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Abstract: Aim: To conduct a review of the literature in order to identify the general stream
metabolic responses to land use change. Methods: I conducted a scientometric review analyzing the
distribution of the studies among different environments, the land use scale used, and the general
trends in stream metabolism response under each kind of land-use impact. Major Results: Most
of the analyzed studies were conducted in temperate environments, studying land-use impacts at
catchment scale. Ecosystem metabolism responded to land use impacts most of the cases, especially
under agricultural pressure. The general responses to land-use alterations were increases in rates of Gross
Primary Production (GPP) and ecosystem Respiration (R). Primary production increases were mostly
related to light and nutrient concentration increases, while R was usually related to water nutrient
concentration, temperature and amount of particulate organic matter, but this general behavior can
change under high impact levels where sometimes GPP decreases in response to turbidity increases.
Riparian vegetation restoration have a positive effect in driving stream metabolic conditions in the
direction of pristine condition, but the effectiveness of this approach is reduced in highly impacted
systems. Conclusions: To elucidate the mechanistic relations between stream metabolic changes
and land use impacts is still one fundamental aspect to study in order to best predict effects of land
use changes and establish management and protection programs. Thus, studies should focus on the
causative relations between stream processes and land use changes considering different scales and
multiple stress scenarios in order to improve our understanding about factors that drive the observed
metabolic changes.
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Resumo: Objetivo: Conduzir uma revisao da literatura, buscando identificar as respostas gerais do
metabolismo de cérregos ao impacto de mudangas no uso do solo. Métodos: Eu realizei uma revisao
cienciométrica analisando a distribuicao dos estudos entre diferentes biomas, as escalas de uso do solo
estudadas, e as tendéncias gerais na resposta do metabolismo de cdrregos sobre cada tipo de impacto
do uso do solo. Resultados Principais: A maioria dos estudos analisados foi realizada em ambientes
temperados, estudando os impactos do uso do solo na escala de bacia hidrogrifica. O metabolismo
ecossistémico respondeu aos impactos do uso do solo na maioria das vezes, especialmente sobre
impacto agricola. As respostas gerais as alteracoes no uso do solo foram aumentos na Produgao Primaria
Bruta (PPB) e Respiracio ecossistémica (R). Aumentos na PPB foram principalmente relacionados
com aumentos na disponibilidade de luz e concentragio de nutrientes, enquanto a R geralmente foi
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relacionada a concentragio de nutrientes, temperatura e quantidade de material orginico particulado,
mas essa tendéncia geral pode mudar em situagoes de impacto elevado onde algumas vezes a PPB
diminui em resposta a aumentos na turbidez. A restauracao da vegetagio ripdria tem um efeito positivo
em conduzir as condi¢des metabdlicas de cdrregos na direcao das condigoes pristinas, mas a efetividade
dessa abordagem ¢ reduzida em sistemas altamente impactados. Conclusées: Elucidar as relagoes
mecanisticas entre mudangas no metabolismo de cérregos e impactos do uso do solo continua a ser
um dos aspectos fundamentais a serem estudados a fim de melhor prever os efeitos destes impactos e
estabelecer estratégias de manejo e protecao. Assim, estudos devem ter como foco as relagdes causais
entre processos ecossistémicos e mudangas no uso do solo considerando diferentes escalas geografica
e cendrios de impactos multiplos, de forma a aumentar nosso entendimento sobre os fatores que

conduzem as mudancgas metabélicas observadas.

Palavras-chave: metabolismo de cdrregos; corregos tropicais; florestas ripérias; uso do solo; PPB.

1. Introduction

Expansion of agricultural and urban areas
over natural landscapes is a global trend that has
been threatening biodiversity and maintenance
of ecological processes (Foley et al., 2005).
Although they have a relatively small area, lotic
environments are especially important in providing
environmental services (Postel & Carpenter,
1997; Naidoo et al., 2008). Rivers and streams
provide water, food, energy and many subsidies
to agricultural development, and they also have a
strong recreational and cultural value. However,
these environments have been widely impacted
by land-cover changes, agricultural activities, and
engineering actions such dams and irrigation
channel construction that are used to maximize
the access to water as well as to energy production
(Meybeck, 2003; Vorosmarty et al., 2010).

Rivers and streams are open ecosystems which
are strongly related to the surrounding terrestrial
vegetation which in great part determines light
and organic matter supply to these ecosystems
(Wallace et al., 1999). Riparian areas are extremely
important in the maintenance of instream physical
structure and diversity of habitats, since it influence
aspects such as hydrodynamics, distribution of
physical environments, and disturbance intensity
(Cummins, 1992). Riparian vegetation has also
strong influence on water nutrient concentrations,
acting as a biogeochemical filter retaining and
transforming part of the nutrients leaching to the
stream and also provides resilience to ecosystems
during extreme flow events (Hill, 1986; McDowell,
2001).

