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Abstract 

 

Elevated atmospheric [CO2] can affect litter decomposition by (1) decreasing litter quality and (2) 

increasing temperature. At elevated [CO2], plants tend to over-invest in secondary and structural 

compounds, resulting in low-quality litter (tougher litter, higher lignin concentration, and lower N:C 

ratio). These compounds decrease litter decomposition rates because of their bitter taste, toxicity and 

interference with digestion of litter decomposers (microbes and macroinvertebrates). On the other 

hand, elevated temperature can increase litter decomposition rates by increasing leaching of the 

recalcitrant compounds and metabolic rates of litter decomposers. However, it is not understood how 

litter decomposition responds to increases in both [CO2] and temperature. This study tested the 

hypothesis that the overall effect size of elevated [CO2] and temperature is significant and positive. 

The findings of 43 published and unpublished studies conducted worldwide, between 1993 and 2017, 

on the effects of elevated [CO2], elevated temperature or both on litter decomposition in freshwaters 

are synthesized by meta-analysis. After estimating the standardized mean difference between litter 

decomposition rates reported in impacted (increases in CO2, temperature or both) and control 

conditions, the overall effect size of elevated atmospheric [CO2] and temperature on litter 

decomposition in freshwaters was positive. However, elevated atmospheric [CO2] decreased litter 

decomposition, temperature+CO2 did not affect litter decomposition, while elevated temperature 

increased litter decomposition. The effect of elevated temperature did not depend on the type of study 

(laboratory vs. field). Elevated [CO2] inhibited litter decomposition in lentic, but not lotic systems. 

The effects of elevated atmospheric [CO2], temperature and temperature+CO2 on litter decomposition 

were species-specific. The type of community did not affect the response of litter decomposition to 

elevated atmospheric [CO2] and temperature. Faster decomposition rates might reduce food 

availability for higher trophic consumers under future global warming scenarios. However, 

conclusions are geographically limited since most of the primary studies were conducted in Europe, 

suggesting a need for studies in other parts of the world. 
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I. Introduction 

1.1 Biodiversity response to global warming 

The current increase in atmospheric carbon dioxide concentration ([CO2]) is among the clearest and 

most studied indicators of how humanity has altered the Earth. Between 1750 and 2011, atmospheric 

[CO2] has increased by approximately 40%, from 280 parts per million (ppm) to 391 ppm (IPCC, 

2013). Climate models considering ‘Representative Concentration Pathways’ (RCPs 8.5; van Vuuren 

et al., 2011) predict that atmospheric [CO2] will reach 936 ppm by the end of the 21st century (IPCC, 

2013). CO2 is a greenhouse gas; i.e., it absorbs long wave level radiation (heat). In this way, air 

temperature is expected to rise by up to 4.8 oC until the end of the century (IPCC, 2013). 

Global warming will likely lead to changes in (1) species distribution (species are expected to displace 

poleward or higher in altitudes) (Hufnagel & Garamvölgyi, 2014) and (2) phenology (shifts in the 

timing of seasonal activities, such as flowering, breeding, and migration) (Parmesan, 2006; Miller-

Rushing & Primack, 2008), and (3) reduction in body size (Gardner et al., 2011). The relationship 

between temperature and body size is described in what are known as the Bergmann’s rule 

(interspecific latitudinal clines: species have larger body size in colder climatic conditions) and the 

James’ rule (intraspecific latitudinal clines: individuals have larger body size in colder conditions) 

(Teplitsky & Millien, 2014; Horne et al., 2017; Shelomi & Zeuss, 2017). 

Since the surface-area-to-volume ratio is inversely proportional to body size, large body size helps 

organisms to minimize heat generation (heat that is needed to regulate body temperature) and heat 

dissipation in cold environments (Shelomi & Zeuss, 2017). Although the Bergmann’s rule was 

originally described for endotherms, it is also valid for ectotherms, which tend to grow faster at higher 

temperatures but attain smaller size at maturity (Sibly & Atkinson, 1994; Atkinson, 1995; Shelomi & 

Zeuss, 2017). Body size is an important trait that affects individual fitness (reproduction, growth and 

survival) and ecological processes, such as food web dynamics (Horne et al., 2017). For instance, 

fitness of ectotherms (which comprise over 99% of all species; Forster et al., 2012) increases with 

body size. 

Large size ectotherms tend to have faster growth rates and larger reproductive outputs when compared 

with smaller specimens (Kingsolver & Huey, 2008). Elevated temperatures also increase metabolic 

rates and oxygen consumption by aquatic ectotherms. Oxygen is less bioavailable in water than on 

land (Horne et al., 2017), and for this reason natural selection should favour reduced body size to 

minimize oxygen demand under warmer temperatures. Therefore, the reduction in body size with 

increases in global temperature should be greater in aquatic than in terrestrial species (Forster et al., 
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2012). Given the importance of body size in species interactions (Horne et al., 2017), reduction in 

this trait is expected to affect ecosystem-level processes, such as litter decomposition in freshwaters. 

 

1.2 Litter decomposition in freshwaters 

Small woodland streams have reduced incoming sunlight and therefore instream primary productivity 

is significantly limited (Vannote et al., 1980). Thus, these streams depend on allochthonous plant 

litter from riverine ecosystems as a source of energy and carbon (Vannote et al., 1980; Minshall et 

al., 1985; Kominoski & Rosemond, 2011). Allochthonous plant litter, mainly in the form of leaves, 

is the major source of energy for woodland stream food webs (Tuchman et al., 2002; Tank et al., 

2010). Plant litter is incorporated into aquatic food webs by the activities of microbes and 

macroinvertebrates, leading to litter decomposition. Therefore, litter decomposition is the catabolism 

of organic matter taking place over three timely co-occurring and interdependent phases: (1) leaching, 

(2) microbial colonization and conditioning, and (3) fragmentation by macroinvertebrates and 

physical abrasion (Abelho, 2001; Graça, 2001; Hieber & Gessner, 2002). 

Most of the leaching occurs mainly in the first 24 to 48 hours, but it can last for several days (Canhoto 

& Graça, 1996). It results in the release of soluble compounds (i.e., carbohydrates, amino acids, and 

phenolics), which give rise to dissolved organic matter (DOM). Leaching may account for the loss of 

up to 42% of the initial mass of plant litter (Maloney et al., 1995; France et al., 1997). Leaching is 

faster at elevated temperature and also depend on the litter structural or secondary compounds and 

nutrients (Abelho, 2001). After compounds with antimicrobial activity (e.g., polyphenolics) are 

leached, the microbial colonization of plant litter intensifies (Webster & Benfield, 1986; Gessner et 

al., 1999). 

Among microbial decomposers, aquatic hyphomycetes and bacteria are the key drivers of litter 

decomposition in freshwaters (Baldy et al., 2007). They are responsible for ~27 – 100%  of litter mass 

loss (Hieber & Gessner, 2002; Ferreira et al., 2015; Mas-Martí et al., 2015). Aquatic hyphomycetes 

are polyphyletic fungi mainly represented by ascomycetes and, to a lesser extent, basidiomycetes 

(Sridhar, 2009). These hyphomycetes dominate early stages of litter decomposition (Gessner & 

Chauvet, 1994), while bacterial biomass increases along the process of litter decomposition (Baldy 

et al., 1995; Hieber & Gessner, 2002). 

Although aquatic hyphomycetes have higher biomass than bacteria during decomposition (Flury & 

Gessner, 2011; Tant et al., 2015; Duarte, et al., 2016), bacteria exhibit higher turnover rates (Baldy 

et al., 2002). The relative importance of fungi and bacteria is also habitat dependent: aquatic 

hyphomycetes are diverse and dominate litter decomposition in lotic systems whereas bacteria are 
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more important in lentic systems (Baldy et al., 2002). Fungi and bacteria enhance litter degradation 

directly by macerating leaves due to activities of exoenzymes (e.g., pectinases, hemicellulases, and 

cellulases, which hydrolyse polysaccharides), incorporating plant carbon and nutrients into their 

biomass, and mineralizing it (Hieber & Gessner, 2002; Gulis & Suberkropp, 2003; Cornut et al., 

2010).  

Microbial assemblages affect litter decomposition indirectly by enhancing litter palatability to 

detritivores, which incorporate litter carbon and nutrients into secondary production (Golladay et al., 

1983; Graça et al., 1993; Chung & Suberkropp, 2009b). Microbial conditioning results from the 

incorporation of nutrients (from leaves and water) into microbial biomass and the conversion of 

indigestible (to invertebrates) to digestible plant compounds by, chiefly, aquatic hyphomycetes 

(Bärlocher, 1985). Thus, when it comes to feeding, macroinvertebrates prefer conditioned over 

unconditioned litter (Friberg & Jacobsen, 1994; Graça et al., 2001; Chung & Suberkropp, 2009b).  

Macroinvertebrates contribute to litter decomposition by consuming and incorporating the organic 

matter into secondary production, and promoting the release of fine particulate organic matter 

(FPOM) (Graça, 2001; Wantzen & Wagner, 2006; Chauvet et al., 2016). Invertebrate feeding may 

account for up to 64% of litter mass loss (Hieber & Gessner, 2002). Indirectly, macroinvertebrates 

can also contribute to litter decomposition by reducing organic matter into small particles and 

increasing the active surface area of litter for colonization by microorganisms (Wantzen & Wagner, 

2006). On the other hand, litter decomposition is affected by (1) intrinsic (i.e., litter quality) and (2) 

extrinsic factors (i.e., identity and diversity of microbial decomposers and macroinvertebrates 

consumers present in a system). 

 

1.3 Effects of elevated [CO2] on litter decomposition 

Litter quality, which varies across plant species, is among the most important intrinsic factors that 

affect litter decomposition. Litter quality can be defined by chemical (e.g., nitrogen concentration, 

lignin concentration) and physical (toughness, resistance or recalcitrance) properties. High-quality 

litter (i.e., soft litter, with low lignin concentration and C:N ratio) supports higher microbial activity 

and consequently decompose faster than low-quality litter (Fernandes, et al., 2014; Ferreira et al., 

2015; Martínez et al., 2016). Litter decomposers, especially invertebrates, prefer to feed on high-

quality and try to avoid poor-quality litter  (Motomori et al., 2001; Graça & Cressa, 2010). Elevated 

atmospheric [CO2] has been documented to decrease litter quality (Rier et al., 2002; Tuchman et al., 

2003). 
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When the carbon source is higher than its sink, plants tend to over-synthesize non-structural 

carbohydrates (starch, fructan, and sucrose), and carbon-based secondary and structural compounds 

(phenolics, terpenes, cellulose, hemicellulose, and pectin) (Poorter et al., 1997; Peñuelas & Estiarte, 

1998; Stiling & Cornelissen, 2007), which results in tough, nutrient-poor litter. These compounds can 

impair litter decomposition because of their toxicity and interference with invertebrate digestion 

(Graça, 2001). Therefore, one way elevated atmospheric [CO2] decreases litter decomposition is by 

decreasing litter quality. For instance, Populus tremuloides leaves grown at 720 ppm CO2 contained 

higher levels of phenolics, lignin, C:N ratio, and lower levels of nitrogen, and consequently 

decomposed more slowly than P. tremuloides leaves grown at 360 ppm CO2 (Tuchman et al., 2003). 

However, the impact of elevated atmospheric [CO2] on litter quality seems to be species-specific 

(Monroy et al., 2016). Nitrogen concentration  of Agrostis capillaris remained similar at 400 and 700 

ppm of CO2 whereas it decreased in Trifolium pratense at 700 ppm of CO2 (Monroy et al., 2016). 

It is unclear how changes in litter quality induced by elevated atmospheric [CO2] effect litter 

decomposition rates. Some researchers have reported no effects. For instance, leaves of Trifolium 

pratense grown at 700 ppm CO2 had lower nitrogen concentrations than leaves grown at 400 ppm 

CO2, but decomposition rates were similar at ambient and elevated [CO2] (Monroy et al., 2016). Alnus 

glutinosa litter produced at 580 ppm CO2 had 41% less phosphorus than conspecific litter produced 

at 380 ppm CO2, but litter decomposition rates did not significantly differ (Ferreira & Chauvet, 

2011a). Hevea spruceana leaves grown at 1637 ppm CO2 had nearly 50% less phosphorus than leaves 

grown at 538 ppm CO2, but litter decomposition was similar (Martins et al., 2017). 

