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SUMMARY

1. Small woodland streams constitute the majority of water courses in many catchments. Given their

generally low water temperature, high surface : volume ratio and primarily heterotrophic nature,

such streams can be strongly affected by increases in temperature. It is therefore important to assess

how stream communities and processes respond to the global warming projected for this century.

2. We assessed the effects of a c. 3 °C experimental warming of stream water on decomposition of

Quercus robur leaf litter and on the associated fungal biomass (ergosterol concentration), sporulation

rates of aquatic hyphomycetes, and total macroinvertebrate and shredder abundance in spring,

autumn and winter.

3. A mountain stream reach in central Portugal was divided longitudinally over 22 m with local

stones. The study followed a before-after control-impact design, with both stream halves at ambient

temperature during 1 year and one stream half being experimentally warmed in the second year.

4. Experimental warming of stream water stimulated litter decomposition only in winter, probably

because at that time, the low natural temperature limited microbial activities. The effect of experi-

mental warming did not depend on the presence of macroinvertebrates. Contrary to expectations, no

significant effect of experimental warming was found on fungal biomass accrual, sporulation rate of

aquatic hyphomycetes or macroinvertebrate abundance on decomposing litter.

5. Although the stimulation of litter decomposition in winter could lead to food depletion, this is

unlikely when streams are subsidised by more recalcitrant leaves such as oak, which enter the stream

in later winter and decompose slowly.
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Introduction

The projected increase in global mean air temperature of

up to 4.8°C over this century (IPCC, 2013) will be mir-

rored by an increase in stream water temperature (Pil-

grim, Fang & Stefan, 1998). Such increase is likely to

stimulate metabolic activities, provided it does not

exceed species optimal temperature (Brown et al., 2004).

Laboratory studies have shown higher growth and spor-

ulation rates by aquatic fungal species (Grac�a & Ferreira,

1995; Chauvet & Suberkropp, 1998; Dang et al., 2009;

Duarte et al., 2013) and higher fragmentation rates by

stream invertebrate shredders (Gonz�alez & Grac�a, 2003;
Azevedo-Pereira, Grac�a & Gonz�alez, 2006) when temper-

atures increase up to the optimal temperature. This

enhanced activity can translate into accelerated decom-

position rates (Ferreira & Chauvet, 2011a,b). However,

many cool water organisms from high latitude/elevation

streams are already near their upper thermal tolerance

limit, and further increases in temperature can lead to

inhibition or suppression of activity (Gaufin & Hern,

1971; Moulton et al., 1993; Grac�a & Ferreira, 1995). Also,

species experience complex biotic interactions and are

affected by several abiotic factors under natural settings,
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which can affect their thermal optima (Webster, Moran

& Davey, 1976).

Correlative large-scale studies across streams over gra-

dients of elevation (Fabre & Chauvet, 1998; Taylor &

Chauvet, 2014), latitude (Irons et al., 1994; Boyero et al.,

2011b) or geothermy (Friberg et al., 2009) have reported

faster litter decomposition with an increase in tempera-

ture. The effect of temperature on litter decomposition

in these cases can, however, be confounded by parallel

changes in other factors (e.g. shredder density; Boyero

et al., 2011a). Additionally, the temperature gradient

addressed in these studies is often wider than the tem-

perature increase projected from a doubling in atmo-

spheric CO2 concentration. Thus, it might not be realistic

to predict the effects of warming on litter decomposition

in a given stream based on these wide range field sur-

veys (Woodward, Perkins & Brown, 2010).

In-stream manipulation of water temperature would

permit control of potentially confounding variables

while still giving information on the effects of warming

at the ecosystem level. However, this approach is logisti-

cally challenging, which explains why it has been per-

formed only once with surface (Hogg et al., 1995) and

once in hyporheic (B€arlocher et al., 2008) stream water,

both in the same stream (Valley Spring, southern

Ontario, Canada). The experimental warming of surface

water of a 1st order stream by 2–3.5 °C over 2 years led

to reduction in densities, increase in growth rates,

decrease in size at maturity and earlier emergence of

benthic macroinvertebrates in the heated stream half,

although the magnitude of the responses depended on

species identity (Hogg et al., 1995; Hogg & Williams,

1996). However, the effect of stream warming on ecosys-

tem-level processes was not addressed in this experi-

ment. B€arlocher et al. (2008) increased hyporheic stream

water temperature by an average of 4.3 °C over 1 year

and found lower diversity of aquatic hyphomycetes and

lower number of leaf fragments in the heated stream

half, suggesting faster decomposition of buried litter

with warming.

