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ABSTRACT

Forest change is a major environmental problem

worldwide. Forest streams, with their large aqua-

tic–terrestrial interface and strong dependence on

terrestrially derived organic matter, are highly

sensitive to forest changes. Fast-wood plantations

can be particularly threatening if they markedly

differ from native forests. Eucalyptus plantations, in

particular, cover large areas worldwide (> 20

million ha, mostly from 35�S to 35�N), but their

effects on stream functioning have been addressed

mostly in the Iberian Peninsula, which limits gen-

eralization to other regions. We assessed the effect

of eucalyptus plantations on total (microbial

decomposers and macroinvertebrates; in coarse

mesh bags) and microbial-driven (in fine mesh

bags) leaf litter decomposition by comparing

streams flowing through native forests and euca-

lyptus plantations in seven regions in the Iberian

Peninsula, Central Africa and South America. We

found an overall significant inhibition of total litter

decomposition by 23%. The effect did not signifi-

cantly differ across regions, although a significant

inhibition was found for Spain (- 41%), South

Brazil (- 31%) and Uruguay (- 36%) (Portugal

had a marginally nonsignificant inhibition by 50%)

but not for other regions, suggesting that the effects

of plantations in temperate climates are mediated

through effects on macroinvertebrate communities.

Received 21 April 2018; accepted 2 August 2018;

published online 21 August 2018

Electronic supplementary material: The online version of this article

(https://doi.org/10.1007/s10021-018-0292-7) contains supplementary

material, which is available to authorized users.

Author Contributions VF designed the study, analyzed the data and

wrote the original manuscript; all authors performed local experiments

and commented on previous versions of the manuscript.

*Corresponding author; e-mail: veronica@ci.uc.pt

Ecosystems (2019) 22: 629–642
https://doi.org/10.1007/s10021-018-0292-7

� 2018 Springer Science+Business Media, LLC, part of Springer Nature

629

https://doi.org/10.1007/s10021-018-0292-7
http://crossmark.crossref.org/dialog/?doi=10.1007/s10021-018-0292-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10021-018-0292-7&amp;domain=pdf


Contrarily, the overall effect for microbial-driven

litter decomposition was non-significant, but it

significantly differed across regions with a signifi-

cant stimulation in Central Brazil (110%) and Ur-

uguay (32%), and nonsignificant effects for other

regions (Kenya had a marginally nonsignificant

inhibition by 48%), suggesting that functional

redundancy among microbial communities is not

general and effects can occur if plantations induce

changes in nutrient availability, solar irradiation or

litter characteristics.

Key words: effect size; forest change; leaf litter

decomposition; mesh bags; meta-analysis; response

ratio; stream functioning.

HIGHLIGHTS

� Effects of eucalyptus plantations on stream

functioning were assessed in seven regions.

� Effects of plantations on litter decomposition

depended on decomposer communities and

region.

� Inhibition of decomposition was mostly mediated

by effects on macroinvertebrates.

INTRODUCTION

Total forest area has decreased worldwide, while

the area occupied by tree plantations has increased

(Payn and others 2015). In 2000, approximately 90

million ha were occupied by large-scale monocul-

tures that are intensively managed to produce high

volumes of wood at a fast rate (Gerber 2011). Such

plantations are mostly used to supply the paper

industry in developing countries and have been

promoted for mitigating climate change by trapping

atmospheric carbon (Bäckstrand and Lövbrand

2006; Zomer and others 2008). Thus, the increased

paper demands and the opportunities created by

the carbon sequestration market will likely increase

the pace of land conversion into fast-wood plan-

tations.

Eucalyptus plantations occupy large areas world-

wide (ca. 20 million ha in 2009; Iglesias-Trabado

and Wilstermann 2009), mostly between 35�S and

35�N. In the Iberian Peninsula, these plantations

occupy 1.5 million ha (IFN3 2007; ICNF 2013) and

are the predominant type of industrial fast-wood

plantation in the southern hemisphere (Iglesias-

Trabado and Wilstermann 2009). The replacement

of native forests by eucalyptus plantations may

strongly affect streams due to their large aquatic–

terrestrial interface and strong dependence on

riparian litter (Vannote and others 1980; Wallace

and others 1997).

Eucalyptus trees have high water demands

(Calder 2002), leading to decreases in runoff and in

aquifer levels (Lara and others 2009). Also, soils in

eucalyptus plantations are highly hydrophobic

(Abelho and Graça 1996; Fernández and others

2006), likely due to the accumulation of oils re-

leased from the leaves, hindering rain water pen-

etration and the replenishment of groundwater

reservoirs. Thus, stream hydrology is generally al-

tered, with reduced water flow over the year,

spates during heavy rain events and drought during

the dry season, especially in arid regions (Scott and

Lesch 1997; Lara and others 2009; Cordero-Rivera

and others 2017). Streams flowing through plan-

tations may also have altered light and temperature

regimes, if single-stemmed eucalyptus trees replace

wide-canopy deciduous trees.