However, other researchers reported faster litter decomposition rates for leaves grown at elevated 

than ambient [CO2]. Quercus petraea leaves grown at elevated atmospheric [CO2] (520 ppm of CO2) 

decomposed faster than conspecific leaves grown under ambient CO2 conditions (380 ppm of CO2) 

due, probably, to increases in litter quality (lower lignin and higher phosphorus concentrations) in the 

former (Hammrich, 2008). Litter quality in Betula pendula leaves decreased more (lower nitrogen 

concentration) when grown at 956 than at 407 ppm  of CO2, but litter decomposition was faster for 

leaves grown at elevated [CO2] (Dray, 2014).  Moreover, species can also differ in carbon-based 

compounds they over-invest in at elevated [CO2]. Leaves of P. tremuloides, Salix alba and Acer 

saccharum grown at 720 ppm CO2 contained, respectively, higher concentrations of lignin, 

carbohydrates-bound condensed tannins and soluble phenolics than leaves grown at 360 ppm CO2 

(Rier et al., 2005). 
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1.4 Effects of elevated temperature on litter decomposition 

Elevated atmospheric [CO2] can indirectly affect litter decomposition by increasing temperature 

(IPCC, 2013) and its effect on metabolism / fungal activity (Weyers & Suberkropp, 1996). High 

temperatures are also known to promote leaching (Batista, et sal., 2012). Another extrinsic factor 

affecting litter decomposition is the quantity, the identity and diversity  of microbes and 

macroinvertebrates involved in litter decomposition; which in turn are also affected by temperature. 

High temperatures increase fungal biomass accumulation (and therefore litter conditioning by fungi), 

growth and reproduction of fungi (Rajashekhar & Kaveriappa, 2000; Chung & Suberkropp, 2009b; 

Moghadam & Zimmer, 2016). 

Additionally, growth, development and respiration rates of invertebrates increase with temperature 

(Harper, 2006; Mas-Martí et al., 2015), when this temperature does not exceed optimal thermal limits 

(Brown et al., 2004). Litter decomposition increases with invertebrate density, and total invertebrate 

density was found to be higher at warmer than cooler temperatures, at the stream level (Griffiths & 

Tiegs, 2016). However, it was also found that bacterial diversity and fungal biomass can decrease 

with increases in temperature (Flury & Gessner, 2011). Elevated temperature also increases litter 

decomposition by increasing litter consumption rates by macroinvertebrates (González & Graça, 

2003; Azevedo-Pereira et al., 2006). 

Elevated temperature may increase litter decomposition rates by increasing litter quality. Quercus 

robur leaves incubated in a channel at elevated temperature had less phenols concentration, lower 

toughness and C:N ratios than leaves incubated under ambient thermal conditions (Mas-Martí et al., 

2015). In this regard, several studies reported that litter decomposition rates increase with temperature 

in freshwaters. Field studies have found a positive correlation between plant litter decomposition rates 

and water temperature over altitudinal (Fabre & Chauvet, 1998; Martínez et al., 2014; Taylor & 

Chauvet, 2014; Martínez et al., 2016), latitudinal (Irons et al., 1994; Boyero et al., 2011), geothermal 

(Friberg et al., 2009; Griffiths & Tiegs, 2016) and seasonal (Ferreira et al., 2006; Pereira et al., 2017) 

gradients. This positive relationship between litter decomposition rates and temperature has been 

corroborated by laboratory studies (Dang et al., 2009; Ferreira & Chauvet, 2011a; Martínez et al., 

2014). 

The effect of increases in temperature may, however, depend on ambient temperature. For instance, 

litter decomposition rates were higher during experimental warming in colder than in warmer months 

(Ferreira & Canhoto, 2014, 2015). Also, it is frequent to find faster decomposition rates at lower than 

at higher temperatures (Taylor & Andrushchenko, 2014; Correa-Araneda et al., 2015). This may be 
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due to the fact that elevated temperatures decrease bacterial diversity, fungal biomass, and 

invertebrate abundance and species richness (Flury & Gessner, 2011). 

1.5 Objectives 

Studies addressing the effects of elevated [CO2] and of elevated temperature on litter decomposition 

in freshwaters have reported contrasting results. Nevertheless, elevated atmospheric [CO2] is 

expected to decrease litter decomposition while elevated temperature is expected to stimulate litter 

decomposition. 

Even though elevated atmospheric [CO2] and temperature have antagonistic effects on litter 

decomposition, the overall response of litter decomposition to elevated atmospheric [CO2] and 

temperature should be a stimulation since temperature is expected to have a stronger effect on 

decomposition than a slight decrease in litter quality promoted by elevated atmospheric [CO2] 

(Ferreira & Chauvet, 2011b). Contrasting results among primary studies could result from small 

sample size and relatively small CO2 or temperature changes between elevated and ambient 

treatments. Further, the above conflicting findings indicate that the response of litter decomposition 

to elevated atmospheric [CO2] and temperature may depend on experimental settings and/or 

confounding environmental variables. 

Different experimental approaches have been used to address the effects of elevated temperature on 

litter decomposition. The response of litter decomposition to elevated temperature might be stronger 

when more controlled approaches are used (e.g. laboratory vs. field experiments) (Ferreira et al., 

2015; Ferreira & Canhoto, 2015). 

Specifically, the objectives of this study are: (1) to summarize data of other studies that have 

addressed the effects of elevated [CO2] and temperature on litter decomposition in freshwaters and 

(2) to test the effects of study characteristics on litter decomposition. 

Meta-analysis achieves greater statistical robustness by combining the results of several primary 

studies and weighting individual effects by their sampling variances (Borenstein et al., 2009). 

Moreover, primary studies synthesized by this study were faced by temporal and spatial limitations, 

which requires a quantitative review to achieve a better understanding of the effects of elevated [CO2] 

and temperature on litter decomposition. Meta-analysis can also be used to find out crucial litter 

decomposition drivers that could be tested in primary studies. 

In this systematic review, I performed a meta-analysis of 43 studies, published between 1993 and 

2017, to determine the magnitude and direction of the overall effect of elevated atmospheric [CO2] 

and temperature on litter decomposition in freshwaters. I further assessed the moderators of this 
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effect. Specifically, this study investigated whether the type of stressor (elevated atmospheric [CO2] 

alone versus elevated temperature alone versus both), study type (laboratory versus correlative field 

studies versus manipulative field studies), type of aquatic decomposer community involved in litter 

decomposition (microbes alone versus microbes and invertebrates), litter genus, and system type 

(lotic versus lentic) (Fig. 1) affect the response of litter decomposition to elevated [CO2] and 

temperature. The main questions and hypotheses addressed by this meta-analysis are detailed in Table 

1. 

1.6 Questions and hypotheses of the study 

Table 1. Questions and hypotheses addressed, and datasets used by the present systematic review 

 

Questions Hypotheses Dataset Results  

1. Do atmospheric 

changes affect the 

decomposition of 

litter in freshwaters, 

i.e. is the overall 

response significantly 

different from zero? 

H1: Even though both elevated atmospheric 

[CO2] and temperature have antagonistic 

effects on litter decomposition in 

freshwaters, the overall response of litter 

decomposition to atmospheric changes 

should be a stimulation since temperature is 

expected to have a stronger effect on 

decomposition than a slight decrease in litter 

quality due to elevated CO2 (review 

generated evidence). 

All Fig. 2 

Does any characteristic of the studies influence the magnitude and direction of the response, i.e. 

are study characteristics sources of heterogeneity between studies? 

2. Does the response 

of litter 

decomposition to 

atmospheric changes 

depend on the type of 

change (elevated 

temperature, elevated 

CO2 or both)? 

H2a: Elevated atmospheric CO2 

concentrations are expected to slow down 

litter decomposition because plants should 

invest more in structural and secondary 

compounds under elevated atmospheric CO2 

and litter rich in such compounds is known 

to be of low quality and to be colonized and 

decomposed slower compared with litter 

with lower concentration of such 

compounds. 

CO2 Fig. 2 
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H2b: Elevated temperature is expected to 

stimulate plant litter decomposition by 

stimulating metabolic activities of microbes 

and shredders involved in litter 

decomposition. 

Temp Fig. 2 

 

H2c: Since both elevated atmospheric [CO2] 

and temperature have antagonistic effects on 

litter decomposition in freshwaters, the 

overall response of litter decomposition to 

atmospheric changes should be a stimulation 

since temperature is expected to have a 

stronger effect on decomposition than a 

slight decrease in litter quality due to 

elevated CO2 (study generated evidence). 

Temp+CO2 Fig. 2 

3. Does the response 

of litter 

decomposition to 

elevated temperature 

depend on the type of 

study (laboratory vs. 

field; type of field 

study) in lotic 

systems? 

H3: Litter decomposition in laboratory 

studies may be more strongly affected by 

increases in temperature or changes in litter 

quality than litter decomposition in field 

studies due to better replication and control 

in the laboratory. For field studies, this 

effect may be stronger for manipulative 

studies than for correlative studies. 

Temp Fig. 3A 

4. Does the response 

of litter 

decomposition to 

atmospheric changes 

depend on litter 

quality (genus, type)? 

H4: The decomposition of high-quality (i.e., 

soft with high nutrient concentration) litter 

may be more responsive to atmospheric 

changes than that of low-quality litter since 

the potentially stimulatory effect of elevated 

temperature could be limited in the latter. 

Still high-quality litter will be more 

responsive to elevated CO2 since if litter is 

already bad quality it should not matter 

much if it becomes worse, while for good 

Temp, Laboratory 

studies  

Fig. 3B  

Temp, Correlative 

altitudinal field 

studies 

Fig. 4A  

Temp+CO2 Fig. 5A 

CO2, Lentic 

studies  

Fig. 5B  
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quality litter a slight decrease can be 

noticeable. 

5. Does the response 

of litter 

decomposition to 

atmospheric changes 

depend on the type of 

decomposers 

involved (microbial 

in fine mesh bags and 

microbes plus 

invertebrates in 

coarse mesh bags)? 

H5: Litter decomposition mediated by both 

macroinvertebrates and microorganisms 

may be more sensitive to atmospheric 

changes than microbial-driven litter 

decomposition as the effect of atmospheric 

changes on microbes might be amplified by 

invertebrates, which are strongly affected by 

the conditioning level of the detritus. 

Temp, 

Manipulative field 

studies 

Fig. 4B 

  

6. Does the response 

of litter 

decomposition to 

elevated atmospheric 

CO2 depend on the 

type of freshwater 

system (lotic or 

lentic)? 

H6: Microbial litter decomposition in lentic 

and lotic systems is predominantly carried 

out by distinct communities (aquatic 

hyphomycetes dominate in lotic systems and 

bacteria dominate in lentic systems), so 

distinct effects of elevated CO2 changes are 

expected. 

CO2 Fig. 5B 

7. Does the response 

of litter 

decomposition to 

elevated atmospheric 

CO2 or temperature 

depend on the 

magnitude of 

increase? 

H7: The higher the increase in atmospheric 

[CO2] or temperature the stronger effects on 

litter decomposition. 

Temp 

Temp+CO2 

Table 3 

Table 3 
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II. Methods 

2.1 Literature search and primary studies inclusion criteria 

Meta-analysis is a statistical approach that allows for a quantitative synthesis of primary studies, 

taking into account their precision, to produce a summary of the findings and assess causes of 

heterogeneity among them (Hedges & Gurevitch, 1999; Borenstein et al., 2009; van Rhee & Hak, 

2017). The present meta-analysis summarizes the findings of primary studies that addressed the 

effects of elevated atmospheric CO2 concentration and/or elevated temperature on allochthonous 

plant litter decomposition in freshwater ecosystems (both lotic and lentic). Primary studies were 

produced over the last 47 years, between January 1970 and November 2017, in English or French, 

and they were published in international and national journals or they were grey literature (theses and 

scientific reports). Studies were located using personal databases, electronic journal indices, and 

electronic reference databases (Google Scholar and Web of Science). 

For the literature search online, in Google Scholar and Web of Science, primary studies were found 

using combinations of the following keywords: “decomposition OR processing OR breakdown OR 

decay” for the process, AND “litter OR leaf OR leaves OR bark OR wood OR organic matter” for 

the substrate, AND “temperature OR warming OR carbon dioxide OR CO2” for the stressor, AND 

“freshwater” for the system (example: processing AND leaves AND temperature AND freshwater). 

The equivalents of these keywords in French were equally used. In Google Scholar, names of 

researchers known to work on litter decomposition were also used and their publication record was 

screened. Reference lists in primary papers were also screened for additional studies. 

Only primary studies that fulfilled the following criteria were selected: 

Studies aimed at addressing the effect of elevated water temperature (by at least 1ºC) and/or elevated 

atmospheric CO2 concentration (directly or mediated by changes in litter quality) on any aquatic 

variable; if this was a goal of the primary study, the probability that the effects are confounded by 

changes in other variables decreases as the authors would likely have chosen ambient and ‘elevated’ 

conditions that are comparable. Only increases in temperature by at least 1ºC were considered since 

climatic models predict that the smallest temperature increases by the end of the 21st century will be 

by 1ºC (IPCC, 2013). 

Different experimental approaches were used across studies and thus data were shown (i) as the 

comparison of two groups in terms of continuous variables (e.g., litter decomposition in ambient and 

‘elevated’ conditions) or (ii) as the relationship between two continuous variables (e.g., litter 
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decomposition rates across a gradient of temperature). In the first case (i) studies had to report 

decomposition of natural litter (in any unit) in at least one ambient and one elevated condition, sample 

sizes (n) for both ambient and elevated conditions, and measurements of variance (i.e., standard 

deviation (SD), standard error (SE) or confidence limit (CL)) for litter decomposition estimates for 

both ambient and elevated conditions (not necessarily mandatory in all cases). In the second case (ii), 

studies had to report Pearson r (or enough information to allow its estimation) and sample size. 