Changes in riparian land-cover alter stream
morphology (Sweeney et al., 2004), organic matter
dynamics and water chemistry (Huryn et al.,
2002). Such alterations usually spread through
ecosystem compartments and lead to changes at the
community level, as well as, in ecosystem processes,

Acta Limnologica Brasiliensia, 2016, vol. 28, €10

such nutrient cycling and instream metabolism
(“Land cover cascade” sensu Burcher et al., 2007).
Moreover, since river basins have a unidirectional
nature created by water flux, land use stress factors
easily reach the rivers and accumulate downstream
(Malmqvist & Rundle, 2002). Brazilian forest
legislation determines that riparian forests should be
protected to some extent as “Permanent Protected
Areas (APPs)”. Recently, legislation changes reduced
the width of protected riparian areas in some cases
(for example from 30 m to 5 m in rural properties
smaller than 110 hectares), generating intense
political and scientific debates (Nazareno, 2012).
However, the discussion was limited by the scarcity
of scientific data about the importance of riparian
forests to the maintenance of ecosystem processes
in tropical lotic ecosystems (Sandin & Solimini,
2009). There are some demonstrations of the
effects of land-use changes on ecosystem processes
(Silva-Junior & Moulton, 2011; Giicker et al.,
2009; Silva-Junior et al., 2014) of small rivers in
tropical areas, but due the general scarcity and
peculiarities of each study, it has been difficult to
establish general trends.

Lotic communities are sustained by two different
sources of energy; allochthonous matter coming
from surrounding terrestrial ecosystems, and
biomass production inside the stream (Webster
& Benfield, 1986; Brito et al., 2006). Most of
the primary production in headwater streams
occurs in periphyton communities driven by
algae adhered to the substrates (Allan & Castillo,
2007). On the other hand, ecosystem respiration
considers both autotrophic respiration as well as
heterotrophic respiration of the whole system,
including all allochthonous material in the stream.
The importance of the sources changes along river
course, where headwater streams (which usually
are more shaded) are more dependent upon
allochthonous sources (Vannote et al., 1980).
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However, contrasting to this model developed for
temperate streams, food webs of tropical headwater
streams appeats to rely more on autochthonous algal
production (Thorp & Delong, 2002; Brito et al.,
20006).

The balance between overall ecosystem
production (Gross primary production - GPP)
and community respiration (R) is called “ecosystem
metabolism” and represents a functional aspect
of the ecosystem, and is related to the biomass
production rates that can enter in the aquatic food
web (Allan & Castillo, 2007). Stream ecosystem
metabolism is also related to biochemical process
such organic matter degradation, which are
extremely important for the maintenance of water
quality, biodiversity and environmental services.
Stream metabolic rates are influenced by many
environmental variables such light availability
(Bunnetal., 1999), water temperature and nutrient
concentration (Mulholland et al., 2001), quantity
and quality of organic matter (Acufa et al., 2004),
hydrological regime (Uehlinger, 2006) and land use
(McTammany et al., 2007; Bernot et al., 2010).
In this way, ecosystem metabolism is a key process
to be measured when the objective is to evaluate
land use impacts in rivers and streams, since it
integrates many physical and biological components
and is directly related to the surrounding land use
(Young et al., 2008; Giicker etal., 2009). However,
there are few studies relating stream metabolism
to anthropogenic impacts in the tropics, and as
different methodologies have been used it becomes
more difficult to compare different data.

Stream metabolism is measured based on
changes of O, concentration in the water over time
(Hauer & Lamberti, 2011), applying two groups
of methodologies: i) Open-channel methodologies,
which are based on global O, changes in stream
water over time under stream natural conditions.
ii) Benthic chambers, where O, changes are
measured in microcosms (usually called “benthic
chambers”) that isolate a certain type of benthic
substratum or area of streambed. Open channel
methods are divided into the “one-station approach”
which calculates metabolism based in the changes
in one site, and the “two-station approach” that
measures the metabolism of a stream reach (usually
hundreds of meters) based on changes in O,
between two sensors (Hauer & Lamberti, 2011).
These open channel methods are usually easy to
apply at the field, but have the disadvantage of need
for accurate measurements of gas exchanges between
water and atmosphere (reacration). This can be done
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using different methodologies, such as empirical
equations, gas tracer injections, and methods
based on nighttime O, variation (Young & Huryn,
1996; Iwata et al., 2007). Empirical equations
aim to predict reaeration coefficients based on
stream morphology (e.g. energy dissipation model
described in Hauer & Lamberti, 2011) and are
easy to implement since they use easy to made
measurements of water velocity, depth, slope and
others. Gas tracer methods analyses de exchange of a
tracer gas (usually propane) artificially bubbled into
the stream and is usually considered a more reliable
technique, but are expensive and time consuming,
requiring a lot field and laboratory effort (Grace &
Imberger, 2006). Night-time variation method uses
the relation between O, variation and O, saturation
deficit during the beginning of night. In this period
without photosynthesis we can infer that variation
in O, concentration is a function of saturation
deficit and then use the slope of this relationship
as a reaeration coefficient (Young & Huryn, 1996).

