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Many streams and rivers are heterotrophic ecosystems that are highly dependent on cross-ecosystem subsidies such as leaf litter (LL). Terrestrial LL can be consumed by macroinvertebrates and microbes to fuel the detrital-based food webs in freshwaters. To date, our knowledge of LL decomposition in freshwaters is largely based on broadleaved LL, while the patterns and drivers of coniferous leaf-litter (CLL) decomposition in streams and rivers remain poorly understood. Here, we present a global investigation of CLL decomposition in streams and rivers by collecting data from 35 publications. We compared LL breakdown rates in this study with other global-scale studies (including conifers and broadleaved species), between evergreen and deciduous conifers, and between native and invasive conifers. We also investigated the climatic, geographic (latitude and altitude), stream physicochemical characteristics, and experimental factors (e.g., mesh size and experimental duration) in influencing CLL decomposition. We found that the following: (1) LL breakdown rates in this study were 18.5–28.8 and 4.9–16.8% slower than those in other global-scale studies when expressed as per day and per degree day, respectively. Conifer LL in coarse mesh bags, for evergreen and invasive conifers, decomposed 13.6, 10.3, and 10.8% faster than in fine mesh bags, for deciduous and native conifers, respectively; (2) CLL traits, stream physicochemical characteristics, and experimental factors explained higher variations in CLL decomposition than climatic and geographic factors; (3) CLL nutritional quality (N and P), water temperature, and experimental duration were better predictors of CLL decomposition than other predictors in categories of LL traits, stream physicochemical characteristics, and experimental factors, respectively; and (4) total and microbial-mediated CLL breakdown rates showed linear relationships with latitude, altitude, mean annual temperature, and mean annual precipitation. Our results imply that the replacement of native forests by conifer plantation would impose great impacts on adjacent freshwaters by retarding the LL processing rate. Moreover, future climate warming which is very likely to happen in mid- and high-latitude areas according to the IPCC 6th report would accelerate LL decomposition, with a potential consequence of food depletion for detritivores in freshwaters during hot summers.
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Introduction

Leaf-litter (LL) decomposition is one fundamental ecological functioning that links nutrients cycling, food web structure, and energy transfer within and across ecosystems (Anderson and Sedell, 1979; Wallace et al., 1997; Manning et al., 2021). The input of terrestrial LL to freshwaters imposes great impacts on individuals, populations, and communities of macroinvertebrates and microbes (Graça, 2001; Hayer et al., 2022), which can translate the C stored in LL into coarse particulate organic matter and CO2 (Marks, 2019). An increasing number of studies advanced our understanding of LL decomposition in freshwater ecosystems. Many biotic (e.g., LL traits, shredders, and fungi) and abiotic (e.g., water temperature, dissolved oxygen (DO), and latitude) factors have been identified as key drivers of LL decomposition in freshwaters at local, regional, and global scales (Woodward et al., 2012; Tiegs et al., 2019; Xiang et al., 2022). However, most previous studies focused on broadleaved species and ignored the decomposition of coniferous leaf litter (CLL) in freshwaters. For example, Follstad Shah et al. (2017) investigated the temperature sensitivity of LL decomposition in streams at a global scale in which CLL represents only 2.8% of all the cases. On the contrary, the decomposition of CLL in terrestrial ecosystems has been intensively investigated, especially for Pinus, which is the most well-studied genus than any other genus (Berg, 2014).

More studies should be conducted on investigating CLL decomposition in freshwaters, considering that many conifers are globally distributed species; conifers are common and dominant species in many mid- and high-latitude areas (e.g., temperate forests), and coniferous plantation is among one of the biggest forest changes that have invaded in many regions (Richardson and Rejmánek, 2004; Essl et al., 2010; Ferreira et al., 2016). Coniferous LL differs from broadleaf species in many ways such as nutritional quality and LL input time, and the shift between conifers and broadleaf species may have great impacts on communities of macroinvertebrates and microbes (Riipinen et al., 2010; Kanasashi and Hattori, 2011; Ferreira et al., 2017). The lack of information on CLL decomposition in freshwaters is, therefore, unrealistic and may lead to biased results when investigating general patterns of LL decomposition in freshwaters on a global scale. In addition, CLL naturally differs from broadleaved LL in ways of leaf morphology, nutrient concentration (e.g., N and P), chemical (e.g., lignin) and physical (e.g., toughness) characteristics, and, especially, the nutritional quality, which is lower than broadleaved LL (Martínez et al., 2013; Balibrea et al., 2020). Leaf-litter traits refer to characteristics that have correlations with LL decomposability or palatability, which include nutrient concentrations and chemical and physical characteristics in this study. Lower quality (e.g., higher lignin) of LL may influence the responses of LL decomposition to other factors such as water temperature and macroinvertebrate communities (Leroy and Marks, 2006; Fernandes et al., 2012). Therefore, the global patterns and drivers of LL decomposition found in previous large-scale studies may not be applicable for CLL.

