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Abstract
Context Freshwater ecosystems depend on surrounding terrestrial landscape for resources. Most
important are terrestrial leaf litter subsidies, which
differ depending on land use. We lack a good
understanding of the variation of these inputs across
spatial scales.
Objectives We sought to determine: (1) the relative
importance of local versus catchment-level forestation
for benthic leaf litter biomass in streams, (2) how
landscape configuration alters these relationships, and
(3) how land use affects the quality and diversity of
leaf litter subsidies.
Methods We measured biomass and identity of
benthic leaf litter in 121 reaches in 10 independent
catchments seasonally over the course of a year. We
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assessed direct and indirect effects of forestation,
reach position, and seasonality on leaf litter biomass
using structural equation models, and assessed how
leaf litter diversity varied with land use.
Results In catchments with forested headwaters, the
degree of forestation and reach position in the
catchment influenced benthic leaf litter biomass
indirectly through local reach-scale forestation. In
catchments where forest was only located downstream, or with minimal forest, none of these factors
influenced reach-level benthic leaf litter. Leaf litter
diversity peaked in fall in all land use types, but was
generally lowest in forested reaches.
Conclusions Not only habitat amount, but its location relative to other habitats is important for ecosystem function in the context of cross-ecosystem
material flows. Here, lack of upstream forest altered
spatial patterns of leaf litter storage. Studies with high
spatiotemporal resolution may further reveal effects of
landscape configuration on other ecosystems.
Keywords Land use  Leaf litter  Meta-ecosystem 
Resource subsidies  River network  Terrestrialaquatic linkages
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Introduction
Freshwater ecosystems are intimately linked to their
terrestrial surroundings. Embedded in a terrestrial
matrix, streams, rivers, lakes, and ponds are defined by
flows of resources and organisms to and from adjacent
ecosystems. One major flux is the allochthonous input
of carbon and nutrients (Fisher and Likens 1973;
Chapin et al. 2006; Gounand et al. 2018). Headwater
stream reaches are primarily heterotrophic (Marcarelli
et al. 2011). Compared to larger downstream reaches,
they receive the bulk of terrestrial inputs, especially
when considered per unit of streambed area, and this
allochthonous material is then transported downstream, often after processing into fine particulate
organic material by characteristic macroinvertebrate
communities (Vannote et al. 1980; Wipfli and Musslewhite 2004). Such headwater streams make up the
vast majority of total global stream length (Downing
et al. 2012), have spatially varying water chemistry
(Abbott et al. 2018), and export high amounts of
carbon to downstream reaches and water bodies
despite their low flow volume (Wipfli et al. 2007;
Argerich et al. 2016). They also harbor important
biodiversity scattered throughout their small branches
(Clarke et al. 2008; Altermatt 2013), and can sustain
high secondary production (Peterman et al. 2008).
Thus, it is important to understand allochthonous litter
inputs in headwater streams and their effects on
biodiversity and ecosystem function.
The diversity of terrestrial ecosystem types contribute different subsidies to freshwater ecosystems
(Fuß et al. 2017; Gounand et al. 2018), with important
consequences for communities and for ecosystem
functioning. Among naturally-occurring types of land
cover, forests, for example, contribute large amounts
of leaf detritus and woody debris (Elosegi et al. 2007),
while grasslands can contribute less-recalcitrant grass
materials and roots (Whiting et al. 2011). Forests’
contribution of woody debris is important because
such debris is itself a resource subsidy, but also helps
retain leaves and other terrestrial inputs, which can
then be used by the freshwater food web over a longer
time period (Webster et al. 1994; Allan 2004; Kominoski and Rosemond 2012). It is thus of no surprise
that forest cover is well known to affect the community structure and richness of macroinvertebrates (Rios
and Bailey 2006; Kaelin and Altermatt 2016; Ryo
et al. 2018). With decreasing forest cover, aquatic
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consumers derive more of their carbon from autochthonous sources (England and Rosemond 2004;
Collins et al. 2016), and the eventual loss of forest in a
catchment and subsequent elimination of terrestrial
detritus alters communities (Wallace et al. 1997).