Eucalyptus plantations may also promote chan-

ges in stream substrates and habitats due to the

deposition of bark and branches (Pozo and others

1997; Molinero and Pozo 2004; Santiago and oth-

ers 2012) and fine sediments (Siegloch and others

2014). Additionally, streams flowing through

eucalyptus plantations may endure changes in lit-

ter fall phenology, diversity, quantity and quality

when these plantations replace diverse native for-

ests composed of trees with traits markedly differ-

ent from those of eucalyptus (Abelho and Graça

1996; Pozo and others 1997; Graça and others

2002; Molinero and Pozo 2004, 2006). These

changes in environmental characteristics may af-

fect aquatic biota and ecosystem processes, which

may jeopardize streams ability to provide ecosys-

tem services (for example, good water quality,

food) (Graça and others 2002; Ferreira and others

2016).

One fundamental ecosystem process in forest

streams is litter decomposition (Vannote and others

1980; Wallace and others 1997), which is mostly a

biological process carried out by microbial decom-

posers (mostly aquatic hyphomycetes) and

macroinvertebrate shredders (Hieber and Gessner

2002). Microbes colonize the litter soon after it has

leached secondary compounds with antimicrobial

activity (for example, polyphenols), and their

activities lead to the mineralization of organic car-

bon, incorporation of carbon and nutrients into

microbial biomass and litter softening (Hieber and

Gessner 2002; Gulis and Suberkropp 2003; Gulis

and others 2006). These changes increase litter

palatability to shredders who incorporate it into
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secondary production (Hieber and Gessner 2002;

Cornut and others 2010). The relative role of mi-

crobes and macroinvertebrates on litter decompo-

sition depends on environmental characteristics

with cool-water streams (for example, at higher

latitude or elevation) generally bearing higher

species richness and density of shredders, which

contribute significantly to litter decomposition,

than warm-water streams where litter decomposi-

tion can be mostly microbial-driven (Dobson and

others 2002, 2004; Gonçalves and others 2006;

Boyero and others 2011a, b). Litter traits also

moderate the role of macroinvertebrates on

decomposition since these generally prefer soft and

nutrient-rich litter over more recalcitrant litter that

is mostly decomposed by microbes (Canhoto and

Graça 1995; Hieber and Gessner 2002; Gonçalves

and others 2007; Casotti and others 2014; Kiffer

and others 2018).

According to a recent meta-analysis, total (that

is, macroinvertebrate + microbial-driven) litter

decomposition is reduced in streams flowing

through eucalyptus plantations compared with

streams in native deciduous forests in the Iberian

Peninsula (Ferreira and others 2016). This is likely

due to the lower taxa richness, density or biomass

of benthic macroinvertebrates generally found in

the former than the latter streams (Abelho and

Graça 1996; Larrañaga and others 2009a, 2009b;

Ferreira and others 2015; Cordero-Rivera and

others 2017). The same meta-analysis reported that

microbial-driven litter decomposition is less af-

fected by forest change than total litter decompo-

sition (Ferreira and others 2016). Although species

richness and evenness of aquatic hyphomycetes are

generally lower in streams flowing through plan-

tations than in streams in native deciduous forests

in Portugal, and community structure differs be-

tween stream types in both Portugal and Spain

(Chauvet and others 1997; Bärlocher and Graça

2002; Ferreira and others 2006), the weak response

of microbial-driven litter decomposition to forest

change suggests high functional redundancy in

microbial communities between stream types

(Bärlocher and Graça 2002; Ferreira and others

2006).

Importantly, however, most studies addressing

the effects of eucalyptus plantations on stream

functioning have been carried out in the Iberian

Peninsula (reviewed by Graça and others 2002;

Ferreira and others 2016), which limits general-

ization to regions with distinct climate, vegetation

and contribution of macroinvertebrates to litter

decomposition. For instance, it is uncertain what

would the effect of eucalyptus plantations be on

litter decomposition in streams in regions with high

precipitation and where streams do not dry out (for

example, in tropical afromontane forests), in re-

gions with riparian vegetation dominated by ever-

green species with recalcitrant litter (for example,

in the Brazilian savannah), or in regions where

macroinvertebrates are not important decomposers

and litter decomposition is mostly microbial-driven

(for example, some tropical regions). Several

studies have compared the decomposition of native

leaf litter with that of different eucalyptus species

(Eucalyptus globulus: Canhoto and Graça 1996; Eu-

calyptus grandis: Gonçalves and others 2012a; Eu-

calyptus camaldulensis: Gonçalves and others 2012b;

Eucalyptus cloeziana: Rezende and others 2014), but

these do not allow assessing the full effects of forest

change (which go beyond those mediated by

changes in litter characteristics) on ecosystem

processes.