The application of these criteria resulted in the selection of 43 studies with data reported as 

comparison of two groups in terms of continuous variables, which contributed with 189 ambient – 

elevated comparisons to the database. Additional 6 studies reported data as the relationship between 

two continuous variables and contributed with 10 Pearson r to the database. Many studies contributed 

with multiple effects sizes to the database, which might affect the results if the non-independency of 

effect sizes is a problem. However, not considering them would have restricted the analysis by 

reducing sample size (i.e., number of available effect sizes) and moderators. I have therefore 

considered multiple effect sizes per study but assessed their impact on the results in a sensitivity 

analysis (see below). 

 

2.2 Data extraction  

Data were obtained from graphs, tables, text and directly from authors. When the means and 

measurements of dispersion (generally SE) were available on graphs, these were extracted using 

WebPlotDigitizer (Version 4.0), available online at https://automeris.io/WebPlotDigitizer/. When 

decomposition data were reported at multiple dates, I considered data of the latest date only. For 

studies that did not report Pearson r, I estimated it if those studies reported multiple decomposition 

data by making a correlation between decomposition rates and the explanatory variable (i.e., 

temperature). When available, SE values were converted into SD (𝑆𝐷 = 𝑆𝐸 × √𝑛). In the few cases 

where no measure of dispersion associated with mean values was provided, SD values were imputed 

considering the mean SD values from other similar conditions for which mean values and SD values 

were provided (Lajeunesse, 2013): 

𝑆𝐷𝑚 = 𝑋𝑚 × (
∑𝑆𝐷𝑟

∑𝑋𝑟
) 

 Where, Xm: mean litter decomposition rate of the study with missing SD;  Xr: mean litter 

decomposition rate of studies that reported SD; SDr: reported SDs. 
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Extracting, estimating and imputing data might introduce errors and bias the results, but excluding 

studies with missing information would limit the analyses. Thus, an effort was made to include the 

maximum number of ambient – elevated comparisons. The potential for bias due to inclusion of 

‘estimated’ cases was assessed in sensitivity analyses (see below). 

 

2.3 Effect size 

The effect size is a value that reflects the magnitude of the effect of a treatment or the strength of the 

relationship between two variables (Borenstein et al., 2009). The effect size can be computed based 

on means, binary data or correlations, depending on the type of data in primary studies (Borenstein 

et al., 2009). 

Where primary studies reported data as the comparison of two groups in terms of continuous 

variables, I calculated the effect sizes as the standardized mean difference Hedges’ g using the mean 

decomposition values (Xambient and Xelevated), associated standard deviation (SDambient and SDelevated) 

and sample size (nambient and nelevated) (Borenstein et al., 2009): 

g = J  d, 

with, 

𝐽 = 1 −
3

4𝑑𝑓−1
 , df = nelevated + nambient – 2, 

and 

d = 
𝑋𝑒𝑙𝑒𝑣𝑎𝑡𝑒𝑑−𝑋𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝑆𝐷𝑤𝑖𝑡ℎ𝑖𝑛
,   𝑆𝐷𝑤𝑖𝑡ℎ𝑖𝑛 = √

(𝑛𝑒𝑙𝑒𝑣𝑎𝑡𝑒𝑑−1)𝑆𝐷𝑒𝑙𝑒𝑣𝑎𝑡𝑒𝑑
2   +(𝑛𝑎𝑚𝑏𝑖𝑒𝑛𝑡−1)𝑆𝐷𝑎𝑚𝑏𝑖𝑒𝑛𝑡

2

𝑛𝑒𝑙𝑒𝑣𝑎𝑡𝑒𝑑+𝑛𝑎𝑚𝑏𝑖𝑒𝑛𝑡−2
. 

 

The variance associated with Hedges’ g (Vg) was calculated to allow weighting the effect size by its 

precision in the analysis (see below); 

𝑉𝑔 =  𝐽2  ×  𝑉𝑑 

with, 

 𝑉𝑑 =
𝑛𝑒𝑙𝑒𝑣𝑎𝑡𝑒𝑑+𝑛𝑎𝑚𝑏𝑖𝑒𝑛𝑡

𝑛𝑒𝑙𝑒𝑣𝑎𝑡𝑒𝑑 × 𝑛𝑎𝑚𝑏𝑖𝑒𝑛𝑡
+

𝑑2

2(𝑛𝑒𝑙𝑒𝑣𝑎𝑡𝑒𝑑+𝑛𝑎𝑚𝑏𝑖𝑒𝑛𝑡)
 . 
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For studies that reported data as the correlation between litter decomposition and continuous 

variables, Pearson r was taken (or estimated) as the effect size. Pearson r was then converted into 

Hedges’ g as follows: 

𝑑 =
2𝑟

√1−𝑟2
 and g = J  d (as above), 

and the variance associated with Pearson r was calculated as 

𝑉𝑟 =
(1−𝑟2)

2

𝑛−1
. 

Then Pearson r was converted into Vg as follows:  

Vg = 𝐽2 𝑉𝑑, 

with 

𝑉𝑑 =
4𝑉𝑟

(1 − 𝑟2)3
. 

 

2.4 Moderators 

Variables that might affect the magnitude and direction of the response of plant litter decomposition 

to elevated CO2 and temperature are called moderators (Borenstein et al., 2009; Ferreira et al., 2015). 

These can be environmental or methodological factors that vary across studies. In the present meta-

analysis, I considered the moderators mentioned in the hypotheses regarding factors that are likely to 

affect the impact of elevated temperature and atmospheric CO2 on litter decomposition. Moderators 

included type of change (elevated temperature, elevated CO2 or both), type of study (laboratory or 

field), type of field study (correlative or manipulative), type of correlative study (altitudinal, 

geothermal, latitudinal or seasonal), study system (lotic or lentic), type of aquatic decomposer 

community (microbial or total: microbes plus invertebrates) and litter genus (Table 2). Not included 

in the hypotheses but used in sensitivity analyses was the origin of data (reported or estimated) (Table 

2). 
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Table 2. Identity, levels and description of moderator variables used in this meta-analysis 

 

Moderator 

variables 

Levels Description 

Study Several Primary studies included in the analyses. 

Type of change Elevated temperature Increase in water temperature during incubation 

by at least 1ºC. 
 

Elevated CO2 Increase in atmospheric [CO2] from 360 ppm (the 

lowest concentration) to 1300 ppm (the highest 

concentration). 
 

Both Combination of both elevated atmospheric [CO2] 

and temperature. 

Study type Laboratory Studies conducted in the laboratory (in 

microcosms). 
 

Field Studies conducted in the field (freshwater 

systems). 

Field Study Manipulative Studies manipulating freshwater ecosystems by 

increasing the temperature. 
 

Correlative Correlative studies along a gradient of 

temperature existing naturally in the ecosystem. 

Correlative study Altitudinal Study whose incubation sites took place at 

different altitudes. 
 

Latitudinal Study whose incubation sites ranged over 

different latitudes. 
 

Seasonal Study whose incubation periods were repeated 

over several seasons. 
 

Geothermal Study whose incubation sites were differently 

influenced by geothermal heating. 

Litter genus Several Leaves from different plant genera with 

assumingly different litter quality. 

Community type Total Litter decomposition driven by both invertebrates 

and microorganisms, assessed in the field using 
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coarse mesh size (10 mm mesh) or in the 

laboratory in the presence of macroinvertebrates. 

 
Microbial Microbial-driven litter decomposition assessed in 

the field using fine mesh size (0.5 mm mesh) or 

in the laboratory in the absence of 

macroinvertebrates. 

System Lotic Running freshwaters (i.e., streams, rivers, and 

laboratory microcosms with agitation). 
 

Lentic Still freshwaters (e.g., lakes). 

Origin of data Reported Both mean litter decomposition and standard 

deviation were reported in studies or provided by 

authors. 

  Estimated Mean litter decomposition and standard deviation 

were extracted from graphs, or estimated, or 

imputed. 

 

2.5 Statistical analyses 

All statistical analyses were performed with OpenMEE software (Wallace et al., 2017), available 

online at http://www.cebm.brown.edu/openmee/. 

 

2.5.1 Overall effect size 

I used the random-effects model of meta-analysis, with between-study variance estimated by the 

restricted maximum likelihood (REML) method, to calculate the overall effect size of elevated 

atmospheric CO2 and temperature on litter decomposition in freshwaters. The summary effect size or 

the overall weighted mean effect size, M, was computed as (Borenstein et al., 2009): 

𝑀 =
∑ 𝑊𝑖𝐸𝑖𝑘

𝑖=1

∑ 𝑊𝑖𝑘
𝑖=1

 

Wi is the weight assigned to each effect size (E) as 

𝑊𝑖 =
1

𝑉𝐸𝑖
, 

with VEi being the variance for effect size (i). 

http://www.cebm.brown.edu/openmee/
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In the random-effects model of meta-analysis it is assumed that there are two sources of variation: 

within-study variation (i.e., sampling error; Vi) and between-studies variation due to real differences 

among studies (T2) (DerSimonian & Kacker, 2007; Borenstein et al., 2009). Thus, VEi = Vi + T 2, 

with 

𝑇2 =
𝑄−𝑑𝑓

𝐶
, 𝑑𝑓 =  𝑛 –  1 (n, number of effect sizes), 

and 

𝐶 = ∑ 𝑊𝑖 −
∑ 𝑊𝑖2

∑ 𝑊𝑖
. 

The variance of the summary effect (VM) is computed as 

𝑉𝑀 =
1

∑ 𝑊𝑖𝑘
𝑖=1

. 

The overall effect size, which is the weighted mean of individual effect sizes, Hedges’ g was 

significant if the 95% CL did not include zero (non-effect line), and the effect was considered weak 

if Hedges’ g ~ 0.2, moderate if Hedges’ g ~ 0.5, and strong if Hedges’ g  0.8 (Borenstein et al., 

2009). The central goal of meta-analysis is not simply to compute a summary effect, but also to 

quantify the heterogeneity among effect sizes. Heterogeneity can be quantified using QM and I2 QM 

quantifies the observed dispersion among effect sizes or total heterogeneity: 

𝑄 = ∑ 𝑊𝑖(𝑌𝑖 − 𝑀)2𝑘
𝑖=1 . 

QM and the degree of freedom (df, expected dispersion in the absence of between-studies variation) 

allow to test the null hypothesis that all studies share a common effect size and variance among studies 

is due to chance (i.e., sampling error), i.e., 𝑄 = 𝑑𝑓. If P < 0.05 (Q > df), the H0 is rejected because 

dispersion exists among effect sizes and it is not due to chance only. This rejection indicates also that 

there is real variation among studies. If P   0.05 (Q = df), the null hypothesis is not rejected, but it 

cannot also be accepted. A non-significant p-value might mean that all studies are similar (i.e., there 

is no between-studies variation; Q = df) but may also mean that dispersion within effect sizes is high 

(e.g., high sampling error) or that the sample size is low (i.e., low number of effect sizes). 

I2 indicates the dispersion among effect sizes and the percentage of observed variation that is due to 

real variation (heterogeneity) across effect sizes (i.e., between-studies variation) (Simon, 2006), and 

0  I2  100. Heterogeneity is considered low if I2 ~ 25%, moderate if I2 ~ 50% and high if I2  75%. 

   𝐼2 = (
𝑄−𝑑𝑓

𝑄
) × 100%, or  𝐼2 = (

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒𝑏𝑒𝑡𝑤𝑒𝑒𝑛

𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒𝑡𝑜𝑡𝑎𝑙
) × 100%. 
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2.5.2 Analyses of moderators 

2.5.2.1 Subgroup meta-analysis 

The effects of categorical moderators on the response of litter decomposition to environmental 

changes were assessed for subsets of the database according to our questions (Table 1) and available 

sample size (only levels with n  3 were tested within a given moderator). Mean effect sizes (Hedges’ 

g) for levels within given moderators were estimated and compared by subgroup analyses, using the 

random-effects model of meta-analysis (REML method). To avoid potential confounding factors, 

moderators were tested hierarchically (Fig. 1). The overall differences between the three stressors 

(elevated temperature, elevated CO2 and elevated temperature+CO2) were tested first using the entire 

database. Then, within each stressor subset (elevated temperature or elevated CO2 or elevated 

temperature+CO2) I tested subsequent moderators. 

For the temperature dataset, I first tested for differences in the overall effect size between laboratory 

and field studies. Thereafter analyses were performed separately for both laboratory and field studies. 

For field studies, I tested the difference between manipulative and correlative studies. Further 

analyses were done separately for both manipulative and correlative studies (Fig.1). 

For the CO2 dataset, I first tested for differences in effect size between lotic and lentic systems. Then 

an analysis for other moderators (community type and litter genus) was done for studies conducted 

in lentic systems (Fig. 1). For the temp+CO2 subset I tested only the effect of litter genus on the 

response of litter decomposition to elevated atmospheric CO2+temperature, since all studies were 

conducted in the laboratory replicating lotic systems (Fig. 1). 
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Fig. 1. Schematic design of the database indicating the number of cases per moderator variable (n). 

Refer to Table 2 for descriptions of moderator variables. 