Furthermore, forest cover is associated not just with
the amount of leaf litter delivered to streams (Hagen
et al. 2010), but also its identity (i.e. in managed or
logged versus natural forests: Webster et al. 1990;
Lecerf et al. 2005). The presence of preferred, highquality detritus resources can have important effects
on stream food webs and ecosystem processes (Marcarelli et al. 2011), and species richness, evenness, and
diversity of the leaf mixtures contribute to determining
their breakdown rate, and thus how efficiently the
subsidies are integrated into stream food webs (LeRoy
and Marks 2006; Kominoski et al. 2007; Swan et al.
2009; Little and Altermatt 2018a). Thus, organic
matter dynamics are a pathway through which land use
change alters stream ecosystem function, as indicated
by food webs and secondary production (Wallace et al.
1997), community respiration (Young and Huryn
1999), and litter decomposition (Lecerf and Richardson 2010).
It has been posited that global change factors will
have a larger effect on basal resources in streams and
rivers when they occur in headwaters, which gather
more allochthonous inputs and export them downstream, than if they occur in downstream reaches,
where autochthonous production is more prominent
(Kominoski and Rosemond 2012). This is because the
export of partially-decomposed allochthonous material and litter-derived dissolved organic carbon from
upstream to downstream reaches is so important in
characterizing downstream ecosystems (Vannote et al.
1980; Wipfli et al. 2007). As a result, reduction of
subsidies in headwaters could also alter downstream
ecosystems (Meyer et al. 1998; Harvey et al. 2017).
While some previous research has considered the
effect of landscape composition on subsidies to
freshwater ecosystems (England and Rosemond
2004), the effect of landscape configuration, or how
these land use types are arranged in space, remains
unexamined. For instance, while models of how
ecosystem services are affected by fragmentation are
increasingly spatially explicit, they often consider
fragment size in a random or systematic pattern (i.e.,
Mitchell et al. 2015) rather than position in the
landscape per se. Yet because land cover types are not
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distributed randomly across landscapes, but are associated with topography and geomorphology, this is
potentially important. In one example, streams with
intense land use upstream versus downstream had
different patterns of macroinvertebrate richness along
the length of their catchments (Niyogi et al. 2007).
Here, we worked in ten independent stream catchments on the shores of Lake Constance in Eastern
Switzerland (Fig. 1). This region is characterized by a
mixture of land uses, from forests (primarily managed
for timber, but also in some natural reserves) to
agriculture of varying intensities, from pasture to fruit
and vegetable farming. In the last half century, the
many small villages of the region have grown in size,
tourism has boomed leading to more campgrounds,
and parts of the region have also industrialized

(Schmieder 2004). Looking forward, the area is
projected to see a change in the types of agriculture
being practiced, as well as further urbanization (Price
et al. 2015). Thus, the catchments already have a wide
variety of landscape compositions and configurations,
and human impacts are only likely to increase in the
future.
We sampled 121 reaches across these ten catchments to determine effects of land use and landscape
configuration on standing stock and diversity of
allochthonous leaf litter available in streams. We
hypothesized that in these stream catchments: (1)
different spatial arrangements of land use and land
cover types will show different patterns in the relative
importance of local versus upstream contributions of
terrestrial subsidies; (2) the standing crop of terrestrial

Fig. 1 The location of the ten headwater stream catchments
used in this study, on the Swiss shores of Lake Constance. Data
sources: swisstopo (2017), Vector200 and TLM3D, DV 5704
000 000, reproduced by permission of swisstopo/JA100119;

EEA (2011) Corine Land Cover 2000 raster data—version 15
(08/2011), European Environment Agency; ESRI Ó Esri Data
World
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leaf litter in stream reaches will vary seasonally, with
different temporal patterns depending on position in
the stream catchment; and (3) the diversity of leaf
detritus in stream reaches will vary with land use and
season. Testing these hypotheses will allow us to
understand both stream ecosystem function in the
landscapes that currently surround us, and what the
effects of changing land use and management practices might have on streams.