To the best of our knowledge, there is no global-scale study of CLL decomposition in freshwaters. However, experiences gained from previous studies may help us predict some general patterns. Leaf-litter traits such as lignin and N have long been acknowledged as driving predictors of LL decomposition in freshwaters (Boyero et al., 2016; Kennedy and El-Sabaawi, 2017; Zhang et al., 2019). Coniferous LL is a low-quality food resource for microbes and detritivores due to the high concentration of lignin and low concentration of N (Richardson et al., 2004). Therefore, we should expect slower LL breakdown rates of conifers than broadleaf species in freshwaters (Graça and Pereira, 1995; Albariño and Balseiro, 2002). However, there are no consistent results regarding which traits are the most important predictors of LL decomposition. Leaf-litter decomposition also has been shown to change along the latitudinal gradient: total, macroinvertebrate-mediated, and microbial-mediated LL decomposition decreased when approaching the poles (Follstad Shah et al., 2017; Boyero et al., 2021) or no significant change of total LL decomposition with increasing absolute latitude (Irons III et al., 1994). These latitudinal patterns of LL decomposition in streams and rivers are usually associated with changes in mean annual temperature (MAT), microbes (e.g., fungi), and macroinvertebrates: lower MAT toward the poles, the highest abundance and richness of fungi at mid-latitude areas, and increasing abundance and richness of shredders toward the poles (Boyero et al., 2011a; Seena et al., 2019). Conifers are mainly distributed in mid- and high-latitude areas (Essl et al., 2010) where the abundance and richness of macroinvertebrates and microbes are relatively high and MAT is low (Seena et al., 2019). Therefore, the latitudinal trend of CLL decomposition may differ from the reported global patterns that included a low proportion of conifers and had a wider distribution range of sampling sites.

Stream physicochemical characteristics such as water temperature and water nutrient concentrations are essential abiotic factors driving LL decomposition in streams (Boyero et al., 2011b; Woodward et al., 2012). A growing number of studies addressed the importance of water temperature in driving LL decomposition in freshwaters (Bernabé et al., 2018; Fenoy et al., 2022). However, most studies suggested accelerated total, microbial-mediated, and macroinvertebrate-mediated LL breakdown rates under warmer temperature conditions (e.g., 1–4°C higher) due to benefited individuals and communities of microbes and detritivores (e.g., stimulated activities and higher density) (Boyero et al., 2011b; Ferreira et al., 2015b; Griffiths and Tiegs, 2016). Some others found no or negative effects of increased water temperature on LL decomposition through the inhibition effects on communities of macroinvertebrates and microbes (Bernabé et al., 2018; Peréz et al., 2021). However, the higher water temperature may reduce the negative effects of LL quality on LL decomposition (Fernandes et al., 2012). Therefore, the observed relationships between water temperature and broadleaved LL breakdown rates may be different from that of conifers due to the lower quality (e.g., higher lignin). Water nutrient concentrations are also closely correlated with LL decomposition in freshwaters. Nutrient concentrations (e.g., NO- 3 and [image: image]) in freshwaters worldwide have been increasing and will continue to increase due to intensive anthropogenic activities, such as growing fertilizer and sewage input (Vilmin et al., 2018; Beusen et al., 2022). The responses of LL decomposition to increasing water nutrient concentrations (e.g., NO- 3 and [image: image]) may be hump shaped (Woodward et al., 2012) or positive, and this effect was stronger for nutrient-poor LL (e.g., low N) than for nutrient-rich LL (Ferreira et al., 2015a). In addition, nutrient enrichment significantly decreased macroinvertebrate abundance in freshwaters, and this effect was stronger in tropical than in temperate areas (Nessel et al., 2021). Because CLL has lower quality than broadleaved LL, conifers are mainly distributed in temperate regions. Therefore, the relationships between CLL decomposition and water nutrient concentrations may differ from that of broadleaf species.

Here, we collected data on CLL breakdown rates in streams and rivers with associated climatic (MAP, mean annual precipitation; MDTR, mean diurnal temperature range, and MAT), geographic (altitude and latitude), experimental (mesh size, duration, and initial LL mass), and stream physicochemical (e.g., water depth, NO- 3, and [image: image]) factors from 35 publications (Supplementary Datasets and Appendix). We aimed to (1) compare the mean values of CLL breakdown rates with that of LL (including conifers and broadleaf species) reported in other global-scale studies and test the effect of mesh size (coarse vs. fine), leaf habit (evergreen vs. deciduous), and invasion status (native vs. exotic) on CLL decomposition; (2) select the driving intrinsic (CLL traits), environmental (climatic and geographic), and experimental factors on CLL breakdown rates; and (3) investigate the responses of CLL breakdown rates to the gradients of MAT, MAP, latitude, and altitude. We predicted that (1) CLL breakdown rates would be lower than other reported LL breakdown rates; (2) LL traits such as N and lignin would have greater impacts on CLL decomposition than other factors; and (3) CLL breakdown rates would increase with increasing MAT and MAP toward the poles but decrease with increasing altitude.



