlayson 2003). Regulated 
systems mostly lack channel-forming flows 
and intense water flux through the alluvial 
aquifer leading to a loss in dynamics and 
heterogeneity of the shifting habitat mosaic 
(Stanford et al. 2005). Parafluvial and or-
thofluvial ponds, alluvial channels and veg-
etated islands disappear and habitat diversity 
decreases. Lateral connectivity among flood-
plain habitats is severed, and flow and flood 
pulses no longer function as reorganizers 
of organic matter which can lead to drastic 
changes on the ecosystem process level. Ad-
ditionally, channelization results in a loss of 
areas with low decomposition potential, such 
as gravel bars, and in an increase in the rela-
tive proportion of high decomposition po-
tential areas, such as channels. As a result, 
the decomposition process and the transport 
of organic matter are altered with potential 
consequences for higher trophic levels in 
downstream ecosystems. An additional ef-
fect of flow regulation and channelization is 
that the input of leaves into active floodplain 
habitats decreases, whereas storage of leaf 
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litter in vegetated zones (e.g. riparian for-
est, islands) increases. As a result, diversity 
within the litter layer decreases, which can 
negatively affect litter turnover rates (Hoo-
rens  et al. 2003). 

It is crucial to quantify effects of envi-
ronmental heterogeneity on ecosystem-level 
processes to understand the links between 
heterogeneity and the functioning of river-
floodplain ecosystems. Knowledge of natu-
ral variance in such environments should be 
integrated in future restoration approaches, 
which so far are often site specific and there-
fore do not consider the heterogeneous 
character of riverine systems. Our model 
promotes a holistic perspective including in-
teractions among habitats in a mosaic shaped 
environment. In the future, heterogeneity 
needs to be seen as an inherent part in river 
restoration projects. 

ACKNOWLEDGEMENTS: We thank the 
SEFS4 Special Issue Pol. J. Ecol. Editors for the 
invitation to contribute to this issue “Advances 
in European Freshwater Sciences, Krakow 2005”. 
This work was supported by the EU project 
“tempQsim” (EVK1-CT2002-0012) and by the 
Swiss State Secretariat for Education and Re-
search SER (No. 02.0072).

5. REFERENCES

Arscott  D.B. ,  Tockner  K. ,  van der  Nat 
D. ,  Ward J.V.  2002 – Aquatic habitat dy-
namics along a braided alpine river ecosystem 
(Tagliamento River, Northeast Italy) – Eco-
systems, 5: 802–814.

Baldy V. ,  Chauvet  E . ,  Charcosset  J.Y. , 
Gessner  M.O.  2002 – Microbial dynam-
ics associated with leaves decomposing in the 
mainstem and floodplain pond of a large river 
– Aquat. Microb. Ecol. 28: 25–36.

Batt le  J.M. ,  Gol laday S .W.  2001 – Hydro-
period influence on breakdown of leaf litter in 
cypress-gum wetlands – Am. Midl. Nat. 146: 
128–145.

Bi lby  R .E. ,  L ikens  G.E.  1980 – Importance 
of organic debris dams in the structure and 
function of stream ecosystems – Ecology, 61: 
1107–1113.

B oulton A.J. ,  B oon P.I .  1991 – A review of 
methodology used to measure leaf litter de-
composition in lotic environments: Time to 
turn over an old leaf? – Aust. J. Mar. Freshwat. 
Res. 42: 1–43.

Bunn S .E. ,  Ar thington A.H.  2002 – Basic 
principles and ecological consequences of 
altered flow regimes for aquatic biodiversity 
– Environ. Manag. 30: 455–467.

Cardinale  B.J. ,  Pa lmer  M.A. ,  Swan C.M. , 
Brooks  S . ,  Pof f  N.L.  2002 – The influ-
ence of substrate heterogeneity on biofilm 
metabolism in a stream ecosystem – Ecology, 
83: 412–422.

Chergui  H. ,  Pattee  E.  1990 – The process-
ing of leaves of trees and aquatic macrophytes 
in the network of the River Rhone – Int. Rev. 
Hydrobiol. 75: 281–302.

Dobson A.P. ,  Bradshaw A.D. ,  Baker 
A.J.M.  1997 – Hopes for the future: restora-
tion ecology and conservation biology – Sci-
ence, 277: 515–522.

Gal lardo A. ,  Mer ino J.  1993 – Leaf decom-
position in two mediterranean ecosystems of 
southwest Spain: influence of substrate qual-
ity – Ecology, 74: 152–161.

Gessner  M.O. ,  Chauvet  E .  1994 – Impor-
tance of stream microfungi in controlling 
breakdown rates of leaf litter – Ecology, 75: 
1807–1817.

Gessner  M.O. ,  Chauvet  E. ,  Dobson M. 
1999 – A perspective on leaf litter breakdown 
in streams – Oikos, 85: 377–384.

Gurtz  M.E. ,  Marzol f  G.R . ,  Ki l l ingbeck 
K.T. ,  Smith D.L. ,  McArthur  J.V.  1988 
– Hydrologic and riparian influences on the 
import and storage of coarse particulate or-
ganic matter in a prairie stream – Can. J. Fish. 
Aquat. Sci. 45: 655–665.