Methods
Site selection and benthic leaf litter sampling
Ten headwater stream catchments on the Swiss side of
Lake Constance were selected for study (overview see
Fig. 1, for details on the catchments see also Appendix
I, Figure S1, Table S1), with streams between 2.75 and
5 km in length and their catchments covering between
115 and 453 hectares. Catchments were chosen due to
prior knowledge of dominant macroinvertebrate communities in some of them (Altermatt et al. 2016), and
all catchments were concurrently surveyed for
macroinvertebrates (Little and Altermatt 2018b). The
catchments were also chosen in part to ensure that only
minimal sections of the watercourses were buried in
culverts, both to ease sampling and because such
modifications strongly affect the abiotic and biotic
characters of a stream. Three catchments were
primarily forested downstream, with upstream reaches
surrounded by anthropogenic land use types, predominantly agricultural use (designated ‘‘downstream
forest’’); three catchments had large tracts of forest
near the headwaters, but varying non-forested land use
types downstream near the lake, which were either
mostly urbanized or agricultural (‘‘upstream forest’’);
and three catchments had very minimal forest,
distributed in small fragments in varying parts of the
catchment (‘‘not forested’’). One additional catchment
was almost completely forested (‘‘all forested).
In each catchment, streams were divided into
250 m segments along the main stem, starting from
the lake outlet in an upstream direction. Side stems
less than 450 m in total length were counted as single
segments, while tributaries greater than this length
were further divided into 250 m segments beginning
from the confluence with the main stem. Each stream
segment was visited in late April or early May 2015,
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and a sampling point was established within the
segment where habitat and stream flow was as
representative as possible of the whole length of the
segment, except in a few cases where entire segments
were inaccessible due to extreme terrain or private
property restrictions. This resulted in 121 total sampling points distributed with a range of nine to 15
sampling points per catchment. Individual stream
catchments and their designation into different configuration categories are shown in Appendix I,
Figs. S2–S8.
Points were visited four times for a year, starting
with the April/May 2015 visits when the points were
established. Subsequent visits were during July 2015,
October/November 2015, and January 2016. The fall
sampling visits occurred between days of the year 292
and 310, which were during the peak autumn leaf drop
as measured by leaf litter traps (Appendix II, Figure S9); leaf drop had declined to near-zero baseline
levels by the winter sampling visit so that leaves
entering the stream would have arrived primarily by
lateral transport. The actual sampling points were not
repeated exactly, but were repeated to within a 10 m
stretch of the study reach. At each visit, stream width
was measured and benthic leaf litter was collected
from a defined area of the stream section, typically a
0.2 9 0.2 m square area. In this study, we did not
quantify standing stock biomass of woody debris,
although we did estimate the area of substrate it
covered in each stream reach (Appendix II, Figure S10). When brought back to the lab, leaves were
sorted to the genus or species level, then dried in a
60 °C oven for 48 h. In order to estimate the total
amount of benthic leaf litter residing in that stream
reach, the area sampled was multiplied by the fraction
of area it represented of the 1 m long section of the
stream, depending on stream width, thus giving us
amount and type of leaf litter in each of the focal 1 m
long stream segments distributed throughout the 10
stream networks.
Land use assessment
Spatial information was extracted from the catchments
using ArcGIS version 10.2.2 (ESRI, Redlands, California, USA). Data about the watercourses were
extracted from the Swiss national 1:25,000 scale
water network (Swisstopo 2007), which was used to
determine the distance of each sampling point from the
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stream’s outlet into Lake Constance. The elevation of
each sampling point was determined by overlaying the
stream network on a digital elevation model accurate
to within two meters (Swisstopo 2003).
Land cover within the catchments was primarily
classified from the CORINE land cover (2012)
European Environment Agency (EEA) land-use classification (Bossard et al. 2000), produced from Indian
Remote Sensing (IRS) P6 LISS III and RapidEye
imagery with a Minimal Mapping Unit of 25 hectares
and positional accuracy of, at a minimum, 100 meters.