We present the first global assessment of how

litter decomposition is affected by eucalyptus

plantations, including seven regions distributed

across the Iberian Peninsula, Central Africa and

South America. In this collaborative, coordinated

study, we tested the following hypotheses: (1)

Eucalyptus plantations have an effect on litter

decomposition, and the effect depends (2) on the

type of decomposer community involved (total:

macroinvertebrates + microbes or microbes only),

and (3) on the region.

MATERIALS AND METHODS

Study Sites

Three streams flowing through native forests

(henceforth, native streams) and three streams

flowing through eucalyptus plantations (hence-

forth, eucalyptus streams) were selected in each of

seven regions: Spain, Portugal, Kenya, Central

Brazil, South Brazil, Uruguay and Chile (Table 1).

Eucalyptus and native streams were selected to

represent low-order streams within each forest type

in each region and were paired based on size,

substrate and geomorphology (three stream pairs

per region). Climate, soil, type of native forest and

eucalyptus species in plantations varied across re-

gions (Table 1). Differences in water temperature,

electrical conductivity, pH and dissolved nutrients

across regions reflected differences in climate,

geology and vegetation (Table 2). Within each re-

gion, streams had similar geomorphology and

bedrock; native streams were surrounded by simi-

lar vegetation. Streams were small (first–third or-

der; generally < 5 m wide and < 50 cm deep),
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with no sign of human impact (except for euca-

lyptus plantations in eucalyptus streams) (Fig-

ure 1).

Leaf Litter Decomposition

Alder (Alnus glutinosa (L.) Gaertn.) leaves were

collected from the forest floor just after abscission

in autumn 2014, in Coimbra, central Portugal.

Leaves were air-dried at room temperature in the

dark, stored in paper boxes and posted to all teams.

A. glutinosa is a broadleaf deciduous tree species

typical of riparian forests in Europe (Graça and

Poquet 2014), but it has been used in decomposi-

tion experiments worldwide for comparative pur-

poses (for example, Boyero and others 2011a, b;

Ferreira and others 2012; Woodward and others

2012) because it is a highly palatable leaf species to

shredders (Graça and others 2001; Azevedo-Pereira

and others 2006; Graça and Cressa 2010). Batches

of 2.30–2.80 g of air-dry leaves were weighed,

sprayed with distilled water to render them soft and

avoid breakage during handling and enclosed in

fine mesh (FM; 0.5-mm mesh) and coarse mesh

(CM; 10-mm mesh) bags (� 12 9 15 cm). Two

mesh sizes were used to allow assessing microbial-

driven litter decomposition (FM bags) and litter

decomposition driven by both microbes and

macroinvertebrates (CM bags). Twelve litter bags of

Table 1. Location, Climate, Soil and Forest in Seven Regions

Country Latitude

(�)
Longitude

(�)
Climate1 Soil2 Native

forest

Eucalyptus species

Spain 43.21 to

43.35

- 3.27 to

- 3.23

Cfb: warm tem-

perate, fully

humid with

warm sum-

mers

Umbrisols

(UM)

Deciduous

broadleaf

Eucalyptus globulus

Portugal 40.07 to

40.52

- 8.31 to

- 8.20

Csb: warm tem-

perate, warm

and dry sum-

mers

Umbrisols

(UM)

Deciduous

broadleaf

Eucalyptus globulus

Kenya 0.41 to

0.47

37.34 to

37.42

As: equatorial,

dry summers

Luvisols, Cam-

bisol (LV)

Tropical

afromon-

tane

Eucalyptus globulus or Eucalyptus

grandis

Central

Brazil

- 15.79

to -

15.73

- 48.07 to

- 47.94

Aw: equatorial,

dry winters

Ferralsols, Ac-

risols, Niti-

sols (FR)

Brazilian

savannah

Mixture of Eucalyptus grandis,

Eucalyptus saligna, Eucalyptus

alba, Eucalyptus urophyla,

Corymbia citriodora (previously

Eucalyptus citriodora)

South

Brazil

- 27.72

to -

27.45

- 52.33 to

- 52.06

Cfa: warm tem-

perate, fully

humid with

hot summers

Ferralsols, Ac-

risols, Niti-

sols (FR)