We experimentally warmed a stream to assess the

effect of a c. 3 °C increase in water temperature on the

decomposition of submerged Quercus robur L. leaf litter,

in the presence and absence of macroinvertebrates. The

experiment was conducted in spring, autumn and win-

ter. We anticipated that (i) experimental warming of

stream water would stimulate litter decomposition due

to the temperature sensitivity of biological activities

(Brown et al., 2004), (ii) stimulation by experimental

warming would be stronger in winter than in spring

due to the low natural temperature limiting microbial

activity (Kirschbaum, 1995) and (iii) stimulation would

be stronger in the presence of macroinvertebrates that

would profit from enhanced microbial colonisation of lit-

ter (Canhoto & Grac�a, 2008) and would have increased

feeding activity (Gonz�alez & Grac�a, 2003).

Methods

Experimental design

We studied the effect of an increase in water tempera-

ture on microbe-induced and overall (microbe- + macro-

invertebrate-induced) litter decomposition. The study

followed an unreplicated before-after control-impact

(BACI) design (Smith, 2002). Quercus robur leaves were

incubated in fine and coarse mesh (CM) bags over

60-day periods in spring, autumn and winter in both

halves of a mountain stream reach that was divided lon-

gitudinally. During the first year (February 2010–March

2011; ambient year), both stream halves were at ambient

water temperature, while during the second year (March

2011–February 2012; warmed year), one stream half

(experimental half) was warmed c. 3 °C above the ambi-

ent temperature registered in the other half (control

half) (Table 1). Leaf litter was not incubated during

summer because discharge was very low, which in the

warmed year prevented operation of the heating sys-

tem.

Study site

The study stream reach was located in Ribeira do Can-

dal (Lous~a mountains, central Portugal; 40°4044″N,

8°12010″W, 620 m a.s.l.), a 2nd order stream that drains

an area of 0.8 km2 covered by mixed deciduous forest

dominated by Castanea sativa Mill. and Q. robur. Human

activity in the catchment was low. The bedrock is schist,

and the stream substratum is mainly cobbles, pebbles

and sand. This stream was selected for this study

because it meets three criteria needed to carry out the

experimental warming: (i) it is a near-pristine stream

and yet (ii) is relatively close to a small mountain village

with electrical supply and (iii) is easily accessible.

The study stream was divided longitudinally into two

halves for a distance of 22 m using local stones driven

into the stream bed. The water provided to the study

reach was collected upstream and transported by gravity

through pipes to two 260-L stainless steel tanks that

delivered the water to both stream halves at 1.5–

3.0 L s�1 (Table 2) through two valves inserted in a dam

constructed upstream of the study reach. One of the
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tanks was equipped with 30 electrical resistors (2000 ;

Crussel, Alberto Lindo da Cruz, Lda, Mealhada, Portugal)

supplied by a constant 42 kW, which warmed the water

above ambient temperature during the warmed year. A

detailed description of the hydraulic and heating

systems can be found in Canhoto, Lima & Almeida

(2013). The target increase in water temperature was

3 °C, based on predictions for air temperature in

Portugal by the end of this century (Miranda et al.,

2002) and on the relationship between water and air

temperature reported for similar streams (Pilgrim et al.,

1998). However, mainly due to electrical shutoffs during

thunderstorms, the mean warming was 2.3 °C (autumn

2011)–3.0 °C (spring 2011) (Table 1).