To add additional detail to CORINE’s agricultural
classification, we also determined the area of vine and
orchard fruit cultivation from the Swiss national
1:25,000 scale vector map (Swisstopo 2010). After
merging these two data sources, land cover within the
catchments fell into nine categories: discontinuous
urban fabric, industrial or commercial units, nonirrigated arable land, complex cultivation patterns,
fruit orchards and vine cultivation, broad-leaved
forest, mixed forest, inland marshes, and water bodies.
The area of land falling into each land use category
was calculated for each study catchment in total, as
well as for a 50-meter radius circular area surrounding
each individual sampling point. As well as a quantitative measure of land use types in this radius, the
circular area was used to qualitatively classify the
most prevalent land use type at the sampling point into
forest, orchard, other agriculture, or urban/suburban.
Statistical analysis
All statistical analyses were done in R version 3.3.2 (R
Core Team, Vienna, Austria, 2016). The direct and
indirect effects of land use on the total amount of
benthic leaf litter in stream reaches (g/m2) was
modeled using structural equation models in the
‘lavaan’ package version 0.5-23.1097 (Rosseel
2012). All variables were standardized in order to
allow direct comparisons between their effects.
Separate models were assessed for the ‘‘downstream
forest’’ (n = 138 observations used), ‘‘upstream forest’’ (n = 117), and ‘‘not forested’’ (n = 134) datasets.
For each model, proportion of forest in the point’s
50 m buffer was modeled as a function of catchment
proportion forest and distance from outlet, and the
amount of benthic leaf litter was modeled as a function
of catchment proportion forest, point proportion
forest, distance from outlet, and sampling bout (April,
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July, October, or January). Model fit was assessed
using Chi squared statistics and models were considered a good fit if p-values associated with the Chi
squared were [ 0.05, and the root mean square error
of approximation (RMSEA) was \ 0.05. To assess the
significance of each path in the structural equation
model, z-statistics were used and only paths with a
significance of p \ 0.05 were considered important.
Indirect effects were only considered important, and
calculated as the product of effect sizes of the two path
segments, if both segments were significant at
p \ 0.05. Parameter estimates are reported based on
complete standardization of all variables in the model.
The same model was also applied to the ‘‘all forested’’
(n = 48), with the modification that the catchment
proportion forest was excluded from the structural
equation model as there was no variance since there
was only one catchment in the dataset.
To examine the relationship between land use type,
season, and benthic leaf litter diversity, we transformed the leaf litter species data from each sample
into proportional abundances. For each sampling
point, we used the land use type in the 50 m buffer
to determine a categorical grouping into four factor
levels: forest (including mixed and broadleaf forest),
orchards (areas with fruit orchards and vine cultivation), other agriculture (including non-irrigated arable
land and complex cultivation patterns), and urbansuburban (including discontinuous urban fabric and
industrial or commercial units). Then, we performed a
distance-based redundancy analysis, dbRDA (Legendre and Anderson 1999) using the capscale function of
the ‘vegan’ package, version 2.4-1 (Oksanen et al.
2012). This constrained ordination approach, in contrast to an unconstrained ordination, allowed us to
directly examine our hypothesis that the community
composition of benthic leaf litter in different stream
reaches would be related to land use type surrounding
the reach. Distance-based RDA uses non-Euclidean
distance measures, in our ace Bray–Curtis distance, to
represent ecological distance, which is a better fit for
species abundance data than Euclidean distance measures (Faith et al. 1987). Based on our sampling
design, in our dbRDA analysis we considered season
and land use type to be fixed factors, and catchment
identity to be a conditional factor (analogous to a
random factor in linear models, explaining some
variation in the response variable but not of experimental interest).
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The first capscale axis of the dbRDA was extracted
as a proxy of benthic leaf litter diversity. Having done
so, we applied the same structural equation model
described above for benthic leaf litter abundance to
benthic leaf litter diversity. Because we hypothesized
that forest/land use type, not just the amount of forest,
would determine the diversity of leaf litter subsidies to
streams, we also analyzed diversity (CAP1 axis) and
species richness of benthic leaf litter using linear
models with surrounding land use type and season as
interacting fixed effects.