Araucaria

rainforest

Eucalyptus grandis

Uruguay - 34.65

to -

34.18

- 55.31 to

- 54.99

Cfa: warm tem-

perate, fully

humid with

hot summers

Phaeozems

(PH) and

Kas-

tanozems,

Solonetz

(KS)

Subtropical

seasonal

semi-de-

ciduous

Mixture of Eucalyptus globulus and

Eucalyptus viminalis

Chile - 37.69

to -

37.51

- 73.36 to

- 73.24

Cfb: warm tem-

perate, fully

humid with

warm sum-

mers

Cambisol (CM) Coastal

deciduous

Eucalyptus globulus

Location of streams, climate, soil, type of native forest and eucalyptus species used in plantations in seven regions.
1World maps of Köppen–Geiger climate classification: http://koeppen-geiger.vu-wien.ac.at (accessed on October 2017); 2World soil resources map: ftp://ftp.fao.org/agl/agll/fa
omwsr/wsavcl.jpg (accessed on October 2017).
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each mesh size were deployed along a 50-m reach

in each stream.

Additionally, sets of six litter bags from each

mesh size were prepared as described above, taken

to the field on day 0 and submerged for about

10 min in one stream per region. Litter bags were

taken back to the laboratory, and litter was oven-

dried (60�C, ‡ 48 h) and weighed for the determi-

nation of initial oven-dry mass that allowed com-

puting an initial air-dry mass to initial oven-dry

mass conversion factor taking into account han-

dling losses. This conversion factor was used to

estimate the initial oven-dry mass of the samples.

Replicate litter bags (n = 4) were sampled on

three occasions over the incubation period that

lasted for 21–60 days, between November 2014

and February 2016. Maximum incubation period

and sampling dates varied across regions, but not

across streams within regions, and were defined

to allow at least 50% mass loss in coarse mesh

bags. Litter bags were retrieved, enclosed indi-

vidually in plastic bags and taken to the labora-

tory in an ice chest. Leaves were rinsed with

running tap water over a 0.5-mm mesh sieve to

retain small leaf fragments, oven-dried (60�C,

‡ 48 h) and weighed for the determination of

remaining dry mass (DM). Decomposition rates

(k,/d) were estimated by fitting a negative expo-

nential model to the fraction of mass remaining

over time; DMt/DMi = e-kt, where DMt is the DM

remaining at time t (d), DMi is the initial DM and

k is the decomposition rate on a daily basis. Since

streams differed in water temperature, decompo-

sition rates were also estimated on a degree-day

basis (k,/dd) by replacing time in the model above

by the cumulative thermal sum at the sampling

date, and these values were used for the analyses.

Data Analysis

The overall effect of eucalyptus plantations on

stream water and alder leaf litter decomposition,

and the effects of region and mesh size on the

magnitude and direction of the response of these

variables to plantations were assessed using meta-

analytic techniques. These are most often used in

the context of systematic reviews, but can also be

applied to multisite studies (Rustad and others

2001; Walker and others 2006; Gurevich 2013).

Figure 1. Examples of streams flowing through native forests (N) and eucalyptus plantations (E).
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The response of water characteristics and alder

leaf litter decomposition to the replacement of na-

tive forests by eucalyptus plantations (effect size)

was estimated as the response ratio (R), which is

given by the ratio of the variable of interest (for

example, litter decomposition rate) in the euca-

lyptus stream (kE) to the variable of interest in the

paired native stream (kN) (R = kE/kN); R = 1 indi-

cates no effect of eucalyptus plantations, R < 1

indicates an increase and R > 1 indicates a de-

crease in the variable of interest in eucalyptus

streams (Hedges and others 1999). Values were ln-

transformed (lnR) for the analyses. The variance

associated with the effect size (VlnR), which is

needed to weigh each effect size by its precision,

was estimated from the standard deviation and

sample size associated with each mean value.

The overall response of the variable of interest to

eucalyptus plantations was determined using a

random-effects model of meta-analysis; between-

study variance was estimated by the restricted

maximum likelihood method (Borenstein and

others 2009). The effects of mesh size (that is, type

of decomposer community) and region on the

magnitude and direction of the response of the

variable of interest to eucalyptus plantations were

assessed by subgroup analyses. For the interpreta-

tion of the results, R values were converted into

percentage of change with 0% indicating no effect

of eucalyptus plantations, negative values indicat-

ing percentage decrease and positive values indi-

cating percentage increase of the variable of

interest in eucalyptus streams. A significant effect

existed if the 95% CL did not include 0, and effects

were significantly different if their 95% CLs did not

overlap (QM, p < 0.050; Borenstein and others

2009). The percentage of total variability that was

due to between-study variation rather than sam-

pling error (I2) was also calculated (Borenstein and

others 2009). Analyses were performed with

OpenMEE software (Wallace and others 2017).