On the other hand, benthic chambers dispenses
with reaeration estimates, but has other difficulties
related to the artificiality created by the chamber
which limits water and nutrient flux, among
other factors. Chambers are especially useful to
compare metabolic activity on different substrata
types or to experimentally measure the effect
of changes in an environmental variable (e.g.,
nutrient concentration, light availability) on
metabolism rates. However, since this methodology
is substratum specific it requires replication effort
over different substratum types when the objective is
to estimate whole system metabolism, what usually
is the objective when evaluating land use impacts.

Considering the scarcity of information
about land use effects on stream metabolism
especially in tropical areas (Bott & Newbold, 2013;
Giicker et al., 2009), the objective of this study
was to conduct a review of the literature in order
to identify the general stream metabolic responses
to land use change. I was trying to elucidate the
following questions: i) Where most of the studies
take place? i) Which kinds of impacts have been
studied and in which geographic scale? iii) What
methodology has been used? iv) Which is the
general metabolic response to the different impacts?
v) What mechanisms cause the observed changes?

2. Research Methodology

I performed a systematic literature review in ISI
Web of Science® database using the groups of words:
“land use” “metabolism”, “stream” and “Land use”,
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“primary production”, “respiration”, “stream”), and
considering paper of all years. This search found
148 articles, but many of them were studies about
land use effects in other environmental features
(e.g. macroinvertebrate community, nutrient
retention) or presented metabolic estimations of
streams but did not related to land use questions.
A total of 39 studies were considered relevant
to answer the objective questions. I performed
an additional search using the words “land use”
“metabolism” and “tropical”, but no additional
paper was found. I added five studies of special
relevance to the theme, (Bunn et al., 1999;
Mulholland et al., 2005; Bott et al., 2006b; Giicker
and Pusch, 2006; Izagirre et al., 2008) that were
not found using Web of Science® search. Thus the
subsequent analyses were based on 44 papers
ranging from 1999 to 2016. When evaluating the
metabolic responses to environmental impacts we
considered as “response” just the changes that were
deemed by the authors to be statistically significant.

3. Results

A summary of the studies analyzed in the
scientometric review showing their geographic
location, methodology, land cover scale and general
stream metabolic responses are present in Table 1.
The different environments studied were classified
into five main categories (temperate forests, tropical
forests, temperate grasslands, tropical savanna, and
deserts) where similar biomes were put together.
Some studies were carried out in more them one
biome and were counted in two or more categories.
The study of Bernot et al. (2010) comprised many
different environments and was accounted in the
categories; Temperate forest, Temperate grassland,
Tropical forest, and Desert, and was the only one
to present data about this last biome. The work
of Young & Huryn (1999) studied temperate
forests and grasslands and was accounted in both
categories. Thus the following results are based on
48 case studies.

Studies conducted in temperate environments
represented 88.6% of the study cases (39). Most of
the studies were conducted in temperate forests
(33=69%), and temperate grasslands were studied
in 12.5% (6) of the studies. A minor proportion of
the studies present data on tropical environments
(8=16.5%) with six studies (12.5%) presenting
data about tropical forest streams and two (4%) in
Tropical cerrado savanna (Figure 1A).

Most of the research (91%) used open channel
techniques to measure stream metabolism.
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The single station open channel approach was the
most used technique (53%) followed by two station
open channel approach (26%) and 5 (12%) studies
used both open channel techniques. Only four
studies (10%) used benthic chambers to evaluate
land use impacts on stream metabolism (Figure 1B).

The studies evaluated in this work analyzed a
wide variety of specific land-use stress and related
situations at different scales. Thus to facilitate the
following analyses of metabolism responses to the
land use modifications, I summarized these studies
in four categories related to the nature of the studied
stressor: i) Agricultural, that besides crop and pasture
land uses also included studies about deforestation
and logging, agroforestry management, and others,
ii) Urbanization, including studies about point
and non-point impacts of this land use, iii) Studies
evaluating simultaneously effects of urbanization and
agriculture, and iv) Restoration, including studies
about effects of benthic, riparian and floodplain
restoration. The study of McTammany et al.
(2007) evaluated the differences between pristine,
agricultural impacted and restored ecosystems, and
was included in the categories “restoration” and
“agricultural” (thus there were 45 case studies).

Most of the studies (33 = 73%) evaluated the
effects of agricultural impacts where 51% of all
works (23) studied only agriculture-related impacts,
and 22% (10) studied impacts of agriculture and
urbanization simultaneously (Figure 1 C). Most
of the research studying agricultural impacts
(24 =72.7%) studied non-point effects of agriculture
(i.e. diffuse effects such as leaching, temperature
increase caused by deforestation) and only one
(2% = 1) studied its point impact, (Rosa et al., 2013,
studying effects of a fish farm effluent). Among
eight other studies in the category agriculture,
four evaluated the effects of deforestation not
related to agricultural activity (Houser et al., 2005;
Mulholland et al., 2005; Clapcott & Barmuta,
2010; O’Diriscoll et al., 2016), three studied the
effects of agroforestry management (Silva et al.,
2013; Carlson et al., 2014; Pearce & Yates, 2015),
one evaluated the effects of pesticides and salinity
(Schifer et al., 2012) and other the effects of exotic
arboreal vegetation in grassland natural areas (Riley
& Dodds, 2012) (Figure 1C).