Herbst  G. ,  Reice  S .R .  1982 – Comparative 
leaf litter decomposition in temporary and 
permanent streams in semi-arid regions of Is-
rael – J. Arid Environ. 5: 305–318.

Hoorens  B. ,  Aaer ts  R . ,  Stroetenga M. 
2003 – Does initial litter chemistry explain 
litter mixture effects on decomposition? – 
Oecologia, 137: 578–586.

Hutchens  J. J. ,  Wal lace  J.B.  2002 – Ecosys-
tem linkages between southern Appalachian 
headwater streams and their banks: leaf lit-
ter breakdown and invertebrate assemblages 
– Ecosystems, 5: 80–91.

Kolasa  J. ,  Rol le  C.D.  1991 – Introduction: 
the heterogeneity of heterogeneity: a glossary 
(In: Ecological heterogeneity, Eds: J. Kolasa, 
S.T.A. Pickett) – Springer-Verlag, New York, 
pp. 1–23.

L anghans  S .D. ,  Tockner  K.  2006 – The role 
of timing, duration, and frequency of inun-
dation in controlling leaf litter decomposi-
tion in a river-floodplain ecosystem (Taglia-
mento, northeastern Italy) – Oecologia, 147: 
501–509.

journal 8.indb   679journal 8.indb   679 2006-12-27   20:41:372006-12-27   20:41:37



680 Simone D. Langhans  et al.

Lovett  G.M. ,  Jones  C.G. ,  Turner  M.G. , 
Weathers  K.C.  2005 – Ecosystem function 
in heterogeneous landscapes – Springer Sci-
ence and Business Media Inc., New York, pp. 
2–3. 

Mayack D.T. ,  Thorp J.H. ,  C othran M. 
1989 – Effects of burial and floodplain reten-
tion on stream processing of allochthonous 
litter – Oikos, 54:378–388.

McArthur  J.V. ,  Aho J.M. ,  R ader  R .B. , 
Mil l s  G.L.  1994 – Interspecific leaf inter-
actions during decomposition in aquatic and 
floodplain ecosystems – J. North Am. Ben-
thol. Soc. 13: 57–67.

McMahon T.A. ,  F inlayson B.L.  2003 – 
Droughts and anti-droughts: the low flow hy-
drology of Australian rivers – Freshwat. Biol. 
48: 1147–1160.

Merr itt  R .W.,  L awson D.L.  1992 – The role 
of leaf litter macroinvertebrates in stream-
floodplain dynamics – Hydrobiologia, 248: 
65–77.

Naiman R .J. ,  Décamps H.  1997 – The ecol-
ogy of interfaces: the riparian zone – Annu. 
Rev. Ecol. Syst. 28: 621–658.

Naiman R .J. ,  Décamps H. ,  McClain 
M.E.  2005 – Riparia: ecology, conservation, 
and management of streamside communities 
– Elsevier/Academic Press, San Diego.

Neatrour  M.A. ,  Webster  J.R . ,  B enf ie ld 
E.F.  2004 – The role of floods in particulate 
organic matter dynamics of a southern Appa-

lachian river-floodplain ecosystem – J. North 
Am. Benthol. Soc. 23: 198–213.

Ostrofsky M.L.  1997 – Relationship between 
chemical characteristics of autumn-shed 
leaves and aquatic processing rates – J. North 
Am. Benthol. Soc. 16: 750–759.

Stanford J.A. ,  Lorang M.S. ,  Hauer  F.R . 
2005 – The shifting habitat mosaic of river 
ecosystems – Verh. Internat. Verein. Limnol. 
29: 123–136.

Tiegs  S .D. ,  Pohl  M.  2005 – Planform channel 
dynamics of the lower Colorado River: 1976–
2000 – Geomorphology, 69: 14–27.

Tockner  K. ,  Stanford J.A.  2002 – Riverine 
flood plains: present state and future trends 
– Environ. Cons. 29: 308–330.

Tockner K. ,  Ward J.V. ,  Arscott  D.B. ,  Ed-
wards P.J. ,  Kollmann J. ,  Gurnell  A.M., 
Petts  G.E. ,  Maiolini  B.  2003 – The 
Tagliamento River: a model ecosystem of Eu-
ropean importance – Aquat. Sci. 65: 239–253.

van der  Nat  D.  2002 – Ecosystem processes 
in the dynamic Tagliamento river (NE-Italy) 
[dissertation] – Zurich (CH): Swiss Federal 
Institute of Technology Zürich.

Webster  J.R . ,  B enf ie ld  E.F.  1986 – Vascu-
lar plant breakdown in freshwater ecosystems 
– Annu. Rev. Ecol. Syst. 17: 567–594.

Z ah R . ,  Uehl inger  U.  2001 – Particulate or-
ganic matter inputs to a glacial stream eco-
system in the Swiss Alps – Freshwat. Biol. 46: 
1597–1608.

(Received after revising December 2005)

journal 8.indb   680journal 8.indb   680 2006-12-27   20:41:372006-12-27   20:41:37