 

2.5.2.2 Meta-regression 

Weighted meta-regressions were used to investigate the correlation between effect sizes (Hedges’ g) 

and continuous variables: temperature increase (Temperatureelevated – Temperatureambient, in oC) and 

CO2 increase ([CO2]elevated – [CO2]ambient, in ppm). For temperature increase, meta-regressions were 

performed for laboratory and field studies (both correlative and manipulative) of the temperature and 

temp+CO2 datasets. For CO2 increase, meta-regression was performed for laboratory studies of the 

temperature+CO2 dataset. 

 

Moderator All

(n=199)

Stressor Temp+CO2 CO2 Temp

(n = 19) (n = 32) (n = 148)

Study type Laboratory Field

(n = 57) (n = 91)

Field type Manipulative Correlative

(n = 20) (n = 71)

Correlative type Altitudinal Latitudinal Geothermal Seasonal

(n = 32) (n = 22) (n = 2) (n = 15)

Community type Total Microbial

(n = 12) (n = 3)

Litter genus Alnus Populus Quercus

(n = 5) (n = 6) (n = 4)

Correlative type Altitudinal

(n = 32)

Community type Total Microbial

(n = 19) (n = 13)

Litter genus Alnus Quercus Fagus Acer Macaranga Liriodendron

(n = 13) (n = 6) (n = 4) (n = 5) (n = 2) (n = 2)

Study type Laboratory

(n = 57)

Litter genus Alnus Quercus Eucalyptus Melicytus Vitis Platanus Nothofagus Betula

(n = 31) (n = 9) (n = 4) (n = 7) (n = 1) (n = 1) (n = 2) (n = 2)

Field type Manipulative

(n = 20)

Community type Total Microbial

(n = 7) (n = 13)

Stressor CO2

(n = 32)

System Lotic Lentic

(n = 8) (n = 24)

Community type Total Microbial

(n = 12) (n = 12)

Litter genus Tilia Prunus Carpinus Acer Quercus Fagus

(n = 4) (n = 4) (n = 4) (n = 4) (n = 4) (n = 4)

Stressor Temp+CO2

(n = 19)

Litter genus Eperua Goupia Hevea Alnus

(n = 6) (n = 6) (n = 6) (n = 1)
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2.5.2.3 Sensitivity analysis 

Sensitivity analyses allow to assess how decisions undertaken during the main analyses may have 

affected the results (Borenstein et al., 2009). In the dataset, there are studies that contributed multiple 

effect sizes, which are non-independent and could affect the estimation of the mean effect size. Thus, 

a sensitivity analysis was performed to account for the non-independence of effect sizes. Using 

subgroup analysis (with Study as the categorical moderator) I estimated a single effect size per study, 

which I used to create a new dataset with sample size (i.e., available effect sizes) equal to the number 

of studies. I then repeated the analyses to the extent possible using this new dataset and compared the 

significance and direction of the results with those obtained using the main dataset. 

Also, in several cases I had to estimate decomposition based on information reported in the studies 

or impute SD when they were missing, which might introduce a bias in the matrix. To assess for 

potential bias in mean effect sizes due to including studies for which decomposition or SD were 

estimated, the analyses were repeated, and results based on reported and estimated effect sizes were 

compared. 

 

III. Results 

3.1 Data description 

The matrix used in analyses is provided as Appendix 1. Thirty-two (75%) out of 43 studies included 

in this meta-analysis were conducted in Europe, 3 studies (7%) in the USA, 2 (5%) in Brazil, 1 (2%) 

was conducted in each of Canada, Chile, Malaysia, New Zealand and USA-Costa Rica. Another study 

(2%) covered latitudes ranging from 0.37o to 47.80o in both hemispheres of all inhabited continents. 

Most studies (88%) were conducted in temperate, 7% in tropical and 5% simultaneously in temperate 

and tropical regions. Thirty-five (78%), 7 (15%) and 3 (7%) studies addressed, respectively, the 

effects of elevated temperature, elevated CO2 and elevated temperature+CO2 on litter decomposition 

in freshwaters. 

Out of 43 studies, 42 (98%) and 1(2%) were conducted in lotic and lentic systems, respectively. 

Twenty-six (61%), 16 (37%) and 1 (2%) studies were carried out in the field, laboratory and both 

laboratory and field, respectively. Within the field studies, 15 were correlative and 6 were 

manipulative. Litter decomposition driven by both microbes and invertebrates was studied most 

(57%), whereas microbial-driven decomposition was studied in 43% of the studies. Four of the 43 

studies included in this review were conducted between 1990 and 1999, 7 studies were conducted 

between 2000 and 2009 and 32 studies were conducted between 2010 and 2017. 
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3.2 Overall effect of elevated CO2 and temperature on litter decomposition 

The overall effect size was strongly positive (Hedges’ g: 0.79; 95% CL: 0.56 to 1.02) (Fig. 2) and 

significant (QM = 1424.09, df = 196, P < 0.001). Real differences between studies explain 92.6% (I2) 

of the observed variation in the overall effect size. 

 

Fig. 2. Effect (Hedges’ g  95% CL) of elevated CO2, elevated temperature+CO2 and elevated 

temperature on leaf litter decomposition in freshwater ecosystems. The dashed line (mean effect 

size = 0) indicates no effect; mean effect size > 0 indicates stimulation whereas mean effect size < 0 

indicates inhibition. The effect is significant when the 95% CL does not overlap the non-effect line 

(black symbols). Levels with overlapping 95% CL do not statistically differ (same letter). Values in 

brackets are sample sizes. 

 

3.3 Effects of moderators on the response of litter decomposition to elevated CO2 and 

temperature 

The effect of elevated atmospheric CO2 significantly inhibited litter decomposition (Hedges’ g = – 

0.48, P = 0.003), the effect of temperature+CO2 did not affect litter decomposition (Hedges’ g = – 

0.11, P = 0.485), whereas elevated temperature significantly and strongly stimulated litter 

decomposition (Hedges’ g = 1.21, P < 0.001) (Fig. 2; Appendix 2). 
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Several experimental and environmental characteristics of the primary studies included in this meta-

analysis affected the response of litter decomposition to environmental change. The effect of elevated 

temperature on leaf litter decomposition did not depend on the type of study (QB = 1.380, df = 1, P = 

0.240), with a significant strong stimulation for both laboratory and field studies (Fig. 3A, Appendix 

2). The type of field study also did not affect the response of litter decomposition to elevated 

temperature (QB = 0.383, df = 1, P = 0.536), with a significant strong stimulation for both 

manipulative and correlative studies (Fig. 3A). The type of correlative study (altitudinal, seasonal and 

latitudinal), however, significantly affected the response of litter decomposition to elevated 

temperature (QB = 14.195, df = 2, P < 0.001), with stronger stimulation over latitudinal than over 

altitudinal gradients (Fig. 3A). 

The response of litter decomposition to elevated temperature for laboratory studies did not depend on 

litter genus (QB = 3.262, df = 3, P = 0.353), although the decomposition of Eucalyptus, Alnus and 

Quercus leaves was significantly stimulated, while that of Melicytus was not significantly affected 

(Fig. 3B, Appendix 2). The response of leaf litter decomposition to elevated temperature in 

manipulative studies did not depend on the type of aquatic community involved in litter 

decomposition (QB = 2.319, df = 1, P = 0.128), although microbial-driven litter decomposition was 

strongly stimulated while no significant effect was found for total litter decomposition (Fig. 3B). 
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Fig. 3. Effect (Hedges’ g  95% CL) of elevated temperature on leaf litter decomposition as a 

function of study type (A) and for laboratory studies as a function of litter genus and for 

manipulative studies as a function of decomposer community type (B). The dashed line (mean 

effect size = 0) indicates no effect; mean effect size > 0 indicates stimulation whereas mean effect 

size < 0 indicates inhibition. The effect is significant when the 95% CL does not overlap the non-

effect line (black circles). Levels with overlapping 95% CL within a given moderator do not 

statistically differ. Values in brackets are sample sizes. 

Neither litter genus nor the type of aquatic community involved in litter decomposition affected the 

response of litter decomposition to elevated temperature in studies conducted along altitudinal or 

seasonal gradients (Fig. 4, Table 3). However, elevated temperature had a significant effect on total 

litter decomposition and decomposition of Fagus leaves along altitudinal gradients. Also, microbial-

driven and total litter decomposition, and decomposition of Populus and Quercus leaves along 

seasonal gradients were significantly stimulated under elevated temperature (Fig. 4). 
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Fig. 4. Effect (Hedges’ g  95% CL) of elevated temperature on litter decomposition as a function 

of leaf genus and decomposer community type in field altitudinal and seasonal studies in freshwater 

ecosystems. The dashed line (mean effect size = 0) indicates no effect; mean effect size > 0 

indicates stimulation whereas mean effect size < 0 indicates inhibition. The effect is significant 

when the 95% CL does not overlap the non-effect line (black circles). Levels with overlapping 95% 

CL within a given moderator do not statistically differ. Values in brackets are sample sizes. 

The effect of elevated temperature+CO2 on decomposition depended on leaf genus (QB = 15.713, df 

= 2, P < 0.001), with a significant inhibition of leaf decomposition for Goupia and Eperua while the 

decomposition of Hevea leaves was significantly stimulated (Fig. 5A, Appendix 2). The effect of 

elevated CO2 on leaf litter decomposition depended on study system (QB = 10.684, df = 1, P = 0.001), 

with a strong significant inhibition for lentic systems while no significant effect for lotic systems (Fig. 

5B; Appendix 2). Within lentic systems, community type did not significantly affect the response of 

leaf litter decomposition to elevated CO2 (QB = 0.709, df = 1, P = 0.400), although there was a strong 

significant inhibition of microbial-driven litter decomposition, while the inhibition of total litter 

decomposition was marginally non-significant (Fig. 5B). The response of leaf litter decomposition to 

elevated CO2 in lentic systems depended, however, on leaf genus (QB = 33.087, df = 5, P < 0.001), 
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with Quercus and Tilia litter decomposition being strongly and significantly inhibited, while that of 

Carpinus, Prunus, Acer and Fagus was not significantly affected (Fig. 5B). 

 

Fig. 5. Effect (Hedge’s g  95% CL) of elevated temperature+CO2 on litter decomposition of leaves 

from different genus (A) and of elevated CO2 on litter decomposition as a function of system, 

decomposer community type and genus (B). The dashed line (mean effect size = 0) indicates no 

effect; mean effect size > 0 indicates stimulation whereas mean effect size < 0 indicates inhibition. 

The effect is significant when the 95% CL does not overlap the non-effect line (black circles). 

Levels with overlapping 95% CL within a given moderator do not statistically differ. Values in 

parentheses are sample sizes. 

There was no relationship between the response of litter decomposition and the magnitude of CO2 

increase for studies that, simultaneously, evaluated the effects of elevated temperature and CO2 

(temperature+CO2 dataset) (P = 0.284, Table 3). Also, there was no correlation between the response 

of litter decomposition and the magnitude of temperature increase for studies in the temperature+CO2 

dataset (P = 0.603), laboratory studies (temperature dataset; P = 0.123) and manipulatives studies 

only (temperature dataset; P = 0.245). There was a positive relationship between the response of litter 

decomposition and the magnitude of temperature increase for correlative studies in the temperature 

dataset (slope = 0.13, P < 0.001) (Table 3). 
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Table 3. Correlations between effect sizes and mean atmospheric [CO2] and water temperature. 

Meta-regression was assessed using the Temp+CO2 dataset (temperature and CO2 increases) and the 

temperature dataset (temperature increase, for laboratory, manipulative and correlative studies). 

Slopes and intercepts, associated 95% CL and P-values are given for the meta-regressions. The 

slope > 0 indicates positive correlation or stimulation while the slope < 0 indicates negative 

correlation or inhibition. The significant correlation is highlighted in bold (P-values < 0.050). 

 

Meta-regression Hedges' g 95% CL P 

Temperature dataset – Temperature increase 

Laboratory studies 
   

Intercept    0.40 – 0.28 to 1.09 0.246 

Slope    0.07 – 0.02 to 0.17 0.123 

Manipulative studies 
   

Intercept    0.66    0.19 to 1.13 0.005 

Slope    0.04 – 0.03 to 0.12 0.245 

Correlative studies 
   

Intercept    0.21 – 0.49 to 0.89 0.560 

Slope    0.13    0.08 to 0.19   < 0.001 

Temperature+CO2 dataset 
  

CO2 increase 
   

Intercept    0.19 – 0.43 to 0.81 0.557 

Slope < 0.01 < 0.01 to 0.00 0.284 

Temperature increase 
  

Intercept    0.09 – 0.72 to 0.89 0.831 

Slope – 0.07 – 0.31 to 0.18 0.603 

 

3.3 Sensitivity analysis 

When I repeated the analysis using a single effect size per study, the overall effect size changed from 

0.79 (95% CL: 0.56 to 1.01) to 0.59 (95% CL: 0.26 to 0.92) (Table 4). Although the overall magnitude 

of the effect size, as well as the magnitude of effect sizes for subgroup analyses, generally became 

smaller when compared with those found using the overall larger matrix. However, the direction and 

significance of the findings did not change, and consequently conclusions remain largely the same. 
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Thus, results based on the original matrix, which contains multiple effect sizes per study, are robust 

to the potential non-independency of effect sizes. 