Results
Leaf litter biomass
Factors influencing total benthic leaf litter availability
varied with landscape configuration. Structural equation models had moderate fit for data from catchments
with forest primarily upstream (v2 = 3.825, p = 0.28,
RMSEA = 0.048). Here, forest cover at a sampling
point mediated indirect effects forest cover at the
catchment level and distance from the outlet on
benthic leaf litter (Fig. 2a). Models had good fit for
data from catchments with forest primarily downstream (v2 = 0.13, p = 0.99, RMSEA \ 0.001) and
from catchments with minimal forest (v2 = 1.76,
p = 0.63, RMSEA \ 0.001). In catchments with
forests primarily downstream (Fig. 2b), there were
no indirect effects: while forest cover at the sampling
point was negatively associated with the sampling
point’s distance from the outlet (direct effect = 0.17, p = 0.05), neither had a significant causal effect
on benthic leaf litter availability. In catchments with
minimal forest (Fig. 2c), forest cover at the sampling
point was positively associated with distance from the
outlet (direct effect = 0.29, p \ 0.001), but again
neither of these two factors had a significant causal
effect on benthic leaf litter availability. In all three
types of landscape configurations examined, there was
greater leaf litter availability in fall (0.37 \ direct
effect \ 0.41, all p \ 0.001) and winter (0.28 \ direct effect \ 0.35, all p \ 0.015) compared to in
summer (Fig. 3). In the catchment which was nearly
completely forested, the structural equation model had
a good fit (v2 = 0.36, p = 0.95, RMSEA \ 0.001) and
while the proportion of forest in a sampling point’s
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50 m buffer was positively associated with distance
from the stream outlet (direct effect = 0.67,
p \ 0.001), none of the factors—including season—
had significant direct or indirect effects on benthic leaf
litter availability (Appendix II, Figure S11).
Leaf litter diversity
The dbRDA ordination showed that benthic leaf litter
community composition was constrained by land use
type. 10.8% of the inertia (analogous to variance) was
attributed to the constrained factors, land use type and
season, while 14.8% was attributed to the catchment
identity. A permutation test showed that the CAP1
axis, which explained 7.6% of the variation, was a
significant predictor of community composition
(F1,395 = 34.521, p = 0.001), as were the CAP2
(3.1% of variation explained; F1,395 = 13.906,
p = 0.001), CAP3 (1.4% of variation explained;
F1,395 = 6.223, p = 0.001), and CAP4 (0.6% of variation explained; F1,395 = 2.783, p = 0.02) axes. Furthermore, both season (F3,395 = 20.127, p = 0.001)
and land use type (F3,395 = 3.957, p = 0.001) were
significant in explaining variation in leaf litter composition (Fig. 4).
The CAP1 axis had a high negative loading for
beech leaves, while near-zero and positive values were
associated with greater species diversity (Fig. 5a). In
the structural equation models, proportion of catchment forestation was never significantly associated,
either directly or indirectly, with the CAP1 diversity
metric in any landscape type. In all landscape types,
diversity was highest in fall, and depending on
landscape type diversity was directly associated with
either proportion of forest at the sampling point, or the
sampling point’s distance to the outlet (Appendix II,
Figure S12). Linear models indicated that seasonality
interacted with land use type: diversity of leaf litter
varied with both land use type and season when
measured with two different metrics. Value of the
CAP1 axis from the dbRDA ordination varied with a
significant interaction between surrounding land use
type and season (F9,395 = 2.65, p = 0.005; Fig. 5b).
Number of species in a sample varied significantly
with land use type (F3,395 = 17.92, p \ 0.001) and
season (F1,395 = 34.54, p \ 0.001), but the two factors
did not have a significant interaction (Fig. 5c). The
importance of the interaction in the capscale diversity
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Fig. 2 Structural equation models showing sources of variation
in benthic leaf litter availability in a catchments with forests
primarily in headwaters (n = 117 observations), b catchments
with forests primarily downstream (n = 138 observations), and
c catchments with minimal forest (n = 134 observations).