Sixteen studies dealt with the effects
of urbanization (37%), where most of them
(10 = 23%) studied it simultaneously with
agricultural effects, while only 6 (14%) studied
the urbanization effects alone (Figure 1C). Among
all these, 14 studies evaluated non-point effects of
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Figure 1. Geographic location (A), methodology used (B), type of land-use impact (C) and geographic scale

(D) presented in the analyzed studies.

urbanization (i.e. runoff) and two studies analyzed
effects of point stressors related to urbanization
(treated domestic sewage effluents). Six (13,3%)
studies evaluated restoration and management
practices, where three studied effects of riparian
vegetation restoration (McTammany et al., 2007;
Giling et al., 2013; Northington et al., 2011) with
the last one studying simultaneously riparian and
benthic restoration. One study evaluated the effects
of riparian management practices (Pearce & Yates,
2015), while restoration effects of benthic habitat
and floodplain area was studied by Hoellein et al.
(2012) and Roley et al. (2014) respectively
(Figure 1C).
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The studies analyzed in this review used
different geographic scales as well as different ways
of quantifying the land use impacts. Most studied
the relation between stream metabolism and land
use at catchment scale (31 studies = 70.45%),
where 25 (56.8%) studied land use effects only at
this scale, and six (13.6%) studied simultaneously
catchment and riparian scales (Figure 1D). These
studies used different descriptors of cacchment land
use impacts including proportion of different land
use, indices based on these proportions, (Young &
Collier, 2009) and agricultural and urban indices
based on human and animal density (Izagirre et al.,
2008). Only seven (15,9%) studied land-use effects
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on stream metabolism exclusively at riparian scale,
so this scale was studied in 29.5% (13) of the cases
(Figure 1D). At this scale the main land-use impact
descriptors were percentage of different land uses in
riparian corridor (which was also defined in different
ways) and percentage of in-stream shading.

Six studies dealt with land-use influence in
stream metabolism at local/point-source scale
(Figure 1D), including three that studied impacts
caused by point-source urban (Giicker and
Pusch, 2006; Aristi et al., 2015) and agricultural
eflluents (Rosa et al., 2013), Tow studies on the
effects of habitat restoration (Hoellein et al.,
2012; Roley et al., 2014) and one about pesticide
application and salinity (Schafer et al., 2012). In this
last work the impact was considered point since it
occurred just in one short space of time, influencing
only a small part of most organisms’ life cycle.

Stream metabolism responded to agricultural
stress in 85.3% of the cases (29 studies), and most
(47% = 16 studies) found effects of agricultural land
uses in both respiration (R) and primary production
(GPP). In this analysis we considered 34 study cases
since the work of Carlson et al. (2014) includes
two different kinds of agricultural stress (palm oil
plantations and rice/fruit garden agroforestry).

When considering only the 29 studies cases
that found stream metabolic responses related to
agricultural land use, it seems to affect mainly GPP
that responded to this stress in 82.8% (24 studies) of
these cases. Three different responses were observed
in this parameter; i) increase (+); ii) decrease (-)
and a bell-shape response, where an initial increase

occurs at low impact levels, followed by a reduction
at high impact levels. GPP increased in 62% (18)
of these studies and reductions were observed in
only 13.8% (4), while “bell shape” responses where
shown in only 6.8% (2) of cases. Respiration was
less sensitive to agricultural stress and responses were
observed in 72.4% (21) of these cases. Respiration
increases occurred in 16 studies (55.2%) while
reductions were observed in only 5 studies (17.2%).
Contrary to GPP no study showed a bell shape
response in relation to R (Figure 2).

Urban land use showed significant influence
instream metabolism in 75% of all cases (12), and
in 43.7% of these (7) land-use stress produced
simultaneous changes in both GPP and R rates.
Among the twelve studies that showed stream
metabolic responses related to urban land use GPP
showed changes in 75% (9) of the cases and the
most common response was GPP increases that
occurred in 58% (7) of cases while GPP reductions
were found in only 2 (17%). Respiration rates
responded to urbanization in 84% (10) of these
studies, with increases in R occurring in 67% (8)
of cases while 2 studies (17%) showed R reductions
(Figure 3).