Materials and methods


Dataset

To evaluate the current state of knowledge on CLL decomposition in streams and rivers on a global scale, we built a database by searching online databases (ISI Web of Science and China National Knowledge Infrastructure for papers published in English and Chinese, respectively, prior to January 2022) with the following search terms: “(litter OR leaf) AND (conifer OR needle) AND (stream OR river) AND (breakdown OR decomposition OR decay).” The selected publications were based on several criteria: (1) only studies that were conducted in natural lotic ecosystems (i.e., streams and rivers) or experimental channels adjacent to streams and rivers were included to avoid experiments that were conducted in lentic ecosystems (e.g., lakes and ponds) or mesocosms; (2) the study should have measured LL breakdown rates of at least one conifer species; and (3) studies that measured the breakdown rates of mixed LL species in one leaf-litter bag were excluded due to the LL-mixing effects on LL decomposition (Leroy and Marks, 2006). In total, we screened 541 independent observations (324 and 217 observations in coarse and fine mesh bags, respectively) from 35 publications (Figure 1, Supplementary Datasets). The database included 541 and 428 cases for LL breakdown rates expressed as per day and per degree day, respectively, spanning 105° of latitude and large MAP (310–2,250 mm), MAT (0.36–19.8°C), and altitudinal gradients (1–3,600 m a.s.l.) in five continents.


[image: Figure 1]
FIGURE 1
 Global distribution of the 54 sites of coniferous leaf-litter decomposition in streams and rivers. There were 541 and 428 records of coniferous leaf-litter breakdown rates expressed as per day and per degree day, respectively. The colors of circles represent the number of records of leaf-litter breakdown rates (including per day and per degree day) at each site.


Leaf-litter breakdown rates expressed as kd (per day) and kdd (per degree day) were collected from each publication. When kd and/or kdd were not provided in the publication, the following breakdown rate coefficient was used: Wt = W[image: image]e−kt, where WI and Wt are the initial and final dry LL mass, respectively, and t is the incubation time (day) (Bärlocher, 2020), and kdd was calculated by replacing the time (t) in days with the total water temperature accumulated over the experimental period. The total water temperature accumulated over the experimental period was calculated with mean water temperature multiplied by experimental duration in this study. Leaf-litter breakdown rates of the replications at each sampling trial/date were collected if they were provided in the original publication. If not, the mean values of kd or kdd at each sampling date were recorded. For studies that reported LL breakdown rates in both coarse (>1 mm) and fine ( ≤ 1 mm) mesh bags, they represent the total (ktot) and microbial-mediated LL breakdown rates (kmicro), respectively, and macroinvertebrate-mediated LL breakdown rates (kinver) were calculated with Wt as the differences in mass remaining in coarse and fine mesh bags (Hladyz et al., 2010).

Factors that have potential impacts on LL breakdown rates were extracted from the publications. First, climatic and geographic factors including MAT, MAP, MDTR, latitude, longitude, and altitude were recorded. If geographic data (i.e., latitude, longitude, and altitude) were missing in the original study, they were determined by using Google Earth (version 7.1.8.3036). An open climatic dataset (CRU TS v4.04, between 1901 and 2019), which is based on Google Earth on a 0.5° latitude by 0.5° longitude grid (Osborn and Jones, 2014; Harris et al., 2020), was used to obtain the climatic data (MAT, MDTR, and MAP) if they were not provided in the original studies. Second, we collected LL traits including nutritional (e.g., N and P), chemical (e.g., tannin and cellulose), and physical quality (e.g., toughness). We manually extracted LL traits data that were available only in figures. Leaf-litter nutrient concentrations that were recorded as mg/g were transformed into percentages for ease of comparison. Because some studies did not calculate stoichiometry ratios of LL traits, a third LL trait was calculated when two out of the three stoichiometry-related traits were present; for example, the lignin/N ratio was calculated if concentrations of N and lignin were available. Third, experimental factors including a mesh size of LL bags, experimental duration (day), and initial CLL mass (g) were recorded. A mesh size larger than 1 mm that allowed the access of most macroinvertebrates was classified as a coarse mesh size representing total LL breakdown rates, while a mesh size smaller than 1 mm that excluded most macroinvertebrates was classified as a fine mesh size representing microbial-mediated LL breakdown rates (Follstad Shah et al., 2017). Finally, stream physicochemical characteristics that include physical characteristics (e.g., depth, width, and velocity) and stream water quality (e.g., pH, NO- 3, and [image: image]) were extracted.