Though we sampled three catchments of each configuration

type, we only show one catchment per type as an example to
help visualize the differences in land use patterns. Only
significant (p \ 0.05) causal relationships are shown by paths
in the diagrams, and color and weight of the arrows show the
strength of the correlation (also indicated numerically)
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availability increased in fall
and winter compared to
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across all landscape
configuration types where
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distance of a point from the
stream outlet into Lake
Constance was indirectly
associated with leaf litter
availability in catchments
with forest primarily
upstream, but there was no
relationship in catchments
where forest cover was
primarily in downstream
areas or where there was
only minimal forest cover
(SEM results, see Fig. 2)
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Fig. 4 Plots of the distance-based redundancy analysis (dbRDA) ordination of benthic leaf litter samples collected at each seasonal
sampling point. Shapes indicate the predominant land use class in a 50-m buffer around the sampling point

proxy but not in the species number indicates that there
are differences in species identity between samples
even when the number of species does not vary.
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Discussion
We found that in fragmented landscapes with mosaics
of forests and anthropogenic land use types, both local
land use and landscape configuration affect terrestrial
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the distance-based redundancy analysis (dbRDA) of benthic leaf
litter diversity. b Mean values of the CAP1 value from the
ordination for points surrounded by different predominant land
use types (agric. agriculture, orch. orchards and vine fruit
cultivation, urb./sub. urban, industrial, and/or suburban land
use) through different seasonal sampling points. As indicated in

(a), negative CAP1 values indicate dominance by beech leaves
in the sample. The global mean of CAP1 values is zero. c Mean
number of species present in benthic leaf litter samples by
surrounding land use type and season. The global mean of
species number is indicated by the dashed line. Error bars show
standard error of the mean

leaf litter subsidies to headwater streams. Higher
forestation in a catchment both directly and indirectly
increased the diversity of leaf litter subsidies to
streams, yet throughout most of the year, sampling
points in forested reaches had lower diversity of
benthic leaf litter than reaches in different land use
types. This is unsurprising as central European forests
are heavily beech-dominated, including those in
Switzerland (Heiri et al. 2009), whereas land use is
associated with differences in riparian vegetation
(Webster et al. 1990; Aguiar et al. 2018). The amount
of leaf litter subsidies available in stream reaches
depended not just on local land use, but also on the
spatial configuration of land use types. Greater
forestation at the catchment level only affected benthic
leaf litter availability in streams if that forest was
located in the upstream portion of the catchment.
These patterns have important implications for stream
ecosystems, which are usually net heterotrophic and
depend on allochthonous resources to accompany
autochthonous production.
It is difficult to obtain a comprehensive budget of
leaf litter subsidies for a variety of reasons, including

high spatio-temporal variability in leaf shedding,
transport, and processing. While we estimated the
standing crop of leaf litter available in streams, we do
not know precise inputs of leaf litter to streams
(although, see Appendix II, Figure S9), processing
rates by macroinvertebrate and microbial communities in stream reaches, or how much leaf litter was
swept downstream without ever being processed.
Thus, we find only a snapshot of leaf litter availability
in space and time. Two reaches may have the same
standing crop even if one reach has higher inputs but
also higher processing and export, and another reach
has fewer inputs but also lower processing rate of these
subsidies. This has the potential to alter some conclusions: for example, it is possible that in forested
headwater streams the leaf litter input is actually
moderately diverse because riparian vegetation differs
from that of the beech-dominated forest itself, but that
these higher-quality resources are consumed by
macroinvertebrates, microbes, and fungi more quickly
upon entering the stream (i.e., Swan and Palmer 2006)
and thus disappeared before they could be noted in our
benthic leaf litter surveys. However, the fact that
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diversity of benthic leaf litter in forested reaches was
lower than in other reaches even during fall leaf drop
suggests that even if this mechanism is occurring,
there is still some substantial difference in the
diversity of leaf litter subsidies from different land
use types. In many of our upstream reaches stream
width was well under one meter, and conditions at the
edges of such small streams are not as different or
typically riparian as around larger stream reaches.
Furthermore, riparian vegetation is generally less
diverse in headwater than downstream catchments
(Kuglerová et al. 2016), which matches the pattern we
found.