Stream metabolic parameters showed no
predominance in response related to a specific
geographic scale, since proportion of overall
response in metabolic parameters occurred in
each geographic scale were very similar to the
proportion of works studying land-use effects at
this scale. For example, 30% of the studies related
to agricultural impact studied this at riparian scale
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Figure 2. Proportion of studies that found metabolic response related to agricultural land-use (slice chart) and
proportion of different responses of GPP and R found in the responsive studies (bar chart).
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Figure 3. Proportion of studies that found metabolic response related to urban land-use (slice chart) and proportion
of different responses of GPP and R found in the responsive studies (bar chart).

and in 31% there was a response in GPP and 32%
with response in R the responses occurred at this
scale. In a similar way 75% of the studies related to
urban land use impacts used catchment scale, and
GPP and R responded to the stress at this scale in
67% of the cases.

Among the six studies evaluating restoration
effects, three (McTammany et al., 2007;
Northington et al., 2011; Giling et al., 2013)
studied the effects of riparian reforestation on
stream metabolism. McTammany et al. (2007)
and Giling et al. (2013) found reductions in
GPP caused by increases in riparian shading, and
Giling etal. (2013) also found respiration increases.
The work of Northington et al. (2011) tested the
effect of riparian and benthic restoration in a highly
impacted environment (mine impaired stream),
and the authors found no significant changes in
stream metabolism after restoration suggesting that
it was inefficient to return these highly impacted
environments to close to pristine conditions. Pearce
& Yates (2015) evaluated the effects of riparian
management practices, such as riparian buffer
protection and restrictions to livestock access, in
mitigating in-stream effects of agriculcural impacts
occurring upstream. In this study these practices
did not change stream metabolic rates which
continued to be very similar to upstream areas were
no management practice were done.

Roley et al. (2014) studying the effects of
floodplain restoration found increases in GPP and
a reduction in its variation after intense flooding
events. Hoellein et al. (2012) tested specifically the
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effect of physical benthic restoration of agricultural
streams and found no significant changes in stream
metabolism after this kind of restoration.

4. Discussion

Most of the analyzed works were carried out in
temperate regions, especially in deciduous forest
environments, while other environments were
very poorly represented. Only two studies (Young
& Huryn, 1999; Bernot et al., 2010) performed
comparisons between different environments.
The work of Young & Huryn (1999) showed
that streams running through deciduous forests
and temperate grasslands are both heterotrophic
environments having surprisingly similar metabolic
rates with high respiration rates and low primary
production. However, under agricultural impact
both environments presented a tendency to
autotrophy caused by a strong increase in production
rates, especially in grassland streams. This work also
shows that originally-forested streams running across
agriculture and silviculture (exotic pine plantation)
land-use areas present very similar increases in
GPP and reductions in R. However, the changes
were minor when compared with the changes
occurring in metabolism of grassland streams under
agricultural pressure. The work of Bernot et al.
(2010) compared the effects of land-use changes in
stream metabolism across different environments,
showing that metabolic differences between rivers
in different environments (including tropical and
deciduous forests, temperate grasslands and deserts)
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tended to be reduced after anthropogenic impact
(agriculture and urbanization), which occurred
mainly by GPP increases that led the streams in
general to a less heterotrophic situation.

Only eight works studied land-use influence
in tropical streams (including Bernot et al., 2010).
These studies were conducted in tropical forests
and cerrado savanna streams and showed similar
metabolic responses among environments where
the most common response was GPP and R
increases after anthropogenic impact. Giicker et al.
(2009) studying streams in a cerrado area found
that agricultural stress increased respiration rates
per area of heterotrophic biofilm, but agricultural
impact also led to physical stress causing a strong
reduction in biofilm biomass leading to an overall
reduction in R rates. The same study also found that
GPP increases related to agricultural activity were
rather caused by an increased in photosynthetic
efficiency than by autotrophic biomass increase.
Bott & Newbold (2013) working in Peruvian
rainforest also found 2-fold GPP increases, but
probably the photosynthetic efficiency was reduced
since algal biomass increased 8 fold. Contrary to
this, Carlson et al. (2014) apparently working with
relative low levels of agricultural anthropogenic
impact (agroforestry and palm oil plantations
Elaeis guineensis - that maintain riparian shading
and allochthonous matter input similar to pristine
conditions) found a small reduction in GPP
associated to traditional agroforestry management
(rice and fruit garden) but no change associated
with palm oil plantations. In another direction, the
same study found an increase in respiration rates in
palm oil culture that did not occur in agroforestry
environments. This respiration increase could be
driven by elevation in stream water temperature that
was registered in palm oil areas. Silva Junior et al.
(2014) working in Adantic rainforest/cerrado
transition area, found respiration increases related
to low level of urbanization that was probably driven
by nitrogen enrichment. Rosa et al. (2013) studying
impact of small fish-farm effluent in streams in the
same region also found strong respiration increase
that in this case was related to nutrient enrichment
and amount of particulate organic matter.

Most of the studies measured stream metabolism
using open-channel techniques, especially the
single station approach. Usually open channel
methods are considered more suitable for measuring
whole-system effects of land use stress (Grace
& Imberger, 2006), since they measure the
whole system metabolism and not just a specific
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substratum. Open channel methods are also easy
to implement, especially in catchment scale studies.
However, the open-channel approach requires good
reaeration estimates, and as was demonstrated by
Iwata et al. (2007) different techniques to estimate
reaeration can lead to different results.