Water variables

Water temperature was recorded hourly during the

study period in both stream halves using submersed

data loggers (Hobo Pendant UA-001-08; Onset Computer

Corp., Cape Cod, MA, U.S.A.). Hourly temperature

records were averaged to produce daily means, and

daily means were accumulated by the sampling dates to

generate thermal sums (degree-days). Weekly, discharge

was determined by recording the time needed to fill in a

10-L bucket at the outlet of the valves that delivered the

water to each stream half (Gore, 1996), and electrical

conductivity (LF 330; WTW, Weilheim, Germany), dis-

solved oxygen (Oxi 3210; WTW) and pH (pH 3110;

WTW) were recorded in situ in both stream halves. At

the same time, 300 mL of water was collected from each

stream half, filtered through glass fibre filters (47 mm ∅,

nominal pore size 0.7 lm; Millipore APFF04700; Milli-

pore Corp., , Billerica, MA, U.S.A.), transported on ice to

the laboratory and frozen until analysed for nutrient

concentrations. Nitrate concentration was determined by

ion chromatography (Dionex DX-120, Sunnyvale, CA,

U.S.A.), and soluble reactive phosphorus (SRP) concen-

tration was determined by the ascorbic acid method

(APHA, 1995). Alkalinity was determined by titration

with sulphuric acid to an endpoint of pH 4.2 (APHA,

1995).

Leaf litter decomposition

Castanea sativa and Q. robur contribute most to the ben-

thic litter standing stock in Candal stream. However,

due to differences in phenology between species, C. sa-

tiva trees shed most of their leaves earlier than Q. robur

trees (Pozo et al., 1997), and C. sativa leaves decompose

faster than Q. robur leaves (Ferreira, Encalada & Grac�a,
2012). Also, Q. robur is a marcescent species, i.e. it

retains dead leaves that can be dropped throughout the

year (Dios, Benoti-Garz�on & Sainz-Ollero, 2009). There-

fore, the presence of C. sativa leaves in the stream bed

in spring and summer is much reduced compared with

that of Q. robur. Quercus robur leaves were thus selected

for this study. Leaves were collected just after abscis-

sion in the Lous~a mountains (autumn 2006), air-dried

at room temperature and stored in paper boxes in the

dark until needed. All the leaf litter needed for this

study was collected in the same period (autumn 2006)

to decrease the variability in litter quality that could

arise from collecting the litter in different periods. Stor-

ing for 3.5–5 years did not noticeably change the litter.

Batches of air-dried leaves (2.24–2.54 g; approximately

Table 1 Mean water temperature (°C, �SD) and thermal sum (cumulative daily mean temperature over each 60-day study period) during

the seasonal decomposition experiments. The 2-week delay in litter incubation in autumn between the ambient and the warmed year was

due to the fact that the stream dried out for a longer period in summer 2011 than in summer 2010; comparison between stream halves and

years for each season was made by two-way ANOVA; treatments with the same letter do not significantly differ (Fisher’s test, P > 0.050)

Season Year Stream half Month/Year Start (day 0) End (day 60) Mean � SD

Thermal

sum

Spring Ambient Control April/2010–May/2010 2 April 2010 1 June 2010 10.8 � 1.3 a 658

Experimental April/2010–May/2010 2 April 2010 1 June 2010 11.1 � 1.3 a 679

Warmed Control April/2011–May/2011 31 March 2011 30 May 2011 11.8 � 0.9 b 719

Experimental April/2011–May/2011 31 March 2011 30 May 2011 14.8 � 1.4 c 903

Autumn Ambient Control October/2010–December/2010 15 October 2010 14 December 2010 9.8 � 1.2 a 599

Experimental October/2010–December/2010 15 October 2010 14 December 2010 10.1 � 1.1 a 614

Warmed Control November/2011–December/2011 28 October 2011 27 December 2011 9.7 � 1.1 a 592

Experimental November/2011–December/2011 28 October 2011 27 December 2011 12.0 � 1.8 b 730

Winter Ambient Control January/2011–February/2011 28 December 2010 26 February 2011 8.4 � 1.4 b 510

Experimental January/2011–February/2011 28 December 2010 26 February 2011 8.7 � 1.4 bc 533

Warmed Control January/2012–February/2012 27 December 2011 25 February 2012 6.4 � 1.2 a 388

Experimental January/2012–February/2012 27 December 2011 25 February 2012 9.2 � 2.4 c 560
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five leaves) were enclosed in bags of fine mesh (FM;

10 9 12 cm, 0.5 mm mesh) and of coarse mesh (CM;