Despite the challenges in comprehensively estimating leaf litter inputs to streams, our study design
provided unprecedented spatiotemporal detail and
spanned considerable variation in both catchment
land use and configuration. We worked in 10 catchments ranging from zero percent forest land use to
85% forested. Previous work has shown that over a
range of 82–96% forestation, having more forest in a
catchment increased the standing crop of coarse
particulate organic matter in autumn (England and
Rosemond 2004). However, that study found no
relationship between catchment forestation and coarse
particulate organic matter in spring, and also aggregated all data at a sampling timepoint into one
measurement per stream. In our analysis, we not only
covered a more realistic and larger range of landscape
compositions and configurations, but were able to also
assess how leaf litter availability varied longitudinally
along the length of a catchment. In catchments with
forest upstream, both the proportion of forest in the
catchment and a reach’s position in relation on the
headwaters-to-outlet continuum determined the availability of leaf litter. That these factors were not
important to the availability of benthic leaf litter when
forest was located downstream or removed completely, suggests that the factors driving leaf litter
subsidy availability downstream are independent of
major landscape features.
Our findings have important implications for the
functioning of stream and river ecosystems, especially
in the context of ongoing land use changes and
fragmentation. Allochthonous inputs are typically
highest in headwater reaches, and are exported
downstream both in their whole form and after
processing into fine particulate organic matter, which
is a resource for the differently-structured
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macroinvertebrate communities downstream (Vannote et al. 1980). Even seemingly moderate changes
in land use can affect this pattern: for example, natural
forests and regenerating, previously-logged forests
have different magnitudes and types of leaf litter
inputs to streams (Webster et al. 1990), and differences in leaf inputs between forested and agricultural
reaches may be even larger (Hagen et al. 2010).
Reducing terrestrial subsidies in headwaters could
thus not only reduce productivity of upstream reaches,
but also potentially the productivity of downstream
reaches as less detritus is processed into fine particulates. Furthermore, deforestation in headwater
reaches may change the biotic community through
other mechanisms. For example removing shading
vegetation may increase the potential for autochthonous production as well as alter stream temperature,
and land use may alter water chemistry and contribute
contaminants or excess nutrients (Sponseller et al.
2001). When this is the case, the biotic community
may change to the extent that it could no longer
efficiently process allochthonous subsidies even if
they were provided (Hagen et al. 2006). Indeed, work
in experimental microcosms suggests that this alteration would be propagated downstream because
changes in upstream biotic community structure affect
subsidy export and thus downstream population and
community dynamics (Harvey et al. 2017).
Maintaining tree cover in riparian zones has
become a recommended tool to maintain terrestrial
subsidies, structural features in stream channels, water
chemistry, temperature, and sediment trapping (Naiman et al. 1993; Miltner et al. 2004; Sweeney and
Newbold 2014). Yet if riparian vegetation has a
predominantly local effect on organic material in
streams (Johnson and Covich 1997), such riparian
buffers may be insufficient to mediate catchment-scale
impacts of land use changes (Snyder et al. 2003). And
while leaf litter is not the only allochthonous carbon
source supporting stream food webs, other resources
such as dissolved organic carbon may be affected by
the same land use changes that alter leaf litter
subsidies (Allan 2004). Alternatively, maintaining
upstream forested reaches has been identified as a
strategy to maintain biodiversity refugia for recolonization of macroinvertebrates to impacted downstream reaches (Orlinskiy et al. 2015), and could
likewise be essential to maintain these terrestrial
subsidy delivery at the whole-catchment scale.

Landscape Ecol (2018) 33:1519–1531

Conclusion
Altering allochthonous subsidy delivery to upstream
reaches could alter the core assumptions about how
organic material is distributed through catchments.
While land use change affects some aspects of
terrestrial leaf litter subsidies, such as diversity of
leaf litter, no matter where it occurs, we found that the
spatial configuration of land use types in a catchment
alters the way that the standing crop of benthic leaf
litter is distributed through catchments. Because this
results in a separation of benthic leaf litter dynamics
from purely local land use and vegetation, the spatial
patterns we identified may also indicate that riparian
buffers are insufficient to maintain litter subsidies at
the catchment level. Maintaining forested headwater
areas may be essential to preserve characteristic
spatial dynamics of organic matter in streams.
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