Table 4. Summary table of subgroup analyses using a mean effect size per study. Mean effect size, 

95% CL, sample size (n), test for heterogeneity between levels of moderators (QM), degree of 

freedom (df), P-values are provided (levels with a common letter do not significantly differ). Mean 

effect size > 0 indicates stimulation whereas mean effect size < 0 indicates inhibition. 

 

Level Hedges' g 95% CL n Sign diff  

Overall    0.63 0.30 to 0.90 45    

QM = 212.34, df = 42, P < 0.001, I2 = 90.96%  

Type of change  

CO2 – 0.01 – 0.31 to 0.30   7   a  

Temp+CO2    0.04 – 0.52 to 0.60   3 ab  

Temp    0.82    0.41 to 1.23 35   b  

QM = 0.010, df = 1, P = 0.921  

Temperature dataset  

Study type 
   

 

Laboratory   0.85 0.20 to 1.50 14   a  

Field   0.80 0.26 to 1.34 21   a  

QM = 0.010, df = 1, P = 0.921  

Type of field study  

Manipulative   0.96 0.09 to 1.84   6   a  

Correlative   0.74 0.02 to 1.45 15   a  

QM = 0.151, df = 1, P = 0.697  

Type of correlative study  

Seasonal   0.84 – 1.63 to 3.32   4   a  

Altitudinal   0.23 – 0.45 to 0.91   8   a  

QM = 0.405, df = 1, P = 0.525  

When I estimated mean effect sizes based on reported and estimated data, trends and interpretations 

remained generally the same, although stronger mean effect sizes were generally found based on 

reported data. The smaller mean effects sizes based on estimated data suggest that the results based 

on the original database are conservative (Table 5). 
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Table 5. Summary table of subgroup analyses comparing effect sizes of reported and estimated 

data. Mean effect size, associated 95% CL, sample size (n), test for heterogeneity between levels of 

moderators (QM), degree of freedom (df) and P-values are provided (levels with a common letter do 

not significantly differ). Mean effect size > 0 indicates stimulation whereas mean effect size < 0 

indicates inhibition. 

 

Level Hedges' g 95% CL n  Sign Diff 

Temperature dataset 

Reported   1.53 1.09 to 1.98 70  a 

Estimated   0.89 0.63 to 1.15 78  b 

QM = 5.247, df = 1, P = 0.022 

Study type – Laboratory (Temperature dataset) 

Reported   0.84 0.52 to 1.17 18  a 

Estimated   0.96 0.57 to 1.35 39  a 

QM = 0.010, df = 1, P = 0.922 

Study type – Field (Temperature dataset) 

Reported   1.75 1.16 to 2.34 52  a 

Estimated   0.83 0.47 to 1.19 39  b 

QM = 6.016, df = 1, P = 0.014 

Field type – Correlative, Altitudinal (Temperature dataset) 

Reported   0.74 0.34 to 1.14 14  a 

Estimated   0.34 0.32 to 1.01 18  a 

QM = 0.853, df = 1, P = 0.356 

Field type – Correlative, Seasonal (Temperature dataset) 

Reported   2.76 – 0.66 to 6.19 5  a 

Estimated   0.98 0.52 to 1.44 10  a 

QM = 2.209, df = 1, P = 0.137 

Field type – Manipulative (Temperature dataset) 

Reported   1.03 0.43 to 1.63 11  a 

Estimated   1.10 0.55 to 1.65 9  a 

QM = 0.061, df = 1, P = 0.805 

Community type – Microbial (Temperature, Manipulative dataset) 

Reported   1.63 1.14 to 2.12 5  a 
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Estimated   1.00 0.45 to 1.56 8  a 

QM = 2.981, df = 1, P = 0.084 
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IV. Discussion 

4. 1 Do atmospheric changes affect the decomposition of litter in freshwaters, i.e. is the overall 

response significantly different from zero? 

To the best of my knowledge, this is the first meta-analytic study to address the effects of elevated 

atmospheric [CO2] and temperature on litter decomposition in freshwater ecosystems. Many studies 

have separately studied the effects of increasing atmospheric CO2 (Rier et al., 2002; Tuchman et al., 

2003; Ferreira et al., 2010) and temperature (Martínez et al., 2014; Mora-Gómez et al., 2015; Pereira 

et al., 2017) on litter decomposition. However, the effects of multiple global changing factors on litter 

decomposition should not be predicted from their individual effects (Ferreira & Chauvet, 2011), 

because the effects of those changes may not be additive (Williams et al., 2003; Kashian et al., 2007). 

In this regard, there is a need to integrate all previous results of primary studies conducted on the 

effects of elevated CO2 and temperature on litter decomposition in freshwaters, to arrive to general 

conclusions. The results of the present meta-analysis support the hypothesis that the overall effect 

size of elevated atmospheric [CO2], through effects on litter quality, and elevated temperature on litter 

decomposition in freshwaters is significant. Elevated CO2 and temperature have opposing effects on 

litter decomposition, inhibitory and stimulatory, respectively, but the effect of temperature proved to 

be stronger than the effect of elevated CO2. 

 

4. 2 Does the response of litter decomposition to atmospheric changes depend on the type of 

change (elevated temperature, elevated CO2 or both)? 

Elevated atmospheric [CO2] is expected to affect litter decomposition in many ways, including 

increases in water temperatures (IPCC, 2013) and decreases in litter quality (increases in structural 

and secondary compounds and decreases in the quantity of nutrients) (Norby et al., 2001; Tuchman 

et al., 2003; Adams et al., 2005). The present study found that the type of change affected the response 

of litter decomposition. Elevated atmospheric [CO2] inhibited, while elevated temperature stimulated 

litter decomposition. Simultaneous increase in temperature+CO2 had no significant effect on litter 

decomposition. 

Regarding CO2, inhibition of litter decomposition rates at elevated CO2 was also reported in a meta-

analysis of 31 studies carried out in terrestrial ecosystems (Yue et al., 2015). In consistency with the 

present study hypothesis, elevated atmospheric [CO2] can decrease litter decomposition rates, likely 

due to a reduction of litter quality. This decrease in litter quality results from the over-investment in 

structural and secondary compounds and decreases in nutrient concentration (Norby et al., 2001; 
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Adams et al., 2003, 2005). These compounds normally decrease litter decomposition rates because 

they are toxic, they taste bitter, and they interfere with the digestion of litter decomposers 

(microorganisms and macroinvertebrates). 

Regarding temperature, the synthesis of 33 studies that have addressed the effects of elevated 

temperature on litter decomposition in lotic freshwaters indicated that temperature stimulates litter 

decomposition rates. This stimulation was expected since temperature normally increases leaching 

(Batista et al., 2012), litter consumption by invertebrates (González & Graça, 2003; Brown et al., 

2004), fungal fitness (Dang et al., 2009), litter quality (Mas-Martí et al., 2015), and total density of 

aquatic insects (Griffiths & Tiegs, 2016). For instance, leaching and microbial degradation of 

recalcitrant compounds have been documented to critically decrease the levels of phenolics and other 

non-labile compounds such as lignin (Tuchman et al., 2002; Adams et al., 2003; Tuchman et al., 

2003). 

Also, total density of invertebrates was found to be higher at warmer than cooler reaches in Walker 

Branch stream (Griffiths & Tiegs, 2016). Invertebrate detritivores accelerate litter decomposition 

through consumption or stimulation of litter colonization by microbes (Wantzen & Wagner, 2006).  

According to the metabolic theory of ecology (Brown et al., 2004), temperature can also increase 

detritivore-driven litter decomposition by increasing their metabolic rates. However, detritivores 

(such as Trichoptera and Plecoptera) involved in litter decomposition have evolved and still are 

mainly found in cold waters (Wiggins & Mackay, 1978). Therefore, these stenothermal organisms 

might be negatively affected by increases in temperature, with negative effects on litter 

decomposition. 

Opposing to what was anticipated, the simultaneous increases in temperature and CO2 

(temperature+CO2) did not significantly affect litter decomposition. I expected that elevated 

temperature would have a stronger effect on litter decomposition than elevated [CO2] (Ferreira & 

Chauvet, 2011a). Elevated  atmospheric [CO2] might inhibit litter decomposition by limiting O2 

bioavailability (Monroy et al., 2016), by reducing the performance of litter decomposers, and 

increasing aquatic acidity (Feely et al., 2009). Low pH can, for instance, delay litter decay by 

denaturing extracellular enzymes that are required to improve litter-nutritional quality by mainly 

aquatic hyphomycetes (Jinggut & Yule, 2015). 

However, this meta-analysis included only three studies that simultaneously investigated the effects 

of elevated temperature+CO2 on litter decomposition, and results need to be interpreted with caution. 

All of these primary studies reported litter decomposition rates to be similar at both ambient and 

elevated CO2 and temperature (Ferreira & Chauvet, 2011b; Martins et al., 2017a; 2017b). The effects 
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of elevated temperature were not stronger than the effects of elevated CO2 maybe because of larger 

average CO2 increase (896 ppm), while there was a small average temperature increase (3 oC). 

 

4. 3 Does the response of litter decomposition to elevated temperature depend on the type of 

study in lotic systems (laboratory or field; type of field: altitudinal, latitudinal or seasonal)? 

The response of litter decomposition to elevated temperature did not depend on the type of study in 

lotic freshwaters, i.e. whether the study was done in the field or laboratory. I anticipated that the 

effects of elevated temperature would be stronger in laboratory than in field studies due to the better 

control of confounding factors in laboratory than in field experiments, as found previously 

(Woodward et al., 2010; Ferreira et al., 2015). However, effect sizes were not significantly different 

between field and laboratory studies. This may be due, partly, to higher temperature ranges considered 

in field studies. For example, Irons et al. (1994) in a latitudinal study that contributed 21 cases to the 

dataset considered a temperature range of 25 ºC and Boyero et al. (2011) considered a temperature 

range of 24 ºC. The largest temperature range reported in laboratory studies was 13 ºC (Batista et al., 

2017). 

Additionally, confounding factors could have interacted synergistically with temperature in field 

studies. Field studies allow the investigation of the effects of temperature under realistic conditions. 

However, they do not allow discrimination between the effects temperature per se and other 

environmental variables that might exacerbate these effects of temperature on litter decomposition. 

For instance, litter decomposition rates are generally higher under increases in both temperature and 

dissolved nutrients than when temperature is increased alone (Ferreira & Chauvet, 2011b; Martínez 

et al., 2014; Moghadam & Zimmer, 2016). Another confounding factor that could stimulate litter 

decomposition in the field is fine sediments. Fine sediments in flowing waters can accelerate litter 

decomposition by promoting physical fractionation and/or smothering of detritus (Matthaei et al., 

2010; Piggott et al., 2012). 

Within field studies, manipulative studies allow to manage, to some extent, some confounding factors, 

thus, the effect of temperature on litter decomposition was expected to be stronger in manipulative 

than correlative field studies (Ferreira et al., 2015). However, this was not the case due to two main 

factors; litter quality and temperature ranges. Most of manipulative studies included in this meta-

analysis were conducted in near-pristine streams (i.e., with low human activities). Since nutrients 

might limit microbial activity in those oligotrophic streams, the effects of rises in temperature should 

be stronger for high-quality than low-quality litter (Thormann et al., 2004; Ferreira et al., 2015). 

However,  low-quality Quercus was the most used genus in manipulative studies while correlative 
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studies included high-quality (e.g., Alnus), intermediate (e.g., Acer) and low-quality (e.g., Quercus) 

litter genera (Ostrofsky, 1997). Furthermore, average temperature ranges were higher for correlative 

(9.1 oC) than manipulative (2.8 oC) studies (Appendix 1). 

For correlative studies, the magnitude of the effect size was higher for studies along latitudinal than 

altitudinal gradients, while the effect size for seasonal gradients was not different from the two others. 

The fact that the response of litter decomposition to elevated temperature was higher for latitudinal 

than altitudinal experiments can be explained by, among others, two factors. Firstly, high-quality litter 

is known to be colonized and decomposed faster than poor-quality litter. Litter quality increases with 

latitude (Boyero et al., 2017) and correlative latitudinal studies used mainly high quality leaves from 

temperate systems. However, there is no clear relationship between litter quality and elevation. For 

instance, Jinggut and Yule (2015) found higher lignin concentration but lower polyphenolics at low 

elevations in Macaranga tanarius leaves while higher phenolics and lower lignin concentrations were 

revealed at high elevations. 

Secondly, average temperature ranges in latitudinal studies were higher (18.4 ºC) than in altitudinal 

studies (3.1 ºC) (Appendix 1). The average temperature range for seasonal gradient was intermediate 

(7.9 ºC), which can explain why the effect size for these studies was not different from the effect sizes 

of latitudinal and altitudinal studies. 

 

4. 4 Does the response of litter decomposition to atmospheric changes depend on litter quality? 