10 9 12 cm, 10 mm mesh). FM bags were to prevent

the access of macroinvertebrates to the litter so that

decomposition is mostly microbial, while CM bags

allowed macroinvertebrates to contribute to decomposi-

tion. Fifteen litter bags of each mesh size were

deployed in each stream half in spring, autumn and

winter of the ambient year and then again during the

warmed year (Table 1). Due to low water depth

(<10 cm), Q. robur litter bags were in close contact with

the stream bed and naturally submerged litter; during

peak litter fall, bags were also completely covered with

litter. On day 0, five extra litter bags of each mesh size

were taken to the field, submerged for c. 10 min,

returned to the laboratory, oven-dried at 105 °C for

48 h, weighed (�0.1 mg) and ground (<500 lm powder

size; ZM 100; Retsch, Haan, Germany). A subsample of

litter powder was oven-dried, weighed, ignited and

reweighed to calculate the initial ash-free dry mass

(AFDM) that was used to create a conversion factor

between initial air-dry mass and initial AFDM taking

into account mass loss due to handling.

Litter bags (n = 3) were sampled after 11, 20, 31, 45

and 60 days incubation, transported to the laboratory on

ice and promptly processed. Leaves from FM bags were

gently rinsed with distilled water, and two sets of five

leaf discs were removed with a cork borer (12 mm ∅)

for microbial analyses (see below). The five leaf discs for

each set were removed from individual leaves when

possible, and discs for both sets were generally taken

symmetrically in relation to the main vein. Leaves from

CM bags were rinsed with tap water over a 500-lm
mesh sieve, and the macroinvertebrates retained were

recovered (see below). The remaining litter was oven-

dried, weighed and ground. A subsample of litter pow-

der was oven-dried, weighed, ignited and reweighed as

above to calculate ash fraction and AFDM remaining

(after correction for the mass of discs removed from FM

bags). Results were expressed as AFDM remaining (%)

at each sampling date.

Fungal biomass and conidial production

One set of five leaf discs was used for the determination

of ergosterol concentration, as a proxy of fungal bio-

mass. Leaf discs were frozen at �20 °C until ergosterol

extraction, and ergosterol was extracted, purified and

quantified following Grac�a, B€arlocher & Gessner (2005).

Ergosterol was converted into mycelial biomass assum-

ing 5.5 lg ergosterol mg�1 mycelial dry mass (DM)

(Gessner & Chauvet, 1993). Disc DM was converted into

AFDM using the ash fraction derived from the discs

used for sporulation (see below), and results were

expressed as mg mycelial biomass g�1 leaf litter AFDM.

The second set of five leaf discs was used to induce

conidial production by aquatic hyphomycetes. Conidial

production indicates fungal reproductive activity and is

usually highly sensitive to environmental changes (Cas-

tela, Ferreira & Grac�a, 2008; Lecerf & Chauvet, 2008).

Leaf discs were incubated in 100-mL Erlenmeyer flasks

with 25 mL of filtered (47 mm ∅, pore size 0.7 lm, Mil-

lipore APFF04700; Millipore Corp.) stream water from

the corresponding stream half. Incubations took place

over 48 h on an orbital shaker (100 rpm), at 15 °C and

under a 12 h light : 12 h dark photoperiod. Inducing

fungal sporulation at the same temperature throughout

the study and for both stream halves allowed us to

assess differences in conidial production that are due to

differences in the number of conidiophores on the sur-

face of decomposing litter induced by differences in

temperature during the incubation in the field. The

conidial suspensions were fixed with 37% formalin and

stored until use. The suspensions were mixed with

150 lL Triton X-100 (0.5%), and an aliquot was filtered

through membrane filters (2.5 mm ∅, pore size 5 lm,

Millipore SMWP; Millipore Corp.). Filters were stained

with trypan blue in lactic acid, and conidia were

counted under a compound microscope at 3209 magni-

fication (Grac�a et al., 2005). The remaining leaf discs

were oven-dried, weighed, ignited and reweighed as

above to calculate discs’ ash fraction and AFDM. Sporu-

lation rates were expressed as number of conidia mg�1

leaf litter AFDM day�1.

Macroinvertebrates

Macroinvertebrates retrieved from CM bags were pre-

served in 96% ethanol. Individuals were counted and

grouped as shredders and non-shredders (Tachet et al.,

2010). Abundance was expressed as total number of

macroinvertebrates g�1 leaf litter AFDM and number of

shredders g�1 leaf litter AFDM.