RESULTS

Stream Characteristics

Overall channel width was significantly lower in

eucalyptus than in native streams, although dif-

ferences between stream types were consistently

non-significant within each region (Table 2 and

Table S1). Overall water depth and dissolved inor-

ganic nitrogen (DIN) did not significantly differ

between stream types, although eucalyptus streams

were significantly deeper than native streams in

Uruguay (by 40%) and shallower in Portugal (by

26%) and DIN concentration was significantly

lower in eucalyptus than in native streams in Spain

(by 58%). Discharge and oxygen saturation did not

significantly differ between eucalyptus and native

streams at the regional or overall level.

Overall water temperature, conductivity, pH and

soluble reactive phosphorus (SRP) did not signifi-

cantly differ between eucalyptus and native

streams, but there were significant differences be-

tween stream types in some regions. Temperature

was significantly higher in eucalyptus than in na-

tive streams in Portugal (by 18%) and lower in

Uruguay (by 21%); conductivity was significantly

lower in eucalyptus streams in Chile (by 8%) and

in Uruguay (by 54%); pH was significantly higher

in eucalyptus streams in South Brazil (by 4%) and

lower in Uruguay (by 7%); and SRP concentration

was significantly lower in eucalyptus streams in

Kenya (by 74%) and in Uruguay (by 73%) (Table 2

and Table S1).

Leaf Litter Decomposition

Alder leaf litter decomposition rates varied 15-fold

in FM bags across regions, from 0.00024/dd in na-

tive streams in Central Brazil to 0.0037/dd in native

streams in Kenya, and sixfold in CM bags, from

0.0009/dd in native streams in Central Brazil to

0.0049/dd in native streams in Portugal, being

generally higher in CM than in FM bags (kCM/kFM,

range: 1.0–3.9, mean: 2.2) (Figure 2).

The overall response of litter decomposition rates

to eucalyptus plantations was an apparent decrease

by 11%, which was non-significant (95% CL: - 24

to 5%) (Figure 3), but the percentage of total

variation explained by between-study variation

was high (I2 = 93%), suggesting that differences in

mesh size and region may moderate the response of

litter decomposition to forest change. When re-

sponses were considered per mesh size, no signifi-

cant effect was found for FM bags (95% CL: - 16 to

29%), whereas an overall significant decrease by

23% (95% CL: - 39 to - 3%) was found for CM

bags (Figure 3), although the difference between

mesh sizes was non-significant (QM = 3.586, df = 1,

p = 0.058). The percentage of total variation ex-

plained by between-study variation was, however,

high for both FM and CM bags (I2 = 93% and 92%,

respectively).

The response of litter decomposition to planta-

tions significantly differed across regions for FM

bags (QM = 25.238, df = 6, p < 0.001), with a sig-

nificant increase in litter decomposition in euca-

lyptus streams by 110% (95% CL: 11–300%) for

Central Brazil and by 32% (95% CL: 13–54%) for
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Uruguay and nonsignificant effects for the

remaining regions (for Kenya the effect was mar-

ginally non-significant: mean decrease by 48%;

95% CL: - 73 to 0.2%) (Figure 3).

For CM bags, the response of litter decomposition

to plantations did not significantly differ across re-

gions (QM = 7.498, df = 6, p = 0.277), although a

significant decrease was found for Spain (- 41%;

95% CL: - 52 to - 27%), South Brazil (- 31%;

95% CL: - 41 to - 19%) and Uruguay (- 36%;

95% CL: - 49 to - 20%), while no significant ef-

fects were found for the remaining regions (for

Portugal the effect was marginally non-significant:

mean inhibition by 50%; 95% CL: - 75 to 3%)

(Figure 3). There was a high variation in some re-

gions (for example, Central Brazil for FM bags and

Kenya, Central Brazil and Chile for CM bags; Fig-

ure 3) suggesting that local (stream) conditions

moderate the response of litter decomposition to

forest change.