Different plant species are characterized by different physical (e.g., toughness or resistance) and 

chemical (e.g., nitrogen, lignin, and phenolic concentrations) properties. High-quality litter (soft and 

with low concentration of secondary and structural compounds) was expected to be more responsive 

to elevated [CO2] and temperature, but this was not always observed. Temperature stimulated litter 

processing of poor-quality litter (e.g., Eucalyptus), it did not have any effect on litter processing of 

intermediate quality litter (Acer) and stimulated or did not have any effect on litter processing of high-

quality litter (Alnus). Under elevated CO2, litter decomposition rates of poor-quality litter (Quercus) 

were inhibited while intermediate quality litter quality (Acer) was not affected. Another meta-analysis 

showed that phytochemical discrepancies resulting from increases in [CO2] do not necessarily 

translate into decreases in litter decomposition rates (Norby et al., 2001), and effects can be species 

specific (Monroy et al., 2016). 

For studies that simultaneously addressed the effects of elevated CO2 and temperature, litter 

decomposition of Goupia and Eperua leaves was inhibited while the decomposition of Hevea leaves 

was stimulated. Litter quality of Goupia and Hevea leaves is relatively higher than Eperua (Martins 
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et al., 2017a; 2017b). As expected, for the high quality Hevea, the effects of temperature were stronger 

than effects of elevated [CO2]. Despite phytochemical discrepancies, the effects of temperature+CO2 

were the same for Goupia and Eperua. From this observation, it seems that the response of litter 

decomposition to elevated [CO2] and temperature is species-specific, as also suggested by Monroy et 

al. (2016). Moreover, intraspecific variations can be expected due to genotype variation and 

environmental conditions in which individual plants were grown (LeRoy et al., 2007; Lecerf & 

Chauvet, 2008). 

 

4. 5 Does the response of litter decomposition to atmospheric changes depend on the type of 

decomposers involved (microbial in fine mesh bags and microbes plus invertebrates in coarse 

mesh bags)? 

The response of total (microorganisms plus invertebrates) and microbial-driven litter decomposition 

to elevated [CO2] and temperature was similar. Nevertheless, microbial-driven litter decomposition 

was stimulated with increases in temperature and inhibited with increases in atmospheric [CO2] 

although microbial-driven litter decomposition generally responded to atmospheric changes 

according to expectations. It was stimulated with increases in temperature and inhibited with 

increases in atmospheric CO2, while total litter decomposition was generally not affected. Total litter 

decomposition rates are not normally increased by rises in temperature because higher temperatures 

decrease invertebrate-driven decomposition while they simultaneously increase microbial-driven 

litter decomposition (Boyero et al., 2011). Moreover, at higher latitudes (cooler temperatures), 

microbial activity is reduced, but shredder density and species richness increase (Boyero et al., 2011), 

which generally increase invertebrate-driven litter decomposition rates.  

This unresponsiveness of total litter decomposition to elevated temperature may be a result of the 

stenothermic (i.e. tolerance for a narrow range of temperatures) nature of invertebrates involved in 

litter decomposition. Most of macroinvertebrates involved in litter decomposition (such as 

Trichoptera and Plecoptera) have evolved and are still mainly restricted to cooler waters (Wiggins & 

Mackay, 1978). They are consequently sensitive to temperatures variabilities, i.e. small increases in 

temperature can be stressful enough to negatively affect litter decomposition mediated by 

macroinvertebrates.  

Freshwater systems substantially contribute to carbon cycle by transforming a big amount of plant 

litter originating in terrestrial ecosystems (Battin et al., 2008, 2009). Since the main output of 

microbial-driven litter decomposition is CO2 while invertebrates produce FPOM (Baldy et al., 2007), 

microbial-dominated litter decomposition, under global warming, might lead to a positive feedback 
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between CO2 emissions from freshwaters, global warming and the production of recalcitrant carbon-

based compounds. 

4. 6 Does the response of litter decomposition to elevated atmospheric [CO2] depend on the type 

of freshwater system (lotic or lentic)? 

As hypothesized, the response of litter decomposition to elevated [CO2] was affected by the type of 

freshwater system. The effect size of elevated [CO2] on litter decomposition was negative in lentic 

systems, while it was not significant in lotic systems. In lentic waters, when recalcitrant compounds 

are leached, they are not carried downstream, as they are in lotic wasters. They remain in water around 

detritus, potentially inhibiting litter decomposition by complexation of invertebrate digestive 

enzymes and microbial exoenzymes (Zucker, 1983). Since litter grown under elevated atmospheric 

[CO2]  may have higher concentration of phenols, this inhibitory effect by dissolved phenols should 

be higher than leaves grown under ambient [CO2]. 

Moreover, studies that addressed the effects of elevated [CO2]  on litter decomposition in lotic waters 

are a mixture of field and laboratory studies. These laboratory studies can overestimate the effects of 

elevated [CO2], because of the ability to better discriminate confounding variables that might decrease 

the effects elevated [CO2]. These factors are, among others, increasing acidity and less oxygen 

availability that might realistically help decipher the effects of [CO2] in field conditions. 

Another distinguishing factor can be water current, which is expected to be higher in lotic than in 

lentic waters, and high decomposition rates were reported under high current (Canton & Martinson, 

1990; Rader et al., 1994). Then, microbial-driven litter decomposition is known to be dominated by 

bacteria and aquatic hyphomycetes in lentic and lotic systems, respectively (Baldy et al., 2002). 

However, it was shown that bacterial productivity and biomass were negatively affected by litter 

produced under enriched CO2, while fungal biomass was not affected (Tuchman et al., 2002). This 

negative effect of CO2 enrichment on bacteria can decrease litter decomposition by both bacteria and 

invertebrates in lentic systems. 

 

4. 7 Ecological implications and research gaps to address in future studies 

From the effect sizes found in this meta-analysis, increases in decomposition rates under elevated 

atmospheric [CO2] and temperature would lead to serious ecological implications in aquatic 

ecosystems. Faster decomposition rates under warmer conditions would result in the depletion of food 

for higher trophic consumers (Ferreira & Chauvet, 2011a). On the other hand, it has been documented 

that elevated atmospheric [CO2] concentrations increase plant biomass and net primary production 
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(NPP) (Finzi et al., 2002; Hamilton et al., 2002). However, a long-term study is still required to know 

whether high primary productivity under elevated [CO2] will replenish the void in aquatic food 

resources that should be left by faster litter decomposition rates in freshwaters under future global 

warming scenarios. 

Primary studies of the present meta-analysis were geographically limited, all of the 7 primary studies 

that addressed the effects of elevated [CO2] have been conducted in temperate regions. However, 

plants have normally good litter quality, because litter has been proven to increase with latitude 

(Boyero et al., 2017). Plants species naturally differ in the levels of recalcitrant compounds, such as 

phenolics and tannins. Species that have less recalcitrant phytochemical compounds increase the 

production of these compounds under elevated [CO2] more rapidly than poor-quality plant species 

(Hemming & Lindroth, 1995; Kinney et al., 1997). A slight decrease in litter quality of high-quality 

litter has more negative effects on litter decomposition than decreases in litter quality of already low-

quality litter (Hieber & Gessner, 2002).  

Furthermore, at medium latitudes (temperate regions where primary studies of this meta-analysis 

were conducted), litter decomposition is mainly carried out by macroinvertebrates (Boyero et al., 

2016) due to detritivore high abundance and diversity (Boyero et al., 2012), high body size (see body 

size-temperature relationship theory in Horne et al. 2017 and Shelomi & Zeuss 2017), and high plant 

litter consumption capacity (Boyero et al., 2011). Additionally, Hieber and Gessner (2002) reported 

that the contribution of detritivore macroinvertebrates to low-quality litter is small. 

Studies are required in other parts of the world, such as tropical regions where litter quality is low 

(supposedly less sensitive to increases in [CO2]) and litter decomposition is carried out by microbes. 

This can allow making predictions of how decreases in litter quality due to future rises in atmospheric 

[CO2] will globally affect litter decomposition in freshwaters. Increases in atmospheric [CO2] can 

have less effect on litter decomposition rates in other parts of the world. Consequently, findings of 

the effects of elevated [CO2] on litter decomposition in temperate regions should not be extrapolated 

to other regions. 

Most of the primary studies included in this meta-analysis have reported decreases in litter quality 

under elevated [CO2]. However, crayfish fed elevated litter were diagnosed to have lower percentages 

in proteins and lipids than crayfish that were fed ambient litter (Adams et al., 2005). Furthermore, 

grasshoppers that were reared on N-poor plants manifested smaller adult size than their counterparts 

reared on fertilized plants (Berner et al., 2005). If this is true for detritivores, this can lead to bottom-

up and top-down cascading effects in trophic food webs in aquatic ecosystems and other ecosystems 

interacting with them. 
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Insectivorous will be subjected to less nutritious detritivores resulting from poor-quality litter and 

detritivores might have a small body size (bottom-up effect). Through the compensatory feeding 

theory (Lee et al., 2004; Berner et al., 2005), detritivores can be expected to over-consume poor-

quality litter. This will result in high mortality of detritivores from two main reasons: (1) increased 

ingestion of secondary compounds (Stiling et al., 2003) and  (2) over-consumption by their predators. 

The over-killing of detritivores by insectivorous might be due to two reasons: (i) high exposure to the 

enemies and (ii) compensatory feeding (once detritivores have less nutritional values or small-body 

size). The over-consumption and high mortality of detritivore insects might lead to reduction in 

carbon sequestration in freshwaters (top-down effect), since litter decomposition will be carried out 

by microbes. In this regard, studies are needed to get an insight into whether feeding on low-quality 

litter reduces nutritional values and body size of detritivore insects. 

The leaching of soluble phenolic compounds can inhibit litter decomposition by binding exoenzymes 

(Zucker, 1983). When all plants will be subjected to high CO2, the concentrations of soluble phenolics 

in streams might be stressful to the level that can impair litter decomposition. However, it is not 

known how litter decomposers will respond to the concentration of phenolics and other metabolites 

when all plants, at an ecosystem level, will be subjected to increased [CO2]. Previous studies have 

investigated how phenolics and other secondary metabolites, in litter, affect litter decomposition. But, 

no study has studied how high concentrations of these compounds, in the stream, will affect litter 

decomposition. A study, simulating what will happen when all ecosystem-level vegetation will 

experience higher [CO2] should give an insight into how litter decomposition will be affected in the 

future, vis-à-vis higher concentrations of secondary metabolites in the stream, under elevated 

atmospheric [CO2]. 
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VI. Appendices 

Appendix 1. Matrix used in the analyses showing studies, effect size (Hedges’ g) and its variance (Vg) and moderators. For definition of 

moderators and levels, see Table 2. 

Study g Vg 

Type of 

change System Study type Field study 

Correlative 

study 

Community 

type Litter genus Temp increase CO2 increase  

Origin of 

Data 

Batista&al2012 0.76 0.72 Temp Lotic Laboratory       Alnus 6   Estimated 

Batista&al2017 4.73 2.53 Temp Lotic Laboratory       Alnus 6   Estimated 

Batista&al2017 3.65 1.77 Temp Lotic Laboratory       Alnus 13   Estimated 

Batista&al2017 3.82 1.89 Temp Lotic Laboratory       Alnus 6   Estimated 

Batista&al2017 3.05 1.44 Temp Lotic Laboratory       Alnus 13   Estimated 

Boyero&al2011 0.23 0.08 Temp Lotic Field  Correlative Latitudinal Microbial Alnus     Reported 

Boyero&al2011 1.68 0.07 Temp Lotic Field  Correlative Latitudinal Total Alnus     Reported 

Correa-Araneda&al2015 -1.16 0.13 Temp Lotic Laboratory     Total Nothofagus 7   Estimated 

Correa-Araneda&al2015 1.25 0.13 Temp Lotic Laboratory     Total Nothofagus 7   Estimated 

Correa-Araneda&al2015 0.96 0.12 Temp Lotic Laboratory     Total Eucalyptus 7   Estimated 

Correa-Araneda&al2015 0.31 0.11 Temp Lotic Laboratory     Total Eucalyptus 7   Estimated 

Correa-Araneda&al2015 0.20 0.11 Temp Lotic Laboratory     Total Alnus 5   Estimated 

Correa-Araneda&al2015 -0.22 0.11 Temp Lotic Laboratory     Total Alnus 5   Estimated 

Correa-Araneda&al2015 0.11 0.11 Temp Lotic Laboratory     Total Eucalyptus 5   Estimated 

Correa-Araneda&al2015 0.97 0.12 Temp Lotic Laboratory     Total Eucalyptus 5   Estimated 

Dang&al2009 -3.66 0.89 Temp Lotic Laboratory       Alnus 5   Estimated 

Domingos&al2015 -0.90 0.18 Temp Lotic Field Manipulative   Total Quercus 2.7   Reported 

Duarte&al2016 0.94 0.15 Temp Lotic Field Manipulative   Microbial Quercus 3   Estimated 

Duarte&al2016 0.31 0.14 Temp Lotic Field Manipulative   Microbial Quercus 2.3   Estimated 

Fabre&Chauvet1998 -1.65 0.53 Temp Lotic Field Correlative Altitudinal Total Alnus     Estimated 