Data analysis

Water variables (log [x + 1] transformed, except for tem-

perature) were compared within each season by two-

way analyses of variance (ANOVA), with year (ambient

versus warmed) and stream half (control versus experi-

mental) as categorical variables. Due to equipment mal-

functioning, conductivity was not determined in winter
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of the ambient year and SRP was determined only once

in autumn of the ambient year; therefore, comparisons

between stream halves were made only for the warmed

year by two-tail t-tests.

Exponential decomposition rates (k, day�1) were cal-

culated as the slope of linear regressions of ln-trans-

formed fraction of remaining AFDM against time

(days), with the intercept fixed at ln(1). Fraction of

remaining AFDM (ln-transformed) was compared

between years, stream halves and mesh sizes for each

season by repeated-measures analyses of variance (RM

ANOVA), with year (ambient versus warmed) and date

(d11, d20, d31, d45 versus d60) as within-subject factors,

and stream half (control versus experimental) and mesh

size (CM versus FM) as between-subject factors. Given

the low statistical power of our analyses, effect sizes

were also calculated to indicate the percentage of vari-

ance in the dependent variable (litter decomposition)

that can be attributed to a factor or interaction. As our

data are non-independent, effect sizes could not be

calculated as the classical g2 values but as partial g2

values. Partial g2 values were calculated as the ratio

between the variance explained by a factor or interac-

tion and the variance explained by that factor or interac-

tion plus its error variance and can add up to more

than one in multifactorial ANOVA design (Pierce, Block

& Aguinis, 2004). To facilitate interpretation, partial g2

values were converted into percentage by multiplying

by 100.

The sensitivities to temperature of decomposition rates

during the warmed year were calculated as Q10�q val-

ues: Q10�q = ðtc=twÞð10=ðTw�TcÞÞ, where tc and tw are the

time (day) to decompose 50% AFDM at the cooler (Tc)

and warmed temperature (Tw), respectively (Conant

et al., 2008a). The time to decompose 50% initial AFDM

under 10 °C warming was calculated as time (day) to

decompose 50% initial AFDM under ambient tempera-

ture/Q10�q.

Dynamics of fungal biomass (log [x + 1] transformed),

rate of sporulation by aquatic hyphomycetes (log [x]

transformed), and total macroinvertebrate and shredder

abundance (log [x + 1] transformed) were compared

between treatments for each season by RM ANOVA,

with year (ambient versus warmed) and date (d11, d20,

d31, d45, d60) as within-subject factors and stream half

(control versus experimental) as the between-subject fac-

tor. Partial g2 values were calculated as above.

Normality was checked by Shapiro–Wilk’s test, and

homoscedasticity was checked by the Bartlett chi-square

test. Fisher’s least significant difference test was used for

multiple comparisons. All statistical analyses were per-

formed with Statistica 7 software (StatSoft Inc., Tulsa,

OK, U.S.A.).

Results

Water variables

Water temperature was similar between stream halves

in the ambient year (Fisher’s test, P > 0.467; Table 1).

During the warmed year, the experimental warming

successfully increased the water temperature of the

experimental half by an average of 3.0 °C in spring,

2.3 °C in autumn and 2.8 °C in winter above the temper-

ature observed in the control half (Fisher’s test,

P < 0.001). This resulted in thermal sums 138–184

degree-days higher in the experimental half than in the

control half after the 60-day incubation periods

(Table 1). The water temperature in the experimental

half during the warmed year was also significantly

higher than that observed in both halves during the

ambient year (Fisher’s test, P < 0.028), except in winter

when it was similar to the experimental half in the

ambient year (P = 0.409). Due to inter-annual tempera-

ture variation, the water temperature in the control half

in the warmed year was warmer (spring; Fisher’s test,

P < 0.033), similar (autumn; P > 0.420) or colder (winter;

P < 0.001) than in both halves in the ambient year

(Table 1).

During the study period, stream water had low con-

ductivity and alkalinity and was well oxygenated, cir-

cumneutral and nutrient poor (Table S1). Within each

year, stream halves did not significantly differ in any

measured water variables. However, there was inter-

annual variation for all measured variables, at least in

one season and one stream half (Table S1).