DISCUSSION

Our first global assessment of the effects of euca-

lyptus plantations on stream ecosystem functioning

shows that such effects depend on the type of

decomposer communities (microbes only or

microbes + macroinvertebrates) and vary among

different regions across the distribution area of

eucalyptus plantations. The observed variation in

the response of litter decomposition to eucalyptus

plantations suggests that we cannot make gener-

alizations across regions. In regions where shred-

ders are abundant (as indicated in previous

studies), eucalyptus plantations seem to inhibit

litter decomposition by affecting shredder com-

munities. Microbial-driven litter decomposition

may also respond to eucalyptus plantations, espe-

cially if these are accompanied by changes in dis-

solved nutrient availability, litter characteristics or

solar irradiation. The present study builds up on the

meta-analysis by Ferreira and others (2016) by

showing that, indeed, results from studies in the

Iberian Peninsula cannot be extrapolated to other

regions since there are regions where total litter

decomposition was not overall affected by euca-

lyptus plantations and there are regions where

microbial-driven litter decomposition was affected

by plantations, contrarily to what has been ob-

served for the Iberian Peninsula.

There was an overall reduction of total litter

decomposition (that is, in CM bags) in streams

flowing through eucalyptus plantations, whereas

there were no overall effects on microbial-driven

litter decomposition (that is, in FM bags). This

agrees with results from the largest previous study

comparing leaf litter decomposition between native

and eucalyptus streams in the Iberian Peninsula (5

stream pairs in each of Portugal and Spain; Ferreira

and others 2015), which reported a mean decrease

by 42% for litter decomposition in CM bags in

eucalyptus streams, while litter decomposition in

FM bags was less affected (mean decrease by 7%).

Also, a meta-analysis of 10 primary studies assess-

ing the effects of eucalyptus plantations on leaf

litter decomposition in Iberian streams showed a

stronger decrease of litter decomposition in CM

bags (mean decrease by 36%) than in FM bags

(mean decrease by 7%) (Ferreira and others 2016).

Thus, our present results are consistent with those

Figure 2. Litter decomposition rates (mean ± standard error, n = 3) in fine mesh and coarse mesh bags incubated in

native (N) and eucalyptus (E) streams in seven regions.
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reported previously for the Iberian Peninsula,

which suggested that the effects of eucalyptus

plantations on litter decomposition are mediated

through effects on shredders.

In fact, taxon richness, density or biomass of

benthic macroinvertebrates (including shredders)

are generally lower in streams in E. globulus plan-

tations than in streams in native deciduous forests

in the Iberian Peninsula (Abelho and Graça 1996;

Larrañaga and others 2009a, b; Ferreira and others

2015; Cordero-Rivera and others 2017; some of

these streams were used in the present study). Also,

changes in shredders trait distribution have been

reported when native deciduous forests are re-

placed by E. globulus plantations, including a de-

crease in species with long life cycles, large body

sizes and feeding on coarse particulate organic

matter in eucalyptus streams (Larrañaga and others

2009a). These changes can be partially explained

by increased intermittency in eucalyptus streams. It

has been shown that the density of benthic

macroinvertebrates (and of shredders in particular)

decreases with decreasing flow permanence and

increasing duration and frequency of drying

events, leading to a reduction of litter decomposi-

tion rates (Datry and others 2011).

Changes on benthic macroinvertebrate commu-

nities in eucalyptus streams may also be due to

changes in the characteristics of litter inputs (Lar-

rañaga and others 2014). For instance, streams

flowing through mixed native deciduous forests in

the Iberian Peninsula receive most of the litter fall

in autumn and winter; this diverse litter input is

composed of litter species with distinct character-

istics, ranging from soft, nutrient-rich to tough,

nutrient-poor litter (Abelho and Graça 1996; Pozo

and others 1997; Molinero and Pozo 2004; some of

these streams were used in the present study). On

the contrary, streams flowing through E. globulus

plantations receive litter throughout the year, with

a peak in summer (Abelho and Graça 1996; Pozo

and others 1997; Molinero and Pozo 2004). This

accumulation of eucalyptus litter in the benthos at

a time of low flow may contribute to the formation

of pools with detrimental conditions for aquatic

live, that is, high concentration of toxic leaf lea-

chates (Canhoto and Laranjeira 2007; Canhoto and

others 2013; Gama and others 2014). Also, euca-

lyptus leaves have high concentration of secondary

compounds with antimicrobial activity (for exam-

ple, polyphenols and essential oils) and a tick waxy

cuticle (Molinero and others 1996; Pozo and others

1997; Canhoto and Graça 1999; Molinero and Pozo

2006; Hepp and others 2009), which makes them a

poor resource for shredders (Canhoto and Graça

1995, 1999). The sub-optimal eucalyptus resource,

when compared with some native litter species,

may lead to reduced growth and survival of

shredders (Canhoto and Graça 1995; Correa-Ara-

neda and others 2015; Kiffer and others 2018),

which in the long term may result in depleted

macroinvertebrate communities.