Fernandes&al2009 1.23 0.10 Temp Lotic Laboratory       Alnus 7   Reported 

Fernandes&al2012 0.94 0.74 Temp Lotic Laboratory       Alnus 8   Estimated 

Fernandes&al2012 0.41 0.68 Temp Lotic Laboratory       Vitis 8   Estimated 

Fernandes&al2012 0.88 0.73 Temp Lotic Laboratory       Quercus 8   Estimated 

Fernandes&al2012 1.43 0.84 Temp Lotic Laboratory       Platanus 8   Estimated 



 

Fernandes&al2014 1.57 0.44 Temp Lotic Laboratory       Alnus 6   Estimated 

Fernandes&al2014 2.43 0.58 Temp Lotic Laboratory       Alnus 6   Estimated 

Fernandes&al2014 1.39 0.41 Temp Lotic Laboratory       Alnus 6   Estimated 

Fernandes&al2014 0.45 0.34 Temp Lotic Laboratory       Alnus 6   Estimated 

Fernandes&al2014 0.47 0.34 Temp Lotic Laboratory       Alnus 6   Estimated 

Fernandes&al2014 1.79 0.47 Temp Lotic Laboratory       Quercus 6   Estimated 

Fernandes&al2014 1.45 0.42 Temp Lotic Laboratory       Quercus 6   Estimated 

Fernandes&al2014 1.82 0.47 Temp Lotic Laboratory       Quercus 6   Estimated 

Fernandes&al2014 1.90 0.48 Temp Lotic Laboratory       Quercus 6   Estimated 

Fernandes&al2014 2.13 0.52 Temp Lotic Laboratory       Quercus 6   Estimated 

Ferreira&al2006 6.32 0.80 Temp Lotic Field Correlative Seasonal Total Alnus 8.2   Reported 

Ferreira&al2006 7.00 1.12 Temp Lotic Field Correlative Seasonal Total Alnus 8.2   Reported 

Ferreira&al2006 1.08 0.22 Temp Lotic Field Correlative Seasonal Total Alnus 8.2   Reported 

Ferreira&al2006 2.17 0.25 Temp Lotic Field Correlative Seasonal Total Alnus 8.2   Reported 

Ferreira&al2015 1.80 0.31 Temp Lotic Field Manipulative   Microbial Quercus 2.8   Reported 

Ferreira&al2015 1.79 0.31 Temp Lotic Field Manipulative   Microbial Castanea 2.8   Reported 

Ferreira&al2015 1.73 0.31 Temp Lotic Field Manipulative   Total Quercus 2.8   Reported 

Ferreira&al2015 0.53 0.23 Temp Lotic Field Manipulative   Total Castanea 2.8   Reported 

Ferreira&Canhoto2014 2.19 0.69 Temp Lotic Field Manipulative   Total Quercus     Estimated 

Ferreira&Canhoto2014 289% 44% Temp Lotic Field Manipulative   Microbial Quercus     Estimated 

Ferreira&Canhoto2015 -0.39 0.14 Temp Lotic Field  Manipulative   Total Quercus 3   Reported 

Ferreira&Canhoto2015 0.65 0.14 Temp Lotic Field  Manipulative   Total Quercus 2.4   Reported 

Ferreira&Canhoto2015 1.65 0.18 Temp Lotic Field  Manipulative   Total Quercus 2.8   Reported 

Ferreira&Canhoto2015 1.99 0.20 Temp Lotic Field  Manipulative   Microbial Quercus 3   Reported 

Ferreira&Canhoto2015 0.88 0.15 Temp Lotic Field  Manipulative   Microbial Quercus 2.3   Reported 

Ferreira&Canhoto2015 1.93 0.20 Temp Lotic Field  Manipulative   Microbial Quercus 2.8   Reported 

Ferreira&Chauvet2011a 2.09 0.77 Temp Lotic Laboratory       Alnus 5 0 Reported 

Ferreira &Chauvet2011b 1.24 0.20 Temp Lotic Laboratory       Alnus 5   Reported 

Ferreira &Chauvet2011b 1.69 0.23 Temp Lotic Laboratory       Alnus 10   Reported 

Friberg&al2009 2.34 0.15 Temp Lotic Field Correlative Geothermal Microbial Betula     Estimated 

Friberg&al2009 1.63 0.14 Temp Lotic Field Correlative Geothermal Total Betula     Estimated 

Geraldes&al2012 0.66 0.53 Temp Lotic Laboratory       Alnus 8   Estimated 



 

Geraldes&al2012 6.39 3.05 Temp Lotic Laboratory       Alnus 8   Estimated 

Geraldes&al2012 1.61 0.66 Temp Lotic Laboratory       Alnus 8   Estimated 

Geraldes&al2012 1.89 0.72 Temp Lotic Laboratory       Alnus 8   Estimated 

Gessner&al1993 -2.74 1.29 Temp Lotic Field Correlative Seasonal Total Alnus 7.35   Reported 

Gonçalves&al2013 0.22 0.08 Temp Lotic Laboratory       Alnus 5   Reported 

Gonçalves&al2013 0.56 0.09 Temp Lotic Laboratory       Alnus 10   Reported 

Gonçalves&al2013 0.06 0.08 Temp Lotic Laboratory       Alnus 15   Reported 

Gonçalves&al2013 0.04 0.08 Temp Lotic Laboratory       Quercus 5   Reported 

Gonçalves&al2013 0.59 0.09 Temp Lotic Laboratory       Quercus 10   Reported 

Gonçalves&al2013 1.11 0.10 Temp Lotic Laboratory       Quercus 15   Reported 

Irons&al1994 2.05 0.12 Temp Lotic Field Correlative Latitudinal Total Pithecellobium 9.45   Reported 

Irons&al1994 6.13 0.46 Temp Lotic Field Correlative Latitudinal Total Trema 11.30   Reported 

Irons&al1994 2.67 0.15 Temp Lotic Field Correlative Latitudinal Total Cornus 11.33   Reported 

Irons&al1994 3.73 0.22 Temp Lotic Field Correlative Latitudinal Total Quercus 11.10   Reported 

Irons&al1994 -1.27 0.10 Temp Lotic Field Correlative Latitudinal Total Acer 12.66   Reported 

Irons&al1994 4.96 0.33 Temp Lotic Field Correlative Latitudinal Total Fagus 16.66   Reported 

Irons&al1994 0.81 0.09 Temp Lotic Field Correlative Latitudinal Total Alnus 12.88   Reported 

Irons&al1994 1.89 0.12 Temp Lotic Field Correlative Latitudinal Total Quercus 12.82   Reported 

Irons&al1994 -2.61 0.15 Temp Lotic Field Correlative Latitudinal Total Alnus 12.09   Reported 

Irons&al1994 -1.32 0.10 Temp Lotic Field Correlative Latitudinal Total Salix 12.97   Reported 

Irons&al1994 7.99 0.72 Temp Lotic Field Correlative Latitudinal Total Pithecellobium 25.73   Reported 

Irons&al1994 7.68 0.67 Temp Lotic Field Correlative Latitudinal Total Trema 25.51   Reported 

Irons&al1994 4.62 0.29 Temp Lotic Field Correlative Latitudinal Total Cornus 25.05   Reported 

Irons&al1994 3.45 0.20 Temp Lotic Field Correlative Latitudinal Total Quercus 25.21   Reported 

Irons&al1994 2.35 0.14 Temp Lotic Field Correlative Latitudinal Total Acer 25.42   Reported 

Irons&al1994 2.38 0.14 Temp Lotic Field Correlative Latitudinal Total Fagus 19.64   Reported 

Irons&al1994 2.71 0.15 Temp Lotic Field Correlative Latitudinal Total Alnus 24.71   Reported 

Irons&al1994 2.23 0.13 Temp Lotic Field Correlative Latitudinal Total Quercus 24.80   Reported 

Irons&al1994 2.16 0.13 Temp Lotic Field Correlative Latitudinal Total Alnus 24.72   Reported 

Irons&al1994 2.43 0.14 Temp Lotic Field Correlative Latitudinal Total Salix 24.70   Reported 

Jiggut&Yule2015 4.56 0.19 Temp Lotic Field Correlative Altitudinal Total Macaranga     Estimated 

Jiggut&Yule2015 0.49 0.17 Temp Lotic Field Correlative Altitudinal Microbial Macaranga     Estimated 



 

Martinez&al2014 1.26 0.24 Temp Lotic Field Correlative Altitudinal Microbial Alnus 2.44   Reported 

Martinez&al2014 2.66 0.38 Temp Lotic Field Correlative Altitudinal Microbial Alnus 3.51   Reported 

Martinez&al2014 1.19 0.59 Temp Lotic Laboratory       Alnus 5   Reported 

Martinez&al2014 1.02 0.57 Temp Lotic Laboratory       Alnus 10   Reported 

Martinez&al2014 0.11 0.50 Temp Lotic Laboratory       Alnus 5   Reported 

Martinez&al2014 1.49 0.64 Temp Lotic Laboratory       Alnus 10   Reported 

Martinez&al2014 2.26 0.82 Temp Lotic Laboratory       Alnus 5   Reported 

Martinez&al2014 0.54 0.52 Temp Lotic Laboratory       Alnus 10   Reported 

Martinez&al2016 0.19 0.13 Temp Lotic Field Correlative Altitudinal Microbial Alnus 2.5   Reported 

Martinez&al2016 -0.69 0.13 Temp Lotic Field Correlative Altitudinal Microbial Quercus 2.5   Reported 

Martinez&al2016 0.73 0.13 Temp Lotic Field Correlative Altitudinal Microbial Fagus 2.5   Reported 

Martinez&al2016 0.78 0.14 Temp Lotic Field Correlative Altitudinal Total Alnus 2.5   Reported 

Martinez&al2016 1.09 0.14 Temp Lotic Field Correlative Altitudinal Total Quercus 2.5   Reported 

Martinez&al2016 0.96 0.14 Temp Lotic Field Correlative Altitudinal Total Fagus 2.5   Reported 

Martinez&al2016 0.08 0.13 Temp Lotic Field Correlative Altitudinal Microbial Alnus 4.5   Reported 

Martinez&al2016 -0.41 0.13 Temp Lotic Field Correlative Altitudinal Microbial Quercus 4.5   Reported 

Martinez&al2016 0.81 0.14 Temp Lotic Field Correlative Altitudinal Microbial Fagus 4.5   Reported 

Martinez&al2016 1.26 0.15 Temp Lotic Field Correlative Altitudinal Total Alnus 4.5   Reported 

Martinez&al2016 1.29 0.15 Temp Lotic Field Correlative Altitudinal Total Quercus 4.5   Reported 

Martinez&al2016 1.07 0.14 Temp Lotic Field Correlative Altitudinal Total Fagus 4.5   Reported 

Mas-Marti&al2015 1.22 0.47 Temp Lotic Field Manipulative   Microbial Quercus 2.8   Estimated 

Mas-Marti&al2015 0.08 0.40 Temp Lotic Field Manipulative   Microbial Quercus 2.8   Estimated 

Mas-Marti&al2015 1.04 0.45 Temp Lotic Field Manipulative   Microbial Quercus 2.8   Estimated 

Mas-Marti&al2015 1.07 0.46 Temp Lotic Field Manipulative   Microbial Quercus 2.8   Estimated 

Mas-Marti&al2015 1.05 0.46 Temp Lotic Field Manipulative   Microbial Quercus 2.8   Estimated 

Mogadham&Zimmer2016 0.21 0.05 Temp Lotic Laboratory       Betula 5   Reported 

Mogadham&Zimmer2016 1.80 0.07 Temp Lotic Laboratory       Betula 5   Reported 

Mora-Gomez&al2015 0.04 0.03 Temp Lotic Field  Correlative Seasonal Microbial Populus 12.85   Estimated 

Mora-Gomez&al2015 0.55 0.03 Temp Lotic Field  Correlative Seasonal Total Populus 9.63   Estimated 

Mora-Gomez&al2015 0.71 0.03 Temp Lotic Field  Correlative Seasonal Microbial Populus 12.85   Estimated 

Mora-Gomez&al2015 1.36 0.04 Temp Lotic Field  Correlative Seasonal Total Populus 9.63   Estimated 

Mora-Gomez&al2015 0.80 0.03 Temp Lotic Field  Correlative Seasonal Microbial Populus 12.85   Estimated 



 

Mora-Gomez&al2015 0.87 0.03 Temp Lotic Field  Correlative Seasonal Total Populus 9.63   Estimated 

Pereira&al2017 2.54 0.30 Temp Lotic Field  Correlative Seasonal Total Quercus 1.88   Estimated 

Pereira&al2017 2.82 0.33 Temp Lotic Field  Correlative Seasonal Total Quercus 3.07   Estimated 

Pereira&al2017 0.59 0.17 Temp Lotic Field  Correlative Seasonal Total Quercus 3.86   Estimated 

Pereira&al2017 0.66 0.18 Temp Lotic Field  Correlative Seasonal Total Quercus 2.44   Estimated 