Leaf litter decomposition

Quercus robur leaf litter lost 43–73% initial AFDM over

60 days in water in spring, 31–48% in autumn and 24–

42% in winter, across mesh sizes, stream halves and

years (Fig. 1). This resulted in decomposition rates of

0.0101–0.0204 day�1 in spring, 0.0065–0.0115 day�1 in

autumn and 0.0051–0.0098 day�1 in winter (Fig. 1).

Decomposition was significantly faster in CM than in

FM bags, especially in spring and winter (RM ANOVA,

P < 0.001 for mesh size), independently of the stream

half (P > 0.361 for stream half 9 mesh size) (Fig. 1,

Table S2). In winter, litter decomposition was signifi-

cantly faster in the experimental half than in the control

stream half in the warmed year and significantly faster
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in the ambient year than in the warmed year for the

control stream half (RM ANOVA, P = 0.003 for stream

half, P = 0.001 for year, and P = 0.005 for year 9 stream

half; Fig. 1, Table S2). In spring, the effect of experimen-

tal warming on litter decomposition was not significant

(RM ANOVA, P = 0.105 for stream half), but still 38% of

the variance on litter decomposition was accounted for

by stream half.

Sensitivity of litter decomposition to temperature in

the warmed year was higher in winter than in spring

and autumn, which resulted in faster litter decomposi-

tion in winter when considering a 10 °C increase in tem-

perature (Table 2). Warming reduced or even inverted

the difference in litter decomposition rate among sea-

sons. Under ambient conditions, litter decomposed faster

in spring (2.0- to 3.1-fold) and autumn (1.4- to 1.5-fold)

than in winter, while when considering a 10 °C increase

in temperature, decomposition was 1.1- to 1.9-fold

slower in the warmer seasons than in winter (except for

litter in FM that decomposed 40% faster in spring)

(Table 2).

Fungal biomass and sporulation by aquatic hyphomycetes

Biomass build-up on litter decomposing in spring and

autumn generally peaked by day 31–45; in winter, fun-

gal biomass increased over the incubation period

(warmed year) or peaked by day 20 and then again by

the last sampling date (ambient year) (Fig. 2). Maximum

values ranged between 193 and 235 mg g�1 AFDM in

spring, 135 and 169 mg g�1 AFDM in winter and 106

and 152 mg g�1 AFDM in autumn across years and

stream halves (Fig. 2). In autumn, fungal biomass was

significantly higher in the experimental half than in the

control stream half in both the ambient and the warmed

years (RM ANOVA, P = 0.003 for stream half and

P = 0.201 for year 9 stream half; Fig. 2, Table S3). There

were no significant differences in fungal biomass con-

centration between years for any season (RM ANOVA,

P > 0.342 for year and P > 0.201 for year 9 stream half;

Fig. 2, Table S3). However, the year 9 stream half inter-

action accounted for 27–64% of the year 9 stream half

plus error variance across seasons.

Rates of sporulation by aquatic hyphomycetes on

decomposing litter peaked by day 20–31, with values of

2074–3194 conidia mg�1 AFDM day�1 in winter, 1009–

3142 conidia mg�1 AFDM day�1 in spring and 1125–

2103 conidia mg�1 AFDM day�1 in autumn across years

and stream halves (Fig. 2). Sporulation rates did not sig-

nificantly differ between stream halves or years in any
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Fig. 1 Decomposition rates of Quercus robur leaf litter incubated in

coarse (CM) and fine (FM) mesh bags in the control (Cont) and

experimental (Exp) stream halves over 60 days in spring, autumn

and winter in the ambient and warmed year. Values are

means + SE. Decomposition within each season was compared

between treatments by RM ANOVA; treatments with the same let-

ter do not differ significantly (Fisher’s test, P > 0.050).

Table 2 Temperature sensitivity (Q10�q) of litter decomposition

and time to decompose 50% of the initial ash-free dry mass under

10 °C warming for Quercus robur litter incubated in coarse and fine

mesh bags in spring, autumn and winter in the warmed year

Season Mesh size Q10�q Time (days)

Spring Coarse 0.6 56

Fine 2.4 28

Autumn Coarse 1.7 39

Fine 1.8 54

Winter Coarse 3.5 30

Fine 2.8 48
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season (RM ANOVA, P > 0.266 for stream half,

P > 0.102 for year, and P > 0.233 for year 9 stream half;

Fig. 2, Table S4). However, 38 and 49% of the variance

in sporulation rates was accounted for by stream half in

winter and autumn, respectively. Also, the

year 9 stream half interaction accounted for 35 and 59%

of the year 9 stream half plus error variance in winter

and spring, respectively.