Additionally, changes in benthic macroinverte-

brate communities may be driven by modifications

in fish communities induced by forest change. In-

creases in solar exposition (for example, by

replacing wide canopy species by single-stemmed

eucalyptus trees) can lead to increases in fish

densities (Teixeira-de-Mello and others 2015) that

may prey on macroinvertebrates and reduce their

Figure 3. Response of litter decomposition to eucalyptus

plantations (% change), overall, per mesh size and per

region. The dashed line (0%) indicates no effect of

eucalyptus plantations, positive values indicate

percentage increase, and negative values indicate

percentage decrease of litter decomposition in

eucalyptus streams. Significant effects exist when the

95% CL does not include 0 (black symbols), and effects

significantly differ between levels within each moderator

if their 95% CLs do not overlap. CM coarse mesh, FM fine

mesh.
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densities in eucalyptus streams (Mcintosh and

others 2005). Given that fish species richness and

densities are generally higher in subtropical than in

temperate regions (Teixeira-de-Mello and others

2012), effects of forest change on fish communities

might be stronger in streams in the former regions.

Although the effect of eucalyptus plantations on

total litter decomposition did not significantly differ

across regions, it was significant or nearly signifi-

cant only for regions with temperate climate

(Spain, Portugal, South Brazil and Uruguay). This

suggests that changes in macroinvertebrate com-

munities induced by eucalyptus plantations re-

ported for temperate climates cannot be

extrapolated to other climatic zones. The highly

variable effect of eucalyptus plantations on total

litter decomposition in Kenya, Central Brazil and

Chile (for example, varying from strong decrease,

to no effect, to strong increase within a single re-

gion), which resulted in nonsignificant effects of

eucalyptus plantations at the regional level, may be

due to variation in local factors as discussed below.

Shredder abundance is low in some Kenyan

streams (Dobson and others 2002), and thus, litter

decomposition could be primarily mediated by

microbes in these streams (Dobson and others

2004), while shredders contribute substantially to

litter decomposition in other streams (Boyero and

others 2015). A negligible contribution of shredders

to litter decomposition has been found also in some

tropical streams in Central and South America,

including the Brazilian savannah (Gonçalves and

others 2006, 2007; Camacho and others 2009;

Boyero and others 2015), whereas shredder abun-

dance and richness seem to increase with elevation

in different tropical regions (Camacho and others

2009; Yule and others 2009). This variation in

shredder abundance in tropical streams may ex-

plain why litter decomposition is inhibited by

eucalyptus plantations in some streams whereas no

effect is observed in others. Additionally, the higher

litter decomposition in one of the eucalyptus

streams in Kenya may be attributed to the much

higher discharge in this stream when compared

with the native stream (368 vs. 21 L/s). Also, the

higher litter decomposition in eucalyptus streams

in Central Brazil could be due to eucalyptus leaves

being of higher nutritional quality than native

leaves (Gomes and others 2018), which may result

in higher microbial inoculum potential in euca-

lyptus streams. Eucalyptus plantations in Central

Brazil were also more diverse than in other regions

(Table 1), which may have ensured a higher

diversity of substrates for aquatic communities in

eucalyptus streams in this region when compared

with eucalyptus streams in other regions. The

strong stimulation of litter decomposition in some

eucalyptus streams in Chile could result from less

recalcitrant litter in these streams than in native

streams where some of the endemic tree species

contribute with litter that is tough and has high

lignin and secondary compounds concentrations

(Muñoz-Concha and others 2004). This variation

in the effects of eucalyptus plantations on leaf litter

decomposition reinforces the suggestion that effects

are stronger for streams where shredders are well

represented, but may depend on local factors (Pozo

and others 1998; see above).

Litter decomposition in fine mesh bags was not

overall affected by eucalyptus plantations, but

there were significant differences across regions.

Microbial decomposers generally differ between

streams in E. globulus plantations and streams in

native deciduous forests in the Iberian Peninsula

(Chauvet and others 1997; Bärlocher and Graça

2002; Ferreira and others 2006; some of these

streams were used in the present study), but this is

not generally translated into altered microbial-dri-

ven litter decomposition (Ferreira and others 2016;