Only three studies used both open channel
methods. Beaulieu et al. (2013) found strong
agreement between “one station” and “two
station” approaches, while Roley et al. (2014)
found smaller values of GPP using the two station
approach, which the authors attributed to a smaller
reach size measured in this approach compared
to the estimated reach size measured using the
one-station approach in that specific situation.
Young & Huryn (1999) also found small differences
between methods where the two-station approach
resulted in higher R rates, but this difference did
not have appreciable effect in the GPP/R ratios.
Thus, including considerations about reach size
measured by each method in each specific situation,
both open channel approaches seem to have strong
concordance.

Benthic chambers usually provide a more reliable
measure of oxygen metabolism, especially in high
turbulent small streams, since it is not influenced by
reaeration. Chamber are especially useful to analyses
whether different substrates types (i.e. sand, rock)
respond different to a metabolic change trigged
by land use alteration (Grace & Imberger, 2000).
However, due its restriction to specific substracum
types is necessary a good replication in different
substratum types especially when this substrates is
very heterogeneous. This need for replication can
make the use of benthic chamber to evaluate land
use effects very expensive and time consuming,
limiting its appliance. There also some criticisms
about artificiality introduced by the chamber which
can cause nutrient depletion and temperature
change (Hauer & Lamberti, 2011), introducing
other sources of errors in metabolic measures.

The largest proportion of the analyzed studies
evaluated effects of agriculture and urbanization,
especially those related to non-point source of stress,
however different ways of evaluating land use and
anthropogenic pressure were applied. In general,
vegetation land-cover evaluation using satellite
images was the most common descriptor of land use
impact. Young & Collier (2009) used a variation
of this approach that attributed different weights
to different land-use categories and Izagirre et al.
(2008) used industrialization percentage and
human and livestock density as indicators of land
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use pressure. Yates et al. (2014) tested the responses
of many ecological variables to different kinds
of anthropogenic pressure descriptors including
land cover descriptors, agriculture and livestock
production numbers, as well as those related to
farm-management practices. In this study, different
kinds of ecological variables showed specificity in
the response to stress indicators, and usually were
sensitive to just one or few anthropogenic pressure
descriptors.

Between works studying effects of habitat
restoration, the work of Roley et al. (2014) evaluate
the effects of flood plain restoration, show that
this slow flux areas can increase GPP by creating
and turn metabolic parameters more stable after
flood events, but had no effect during base flow
conditions. In a similar way Aristi et al. (2014)
(not accounted in this review) found that dams can
increase both GGP and R downstream. The authors
argue that dams create more suitable environments
for algae and macrophyte development thus
increasing GGP rates. It could in a limited extent
conducted to the increase in respiration rates, but
in this study R increases were even bigger that
GGP ones, and probably R increases were driven
by temperature increases.

McTammany et al. (2007) and Giling et al.
(2013) found that riparian vegetation restoration was
efficient in changing stream metabolic parameters
in the direction of what was expected for a pristine
situation. However, in the study of Pearce & Yates
(2015) management practices such as, restriction
of livestock access to stream channel, maintenance
of riparian buffers in limited areas, and others, did
not change the metabolic parameters of the studied
agricultural streams and management practices
were considered inefficient in change metabolic
parameters. Similarly, Northington et al. (2011)
did not find recovery of metabolic parameters in
rivers impacted by mine activity after riparian and
benthic habitat restoration, but in this study almost
all restored sites had less than 10 years of restoration
and authors argued that probably a further riparian
development will probably conduct to metabolic
modification.

Benthic restoration effects were also studied
by Hoellein et al. (2012) and also showed no
appreciable effects in stream metabolic rates in
agricultural impacted streams. In this study the
authors hypothesized that Increases in gravel,
cobble and boulder habitat artificially introduced
by restoration process will lead to an increase in
metabolic rates, since a similar relation was found in
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a previous study (Hoellein et al., 2007) and lead to
predictions that the manipulation of benthic habitat
would alter rates of ecosystem function. However,
its seems that restoration of these features do not
conducted to whole system changes in metabolism,
since its effects overwhelmed by riparian condition
effects. This way, these works seem to indicate that
riparian vegetation restoration is the most important
factor in restoring stream metabolic rates close to
pristine conditions, however even this approach
can be of limited application in highly impacted
systems.