Macroinvertebrates

Colonisation of litter bags by macroinvertebrates

increased until the last sampling date or peaked by day

31–45, and maximum abundance ranged between 51

and 79 macroinvertebrates g�1 AFDM in spring, 15 and

33 macroinvertebrates g�1 AFDM in autumn and 16 and

24 macroinvertebrates g�1 AFDM in winter across years

and stream halves (Fig. 3). There was no significant dif-

ference in total macroinvertebrate abundance between

stream halves for any season (RM ANOVA, P > 0.136

for stream half and P > 0.141 for year 9 stream half;

Fig. 3, Table S5). However, 29 and 47% of the variance

in total macroinvertebrate abundance was accounted for

by stream half in spring and winter, respectively. Also,

the year 9 stream half interaction accounted for 57% of

the year 9 stream half plus error variance in autumn.

Colonisation of litter bags by shredders increased

until the last sampling date or peaked by day 31–45,

and maximum abundance ranged between 3 and

12 macroinvertebrates g�1 AFDM in spring, 3 and

11 macroinvertebrates g�1 AFDM in autumn and 1

and 4 macroinvertebrates g�1 AFDM in winter across

years and stream halves (Fig. 3). In spring, shredder

abundance was significantly higher in the warmed year

than in the ambient year in the control stream half (RM

ANOVA, P = 0.004 for year 9 stream half; Fig. 3,

Table S6). The variance in shredder abundance

accounted for by stream half varied between 5 and 26%

across seasons. The year 9 stream half interaction

accounted for 31 and 95% of the year 9 stream half plus

error variance in autumn and spring, respectively.

Discussion

This study was not replicated at the stream reach level

due to budget and logistic constraints. To deal with this
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limitation, we followed a BACI design coupled with

repeated measures analyses. Given the high number of

factors and interactions considered, the analyses were per-

formed for each season individually to allow the biologi-

cal interpretation of results. Although this ecosystem-level

approach provides new insights and a realistic picture of

the effects of warming on stream ecosystems, this study

has low statistical power and its ability to detect an effect

of warming on litter decomposition and associated biota

is limited.

By performing a stream manipulation experiment, we

found that warming by c. 3 °C significantly stimulated

litter decomposition in winter, but not in spring or

autumn, in the presence and absence of macroinverte-

brates. The higher temperature sensitivity of litter

decomposition in the coldest season (ambient tempera-

ture: 6.4 °C) than in warmer conditions (spring: 11.8 °C;

autumn: 9.7 °C) was expected (Kirschbaum, 1995) and is

explained by ‘a declining relative increase in the fraction

of molecules with sufficient energy to react’ as tempera-

ture increases (Davidson & Janssens, 2006). The

observed acceleration of litter decomposition in winter

in this study under warmer conditions supports a previ-

ous correlational study that suggested a decrease in car-

bon sequestration with increased temperature (Boyero

et al., 2011b).

However, since Q. robur litter naturally decomposes

slowly (Gulis, Ferreira & Grac�a, 2006; Ferreira et al.,

2012), the faster decomposition under a c. 3 °C warming

might still allow litter to remain in the stream bed for

long periods. Thus, although there is the possibility of a

mismatch between life histories of shredders and micro-

bial decomposers and the peak in litter abundance and

quality (Durant et al., 2007), food shortage might not

occur in streams supplied with low quality, slowly

decomposing litter. Moreover, the study stream had low

nutrient concentration (Gulis et al., 2006; Woodward

et al., 2012), and therefore, the effect of increases in tem-

perature on decomposition of Q. robur litter might have

been mild (Berggren et al., 2010; Ferreira & Chauvet,

2011a). Many streams worldwide are nutrient enriched

(Woodward et al., 2012), and therefore, the effect of
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warming on litter decomposition might be exacerbated

in these scenarios (Friberg et al., 2009; Ferreira & Chau-

vet, 2011a). Also, if increases in temperature go beyond

the c. 3 °C tested here, litter decomposition might be

accelerated (B€arlocher et al., 2008).