this study), suggesting high functional redundancy

in microbial communities in those areas. Contrarily

to what has been observed in the Iberian Peninsula,

microbial-driven litter decomposition was signifi-

cantly stimulated in eucalyptus streams in Central

Brazil and Uruguay and nearly significantly inhib-

ited in Kenya, which suggests that functional

redundancy in microbial decomposer communities

is not universal. In Kenya, microbial-driven litter

decomposition was lower in eucalyptus streams

that had significantly lower soluble reactive phos-

phorus concentrations than native streams, which

may have hindered microbial activity and litter

decomposition in the former streams (Gulis and

others 2006). In Central Brazil, microbial-driven

litter decomposition was higher in eucalyptus than

in native streams likely due to the better quality of

eucalyptus than native leaves as mentioned above

(Gomes and others 2018). In Uruguay, microbial-

driven litter decomposition was also higher in some

eucalyptus than in native streams, which may be

partially explained by the fact that some eucalyptus

streams were exposed to solar irradiation since

plantations were not present in the stream banks

(Figure 1). Exposure to solar irradiation, by allow-

ing the development of primary producers, may

have facilitated a priming effect by which microbial

decomposers would benefit from labile carbon

produced by algae and decompose more recalci-

trant substrates (that is, litter) at faster rates

(Danger and others 2013; Kuehn and others 2014).
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Our results show that, even if eucalyptus streams

are surrounded by trees, providing shade and or-

ganic matter, they endure multiple changes that

result in altered ecosystem functioning, which may

jeopardize their ability to provide ecosystem ser-

vices. The ratio of litter decomposition rates at

impacted and reference sites (kimp/kref), which is

equivalent to the response ratio used here (R = kE/

kN), was proposed as a metric to assess functional

stream integrity (Gessner and Chauvet 2002). We

found that total litter decomposition (in CM bags)

should be addressed for an accurate evaluation of

eucalyptus effects on ecosystem functioning,

whereas microbial-driven litter decomposition (in

FM bags) is preferable when shredders are rare or

absent and physical abrasion by current and sedi-

ments is a possibility. The use of litter decomposi-

tion as a bioassessment tool has several advantages

compared with several methods based on structural

characteristics of stream ecosystems (Bonada and

others 2006). First, it is a fundamental ecosystem

process, and thus, it allows assessing stream func-

tional integrity, which is intimately linked with the

ability of the system to provide services. Secondly,

it is not based on taxonomic identification, and

thus, it allows cross-regional comparisons of forest

change effects on streams. In addition, it is easy to

standardize and implement, even in comparison

with other stream processes (von Schiller and

others 2017). Thus, the response ratio is a useful

approach to address forest change effects on stream

ecosystem functioning (Ferreira and others 2015,

2016). This is especially relevant at a time of in-

tense forest change with the increase in the area

occupied by commercial tree plantations, changes

in forest composition due to climate change (for

example, increase in drought-tolerant and decrease

in drought-sensitive species in a scenario of

increasing aridity) and invasion of native forests by

exotic species (Kominoski and others 2013).
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restais de Portugal continental. Resultados preliminares. Lis-

bon: Instituto de Conservação da Natureza e das Florestas. p

34.

IFN3. 2007. Tercer inventario forestal nacional. Madrid: Minis-

terio de Agricultura, Alimentación y Medio Ambiente.

Iglesias-Trabado G, Wilstermann D. 2009. Eucalyptus Univer-

salis. Global cultivated eucalypt forests map 2009. GIT For-

estry Consulting’s Eucalyptologics: Information resources on

Eucalyptus cultivation worldwide. Available at http://www.g

it.forestry.com/.

Kiffer WP Jr, Mendes F, Casotti CG, Costa LC, Moretti MS. 2018.

Exotic Eucalyptus leaves are preferred over tougher native

species but affect the growth and survival of shredders in an

Atlantic Forest stream (Brazil). PLoS ONE 13:e0190743.

Kominoski JS, Shah JJF, Canhoto C, Fischer DG, Giling DP,

González E, Griffiths NA, Larrañaga A, LeRoy CJ, Mineau

MM, McElarney YR. 2013. Forecasting functional implications

of global changes in riparian plant communities. Front Ecol

Environ 11:423–32.

Kuehn KA, Francoeur SN, Findlay RH, Neely RK. 2014. Priming

in the microbial landscape: periphytic algal stimulation of

litter-associated microbial decomposers. Ecology 95:749–62.

Lara A, Little C, Urrutia R, McPhee J, Álvarez-Garretón C,
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Eucalyptus Plantations and Stream Functioning 641

http://www.git.forestry.com/
http://www.git.forestry.com/


M, Pereda O, Petrovic M, Pozo J, Rodrı́guez-Mozaz S, Rivas D,

Sabater S, Sabater F, Skoulikidis N, Solagaistua L, Vardakas L,

Elosegi A. 2017. River ecosystem processes: a synthesis of

approaches, criteria of use and sensitivity to environmental

stressors. Sci Total Environ 595–597:465–80.

Walker MD, Wahren CH, Hollister RD, Henry GHR, Ahlquist LE,

Alatalo JM, Bret-Harte MS, Calef MP, Callaghan TV, Carroll
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