There was a predominance of studies using
catchment geographic scale, and fewer studies
evaluating the relation between stream metabolism
and riparian vegetation. Among the thirteen
publications evaluating land use effects at the
riparian scale, four (Bunn et al., 1999, 2010;
Fellows et al., 2006; Burrell et al., 2014) considered
stream shading caused by riparian vegetation as a
riparian land use descriptor. However, shading does
not correspond to a real riparian land use measure,
since it does not give any information about riparian
buffer extent or structure, and is strongly influenced
by local conditions, which depend on stream size
and width. Besides this, it is inadequate to evaluate
riparian use in naturally open landscapes. In the
study of Pearce & Yates (2015) on the effects of
management practices were applied indices based
on the presence and extent of different management
practices, so this study also used an indirect measure
of riparian impact (restoration in this case). It is
surprisingly the scarcity of studies focused on
land-use effects at the riparian scale, since the close
relation between river metabolic balance and its
surrounding vegetation has been discussed for a
long time (e.g. Vannote et al., 1980). Some indirect
inferences on the effects of riparian change in stream
metabolism can be done, since many studies show
responses in structural components expected to
be strong related to stream metabolism, especially
modifications in benthic algae biomass and grazer
invertebrates abundance (Dance & Hynes, 1980;
Delong & Brusven, 1998; Sponseller et al., 2001).
However, extrapolations should be done carefully,
since the understanding of the relation between
structure and function is considered one of the
greatest challenges of ecology science nowadays
(Sandin & Solimini, 2009), and there are scarcity
of experimental data about this relationship.

Measurable metabolic changes under land-use
stress occurred in most of the analyzed studies,
especially in those studying streams under
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agricultural impacts. In more than half the cases
these changes occurred in both metabolic rates.
In general GPP rates seem to be more sensitive to
agricultural impacts showing alterations related to
agricultural stress in 82.8% of all responsive studies,
where usually there were increases in GPP rates
that were in general related to light and nutrient
increases. In some cases GPP showed measurable
response even in low impact levels as in the study
of Halbedel et al. (2013), where percentage of
impacted area in the analyzed catchment varied
only 7-17%, and riparian forests were always
present. Studying the effects of non-native arboreal
vegetation Riley & Dodds (2012) found the same
general trend occurring in an opposite direction
since this exotic vegetation reduced GPP by
shading. Contrary to these general results, some
studies showed GPP reductions associated with
agricultural land use. Brisbois et al. (2008) and
Hopkins et al. (2011) attributed these GPP
reductions to an elevated turbidity associated
with high levels of agricultural use in the studied
catchment. Hopkins et al. (2011) also found
respiration increases which can corroborate this idea
since R increases are expected if more suspended
solids are present in the water column. Moreover,
Yates et al. (2013) found differences in metabolic
responses in streams impacted by agriculture and
animal husbandry, where agriculture stimulated
GPP and animal husbandry activity was related to
GPP reductions. In this study it was possible that
there was an effect of livestock crossing the river and
grazing on riparian areas which increased turbidity
and impacted streambed.

Assessing deforestation effects (as proportion of
naked soil varying between 1.8-13%) at catchment
scale, Mulholland et al. (2005) verified GPP
reductions associated with this impact. In this
case, riparian vegetation remained unaltered and
probably the observed reductions occurred as effects
of increase in turbidity caused by leaching in the
areas without any vegetation cover. Studying the
same streams, Houser et al. (2005) found reductions
in R rates, which could happen as a consequence
of reductions in autotrophic respiration or in
the amount of organic matter received by the
stream. Similarly the study of Carlson et al.
(2014) showed small GPP reductions in stream
metabolism associated with traditional agroforestry
management (rice farm and fruit gardens), but palm
oil plantations did not have measurable effects on
GPP rates. In this study the in-stream shading was at
least in part maintained, which probably controlled
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GPP increases and the observed reductions could
be also a turbidity effect. Silva et al. (2013) found
that selective logging in the catchment where
a 15-m buffer zone was respected and where
riparian vegetation was integrally preserved had
no effect on stream metabolic rates. The studies
of McTammany et al. (2007) and Collier et al.
(2013) found initial increases in GPP under low
impact levels followed by GPP reductions in high
levels of agricultural impacts. Similarly to the
studies mentioned above, these GPP reductions in
high impact levels seem to be related to turbidity
increases caused by livestock activity in the stream
channel.

In general respiration rates seem to be less
sensitive to agricultural impacts, and the most
common response was increases in respiration
rates. These results are unexpected, since reductions
were expected as consequence of reductions
in allochthonous organic matter received by
streams running through agricultural landscapes.
In some cases (Burrell et al., 2014) there was
even an unexpected negative relationship between
riparian shading and R rates. Some studies (Von
Schiller et al., 2008; Yates et al., 2013) found a
strong relationship between GPP and R indicating
that to some extent respiration increases can occur
as consequence of autotrophic respiration increase
rather than heterotrophic respiration. However
the explanation provided by this mechanism can
explain only a part of the R increase. Many authors
(Hopkins et al., 2011; Rosa et al., 2013; Bott &
Newbold, 2013) argue that R increases under
agricultural stress could be caused by stimulation
in heterotrophic metabolism caused by increases in
temperature and nutrient concentration in stream
water. Another possibility proposed by Bott et al.
(2006b) and Clapcott & Barmuta (2010), is that
these respiration increases could occur due to
increases in hyporheic respiration as a consequence
of organic matter burial caused by siltation.