Changes in decomposition rates caused by modifica-

tions of environmental conditions are generally medi-

ated by changes in microbial and invertebrate

colonisation and activity (Suberkropp & Chauvet, 1995;

Gulis et al., 2006). Surprisingly, however, the patterns

found for the effect of changes in temperature on litter

decomposition, within each season, were not explained

by similar patterns in the assessed biotic variables. The

lack of an effect of warming on fungal biomass accumu-

lation and sporulation rates was unexpected, as both

variables are usually sensitive to environmental changes

(Gulis et al., 2006; Lecerf & Chauvet, 2008). In particular,

increases in temperature up to an optimal temperature

(20–30 °C) have been shown to stimulate fungal growth

and conidial production in the laboratory (Webster et al.,

1976; Chauvet & Suberkropp, 1998; Rajashekhar & Ka-

veriappa, 2000; Dang et al., 2009; Ferreira & Chauvet,

2011a,b; Duarte et al., 2013), although previously tests

were of higher temperature increases than those applied

in our present study. The lack of an effect of warming

on sporulation rates might also be partially due to

conidial production in the laboratory being induced at

15 °C and not at the temperature observed in the field.

However, in a manipulative field experiment in a fresh-

water marsh, Flury & Gessner (2011) found an inhibition

of fungal biomass build-up on decomposing Phragmites

australis with warming by 3.2 °C. When considering

effect sizes, stream half accounts for a medium fraction

of the variance in sporulation rates in autumn and win-

ter, which matches the higher sensitivity of litter decom-

position to warming in the colder seasons.

Nor did the differences found in macroinvertebrate

abundance between stream halves and years explain the

differences in decomposition rates. However, the num-

ber of macroinvertebrates colonising decomposing litter

was low, especially in autumn and winter, which may

have prevented detection of any response to warming.

The low number of invertebrates could also explain the

absence of differences in the response of litter decompo-

sition to warming between mesh sizes.

Microbial metabolism (respiration; Conant et al.,

2008b; Ferreira & Chauvet, 2011a,b), invertebrate feeding

(Azevedo-Pereira et al., 2006) and enzymatic activities

(Baldrian et al., 2012) are generally stimulated by

increases in temperature. Stimulation of these activities,

which may not be correlated with increases in biomass

or abundance, can have contributed to enhance litter

mass loss in winter in our study. Studies addressing

the individual effects of increases in temperature on

microbial and invertebrate metabolism could clarify this

issue.

Within each season, species identity, species interac-

tions and thermal tolerance might have played a key

role in determining the sensitivity of litter decomposi-

tion to experimental warming. For instance, in spring,

experimental warming led to a maximum temperature

of 20.0 °C, which was above the maximum temperature

registered in this stream year round (the maximum tem-

perature in the stream main channel over 2011, includ-

ing summer, was 16.1 °C). Such an increase in

temperature in the experimental stream half in spring

might have been higher than the optimum temperature

for some fungal and invertebrate species, especially con-

sidering that species thermal optima may depend on

species interactions (Webster et al., 1976).

Our study contributes to the assessment of the effects

of global warming on stream ecosystems. First, by

experimentally manipulating water temperature in a

small mountain stream, it addresses the effects of

warming at the stream level, under realistic environ-

mental conditions, while controlling for factors associ-

ated with biogeography (e.g. differences in community

composition between streams). The continuous heating

of flowing water presents several challenges, primarily

related to the large amount of power required (constant

42 kW in this study). This explains why such an

approach has not been attempted more often and also

the lack of replication at the stream level when it has

been performed, as in the present study. Secondly, our

study evaluates the effects of warming on litter decom-

position over a seasonal gradient to take into consider-

ation the interaction between ambient temperature and

warming. The realistic simulation of warming under

field conditions in a mountain temperate oligotrophic

stream increases our ability to foresee future effects of

climate change on the functioning of small headwater

streams. Similar manipulative studies are necessary to

evaluate possible interactions between warming and

other environmental stressors, since most streams are

no longer in their original oligotrophic state (Wood-

ward et al., 2012) and warming is likely to co-vary with

changes in other environmental variables (e.g. decrease

in litter quality due to increases in atmospheric CO2;

Ferreira et al., 2010). Long-term studies should be

encouraged if we want to be able to grasp the conse-

quences for aquatic food webs of faster litter decompo-

sition.
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