Piggott&al2015 -1.46 0.63 Temp Lotic Laboratory       Melicytus 0.7   Estimated 

Piggott&al2015 -0.60 0.52 Temp Lotic Laboratory       Melicytus 1.8   Estimated 

Piggott&al2015 0.98 0.56 Temp Lotic Laboratory       Melicytus 2.6   Estimated 

Piggott&al2015 1.30 0.61 Temp Lotic Laboratory       Melicytus 3.6   Estimated 

Piggott&al2015 0.65 0.53 Temp Lotic Laboratory       Melicytus 4.2   Estimated 

Piggott&al2015 0.80 0.54 Temp Lotic Laboratory       Melicytus 5.1   Estimated 

Piggott&al2015 1.25 0.60 Temp Lotic Laboratory       Melicytus 6   Estimated 

Pozo&al2011 -0.23 0.11 Temp Lotic Field Correlative Altitudinal Total Alnus     Estimated 

Rowe&al1996 1.02 0.15 Temp Lotic Field Correlative Altitudinal Total Liriodendron 1.6   Estimated 

Rowe&al1996 1.23 0.16 Temp Lotic Field Correlative Altitudinal Total Acer 1.6   Estimated 

Rowe&al1996 1.39 0.17 Temp Lotic Field Correlative Altitudinal Total Quercus 1.6   Estimated 

Rowe&al1996 0.21 0.13 Temp Lotic Field Correlative Altitudinal Total Liriodendron 2.1   Estimated 

Rowe&al1996 0.75 0.14 Temp Lotic Field Correlative Altitudinal Total Acer 2.1   Estimated 

Rowe&al1996 0.65 0.14 Temp Lotic Field Correlative Altitudinal Total Quercus 2.1   Estimated 

Taylor&Andrushchenko2014 -1.29 0.81 Temp Lotic Field Correlative Altitudinal Total Acer 2.6   Estimated 

Taylor&Andrushchenko2014 -1.85 0.95 Temp Lotic Field Correlative Altitudinal Total Alnus 2.6   Estimated 

Taylor&Andrushchenko2014 0.22 0.67 Temp Lotic Field Correlative Altitudinal Microbial Acer 2.6   Estimated 

Taylor&Andrushchenko2014 -0.47 0.69 Temp Lotic Field Correlative Altitudinal Microbial Alnus 2.6   Estimated 

Taylor&Andrushchenko2014 -1.37 0.82 Temp Lotic Field Correlative Altitudinal Total Acer 3.2   Estimated 

Taylor&Andrushchenko2014 -0.06 0.67 Temp Lotic Field Correlative Altitudinal Total Alnus 3.2   Estimated 

Taylor&Chauvet2014 0.43 0.17 Temp Lotic Field Correlative Altitudinal Microbial Alnus 4.452   Estimated 

Taylor&Chauvet2014 0.07 0.17 Temp Lotic Field  Correlative Altitudinal Microbial Alnus 5.91   Estimated 

Dray2014 0.15 0.08 CO2 Lotic Field     Total Betula   549 Estimated 

Ferreira&al2010 -1.15 0.58 CO2 Lotic Field     Microbial Betula   200 Reported 

Ferreira&Chauvet 2011 0.30 0.17 CO2 Lotic Laboratory       Alnus   200 Reported 

Ferreira&Chauvet 2011 0.18 0.17 CO2 Lotic Laboratory       Alnus  200 Reported 

Hammrich2008 -4.98 2.73 CO2 Lentic Field     Microbial Tilia   140 Reported 



 

Hammrich2008 -0.90 0.73 CO2 Lentic Field     Microbial Prunus   140 Reported 

Hammrich2008 -1.37 0.82 CO2 Lentic Field     Microbial Carpinus   140 Reported 

Hammrich2008 -0.32 0.68 CO2 Lentic Field     Microbial Acer   140 Reported 

Hammrich2008 -2.85 1.34 CO2 Lentic Field     Microbial Quercus   140 Reported 

Hammrich2008 0.61 0.70 CO2 Lentic Field     Microbial Fagus   140 Reported 

Hammrich2008 -2.43 1.16 CO2 Lentic Field     Total Tilia   140 Reported 

Hammrich2008 -0.37 0.68 CO2 Lentic Field     Total Prunus   140 Reported 

Hammrich2008 -0.38 0.68 CO2 Lentic Field     Total Carpinus   140 Reported 

Hammrich2008 -0.06 0.67 CO2 Lentic Field     Total Acer   140 Reported 

Hammrich2008 -4.66 2.48 CO2 Lentic Field     Total Quercus   140 Reported 

Hammrich2008 -0.41 0.68 CO2 Lentic Field     Total Fagus   140 Reported 

Hammrich2008 -4.61 2.44 CO2 Lentic Field     Microbial Tilia   140 Reported 

Hammrich2008 -0.81 0.72 CO2 Lentic Field     Microbial Prunus   140 Reported 

Hammrich2008 -0.92 0.74 CO2 Lentic Field     Microbial Carpinus   140 Reported 

Hammrich2008 -0.20 0.67 CO2 Lentic Field     Microbial Acer   140 Reported 

Hammrich2008 -2.92 1.38 CO2 Lentic Field     Microbial Quercus   140 Reported 

Hammrich2008 0.15 0.67 CO2 Lentic Field     Microbial Fagus   140 Reported 

Hammrich2008 -1.27 0.80 CO2 Lentic Field     Total Tilia   140 Reported 

Hammrich2008 -0.36 0.68 CO2 Lentic Field     Total Prunus   140 Reported 

Hammrich2008 0.05 0.67 CO2 Lentic Field     Total Carpinus   140 Reported 

Hammrich2008 0.66 0.70 CO2 Lentic Field     Total Acer   140 Reported 

Hammrich2008 -3.08 1.46 CO2 Lentic Field     Total Quercus   140 Reported 

Hammrich2008 0.12 0.67 CO2 Lentic Field     Total Fagus   140 Reported 

Monroy&al2016 0.08 0.50 CO2 Lotic Field     Microbial Trifolium   300 Reported 

Monroy&al2016 -0.43 0.51 CO2 Lotic Field     Microbial Agrostis  300 Reported 

Rier&al2002 -0.24 0.40 CO2 Lotic Field     Total Populus  360 Reported 

Tuchman&al2003 0.00 0.10 CO2 Lotic Field     Total Populus   350 Estimated 

Ferreira&Chauvet 2011 1.03 0.19 Temp+CO2 Lotic Laboratory       Alnus 5 200 Reported 

Martins&al2017a -0.15 0.13 Temp+CO2 Lotic Laboratory       Eperua 1.9 201.44 Reported 

Martins&al2017a -0.76 0.14 Temp+CO2 Lotic Laboratory       Eperua 2.92 424.59 Reported 

Martins&al2017a -0.71 0.14 Temp+CO2 Lotic Laboratory       Eperua 4.46 863.11 Reported 

Martins&al2017a -0.69 0.14 Temp+CO2 Lotic Laboratory       Goupia 1.9 201.44 Reported 



 

Martins&al2017a -1.20 0.16 Temp+CO2 Lotic Laboratory       Goupia 2.92 424.59 Reported 

Martins&al2017a -1.47 0.17 Temp+CO2 Lotic Laboratory       Goupia 4.46 863.11 Reported 

Martins&al2017a -0.08 0.25 Temp+CO2 Lotic Laboratory       Eperua 1.9 201.44 Reported 

Martins&al2017a -0.28 0.25 Temp+CO2 Lotic Laboratory       Eperua 2.92 424.59 Reported 

Martins&al2017a -0.27 0.25 Temp+CO2 Lotic Laboratory       Eperua 4.46 863.11 Reported 

Martins&al2017a 0.02 0.25 Temp+CO2 Lotic Laboratory       Goupia 1.9 201.44 Reported 

Martins&al2017a 0.14 0.25 Temp+CO2 Lotic Laboratory       Goupia 2.92 424.59 Reported 

Martins&al2017a 0.08 0.25 Temp+CO2 Lotic Laboratory       Goupia 4.46 863.11 Reported 

Martins&al2017b 0.51 0.14 Temp+CO2 Lotic Laboratory       Hevea 1.23 213.12 Reported 

Martins&al2017b 0.76 0.14 Temp+CO2 Lotic Laboratory       Hevea 2.04 415.27 Reported 

Martins&al2017b 0.40 0.14 Temp+CO2 Lotic Laboratory       Hevea 4.3 825.92 Reported 

Martins&al2017b -0.18 0.13 Temp+CO2 Lotic Laboratory       Hevea 1.23 213.12 Reported 

Martins&al2017b 0.75 0.14 Temp+CO2 Lotic Laboratory       Hevea 2.04 415.27 Reported 

Martins&al2017b 0.07 0.13 Temp+CO2 Lotic Laboratory       Hevea 4.3 825.92 Reported 
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Appendix 2. Table summarizing subgroup analyses using the whole dataset. Mean effect size, 95% 

CL, sample size (n), test for heterogeneity between levels of moderators (QM), degree of freedom 

(df) and P-values are provided (levels with a common letter do not significantly differ). Mean effect 

size > 0 indicates stimulation whereas mean effect size < 0 indicates inhibition. 

Level Hedges' g 95% CL n Sign Diff 

Whole dataset   0.79 0.56 to 1.02 199  

QM = 1424.086, df = 196, P < 0.001 

Stressor (whole dataset) 

CO2 – 0.48  – 0.79 to –0.17  32 a 

Temp+CO2 – 0.11  – 0.42 to 0.20 19 a 

Temp   1.21  0.95 to 1.47 148 b 

QM = 49.554, df = 2, P < 0.001    

Study type (Temperature dataset) 

Laboratory   0.90 0.64 to 1.16 57 a 

Field   1.33 0.96 to 1.71 91 a 

QB = 1.380, df = 1, P = 0.240    

Field type (Temperature dataset) 

Manipulative   1.06 0.65 to 1.48 20 a 

Correlative   1.40 0.93 to 1.88 71 a 

QB = 0.383, df = 1, P = 0.536    

Correlative (Temperature dataset) 

Altitudinal   0.57 0.17 to 0.96 32 a 

Seasonal   1.59 0.52 to 2.66 15 ab 

Latitudinal   2.53 1.45 to 3.62 22 b 

QB = 14.195, df = 2, P < 0.001    

Litter genus (Temperature dataset, Laboratory) 

Melicytus   0.42 – 0.32 to 1.17 7 a 

Eucalyptus   0.58 0.14 to 1.01 4 a 

Alnus   1.09 0.66 to 1.51 31 a 

Quercus   1.13 0.61 to 1.65 9 a 

QB = 3.262, df = 3, P = 0.353    

Community type (Temperature dataset, Manipulative) 

Total   0.70 – 0.13 to 1.53 7 a 

Microbial   1.28 0.87 to 1.69 13 a 
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QB = 2.319, df = 1, P = 0.128    

Community type (Temperature dataset, Altitudinal) 

Microbial   0.39 –0.04 to 0.81 13 a 

Total   0.64 0.03 to 1.25 19 a 

QB = 0.442, df = 1, P = 0.506 

Litter genus (Temperature dataset, Altitudinal) 

Acer   0.13 – 0.88 to 1.14 5 a 

Alnus   0.30 – 0.26 to 0.85 13 a 

Quercus   0.54 – 0.18 to 1.26 6 a 

Fagus   0.89 0.53 to 1.25 4 a 

QB = 1.769, df = 3, P = 0.622 

Decomposer community (Temperature dataset, Seasonal) 

Microbial   0.51 0.05 to 0.98 3 a 

Total   1.89 0.54 to 3.23 12 a 

QB = 1.039, df = 1, P = 0.308    

Litter genus (Temperature dataset, Seasonal) 

Populus   0.72 0.38 to 1.06 6 a 

Quercus   1.60 0.44 to 2.77 4 a 

Alnus   2.76 – 0.67 to 6.19 5 a 

QB = 2.575, df = 2, P = 0.276    

System (CO2 dataset) 

Lentic – 0.89 – 1.37 to – 0.42 24 b 

Lotic   0.03 – 0.27 to 0.33 8 a 

QB = 10.684, df = 1, P = 0.011    

Community type (CO2 dataset)    

Microbial – 1.20 – 1.99 to – 0.40 12 a 

Total – 0.64 – 1.21 to 0.07 12 a 

QB = 0.709, df = 1, P = 0.400    

Litter genus (CO2 dataset, Lentic) 

Quercus – 3.21 – 4.44 to – 1.99 4 c 

Tilia – 2.94 – 4.67 to – 1.20 4 ac 

Carpinus – 0.61 – 1.45 to 0.22 4 ab 

Prunus – 0.60 – 1.42 to 0.22 4 ab 

Acer   0.01 – 0.79 to 0.82 4 ab 
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 Fagus   0.11 – 0.69 to 0.92 4 b 

QB = 33.087, df = 5, P < 0.001    

Litter genus (Tem+CO2 dataset) 

Goupia – 0.57 – 1.13 to 0.01 6 a 

Eperua – 0.42 – 0.75 to – 0.08 6 a 

Hevea   0.37 0.07 to 0.68 6 b 

QB = 15.713, df = 2, P < 0.001 
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