Urban land use also influences stream
metabolism in most of the cases. Under this
kind of stress R seems to be slight more affected
than GPP and the main response was increases
in both variables rates. Production increases
were most of the times attributed to increases
in nutrient concentration, especially ammonia
(Giicker & Pusch, 2006; Bernot et al., 2010;
Clapcott et al., 2010; Kaushal et al., 2014).
However, some studies found GPP reductions
in streams running across urban land-use areas.

In the study of Bott et al. (2006a) GPP was lower
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in the most urbanized catchment despite its higher
ammonium concentration. In this study the
authors argue that instead of urbanization in the
catchment area, most of the riparian shading was
maintained and this limited production. Iwata et al.
(2007) studying highly-urbanized catchments
also found GPP reduction that could have been
the effect of the highly impacted levels, similar
to the GPP reduction relationship to agricultural
stress. Respiration rates also increased with urban
land use and were many times related to nutrient
concentration (Clapcott et al., 2010; Izagirre et al.,
2008; Silva-Junior et al., 2014) and labile carbon
increases (Gilicker & Pusch, 2006). In only two
cases R reductions were observed (Bott et al., 2006a;
Iwata et al., 2007). Bott et al. (2006a) attributed this
response to its strong linkage with GPP (that also
diminished in this study), while Iwata et al. (2007)
argue that it could be an effect of reductions in the
amount of organic carbon arriving in the stream.

It is important to underline that instead of the
apparently smaller response of stream metabolism
to urban land use when comparing with agricultural
impacts, usually studies of urban land-use stress
evaluated effects of relatively low level of impact.
For example, Clapcott et al. (2010) found stream
responses in GPP and R even working with
minimum levels of disturbance at catchment scale
(<10% of urbanization) and Silva-Junior et al.
(2014) found responses in R considering riparian
land use scale and even smaller level of urbanization
(8% maximum). Theoretically stream metabolism
should be more sensitive to impacts at the riparian
scale, however in the revised works there was
not any evident relationship between metabolic
responses and the scale tested, since apparently the
proportions of responses in one given scale is very
close to the proportion in which that scale was
used. However the scale dependency is difficult to
analyze in these cases since different indicators are
used to describe a specific kind of impact in a given
scale, (e.g. population density x urban land cover, or
riparian land cover x instream shading). Moreover,
it is extremely difficult to separate effects related to
riparian scale from those related to catchment scale,
since regardless of the scale tested in a given study, in
most of the cases land-use impacts existed in more
than one scale at the same time.

5. Conclusions

There is scarcity of studies relating effects of
land use in stream metabolism in tropical areas and
studies in temperate biomes were almost 5 times
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more abundant in this review. This is particularly
worrying since these are the areas suffering more
intense land use modifications nowadays. Usually
studies are conducted in catchment scale and
with less research assessing land use effects at the
riparian scale that theoretically should have a more
strong relation to in-stream process. However,
among analyzed studies there was no evidence of
preferential metabolic responses related to a specific
scale.

Stream metabolism responded to land-use
impacts in most of the cases, showing that this
fundamental process is considerably affected by
land use. Metabolic rates usually increase with
agriculture and urbanization; GPP rates seem to
be mainly driven by light and nutrient increases.
Among the analyzed cases, nutrient concentration
should play a very important role since GPP
increases were observed even in cases where riparian
shading was maintained and in naturally open
landscapes such cerrado savanna and temperate
grasslands, so in these environments nutrient
increases may be a key factor controlling GPP.
However, instead of the GPP increase being the
common response, high level of impact can cause
increase in the amount of suspended solids in the
water and streambed alterations which reduce GPP
by light limitation or by partially excluding algae
and macrophytes. Unexpected respiration rate
increases should probably be partially influenced by
high importance of the autotrophic growth in these
systems. However, it is also highly probably that
inconspicuous allochthonous carbon sources, such
leached fine sediments, can be a strong influence,
as well as elevated nutrient concentration which
could be stimulate heterotrophic metabolism.
Agroforestry management practices seem to cause
minimal effects on stream metabolic rates and
restoration programs based on riparian vegetation
recovery seems to be efficient in driving metabolic
rates of impacted streams in the direction of a
more natural condition. However efficiency of this
approach seems to be dependent of the impact level.

To elucidate the specific mechanistic relations
between stream metabolic changes and land
use impacts is still one fundamental aspect to
elucidate in order to best predict effects of land use
changes and establish management and protection
programs, but it has been difficult since impacted
streams are usually under multiple stress scenarios.
Moreover, instead of some ecosystem aspects
being theoretically more related to a specific scale,
frequently land use impacts take place in different
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scales at the same time. Thus, studies of the
causative relations between stream processes and
land use changes which consider different scales are
fundamental to provide better explanations about
the key factors that drive the observed instream
metabolic changes.
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