Other information extracted from the publications includes site names of decomposition experiment locations (continent) and plant classification information (species and family name). Plant functional types (PFTs) were also classified as leaf habit (evergreen vs. deciduous) and invasion status (exotic vs. native). The invasion status was determined by checking whether the sampling site is in the species' natural distribution range (http://temperate.theferns.info/) when this information was not provided in the original publication. Data collected from islands that are >1,000 km away from continents (Azores) were not assigned to any continent.



Data analysis

First, a one-way analysis of variance (ANOVA) was conducted to compare the mean values of LL breakdown rates (both kd and kdd) in this study with other global-scale studies (Boyero et al., 2016; Follstad Shah et al., 2017; Zhang et al., 2019; LeRoy et al., 2020). These studies were selected based on several criteria: (1) field experiments or meta-analysis included worldwide data; (2) data of LL breakdown rates should be obtained from natural senesced LL of various species; and (3) the decomposition experiments should be conducted in lotic ecosystems (e.g., streams and rivers). We conducted the analyses with three different datasets: (1) all data combined; (2) data for coarse mesh bags; and (3) data for fine mesh bags. Tukey's honestly significant difference (HSD) was used for the post-hoc multiple comparison in the ANOVA analysis. Second, t-tests were used to investigate whether the CLL breakdown rates differ between coarse and fine mesh bags. The effects of leaf habit and invasion status on CLL breakdown rates were also checked with t-tests. As there were only three studies (37 cases) that had values of macroinvertebrate-mediated LL breakdown rates, we did not conduct any analysis for this variable.

Third, stepwise multiple regression analyses were conducted to investigate the associations of climatic and geographic factors, LL traits, experimental factors, and stream physicochemical characteristics with CLL breakdown rates. We selected factors that were significantly correlated with CLL breakdown rates (Supplementary Table S1). For the selected predictors, any potential collinear predictors were identified and removed (R ≥ 0.70) before running the analyses. If the collinearity was close to the threshold, we further calculated the variance inflation factors (VIFs) to ensure that they would not inflate the variance of models. The predictors were kept when the VIFs were below 4. Toughness and phenol-related traits were excluded in the stepwise multiple regression analyses due to the limited species (<5) that had measurements of these LL traits. The stepwise multiple regression analyses were conducted in two steps: (1) we conducted the analysis for the four categories of predictors individually (model A) and (2) we included all the factors screened in model A (model B). In addition, the included predictors in models A and B should have observations >10 times the number of variables.

Finally, linear models were used to explore the responses of CLL breakdown rates to important predictors selected in the stepwise multiple regression analyses. As some climatic and geographic factors were excluded in the regression analyses (e.g., latitude), we were interested in the latitudinal and altitudinal trends of CLL decomposition in lotic ecosystems and how climate changes (temperature and precipitation) would affect CLL breakdown rates. In this case, all climatic and geographic factors, LL traits including N and P, mean water temperature, and [image: image] were included in the linear models. These linear models were conducted with three different datasets: all data pooled together and data from coarse and fine mesh bags. This kind of data treatment was aimed to test whether there are differences between the responses of total and microbial-mediated CLL breakdown rates to these predictors. Before conducting all analyses, outliers, normality, and homogeneity of variance were examined, and data were log-transformed to meet normality and homogeneity assumptions. Consequently, CLL breakdown rates, C/P, lignin/N, experimental duration, initial litter mass, velocity, discharge, NO- 3, NH+ 4, [image: image], and conductivity were log-transformed. All statistical analyses were carried out using IBM SPSS Statistic 24.0.




Results


Comparison of leaf-litter breakdown rates in this study with other global studies

We found consistently lower LL breakdown rates of conifers in this study than in other global-scale studies regardless of whether it was expressed as per day or per degree day or whether it was in coarse or fine mesh bags (Figure 2). Mean CLL breakdown rates in this study were −2.37 ± 0.02 (n = 543, mean ± SE, data were log-transformed) and −3.20 ± 0.02 (n = 430, mean ± SE), which were 18.5–28.8 and 4.9–16.8% lower than the reported LL breakdown rates in other global-scale studies when expressed as per day and per degree day, respectively. This trend was similar when data were analyzed separately in coarse and fine mesh bags, except that the mean breakdown rates (per degree day) in coarse mesh bags did not differ from one study (Boyero et al., 2016).


[image: Figure 2]
FIGURE 2
 Comparisons of leaf-litter breakdown rates (per day, left; per degree day, right) in this study (A) with other global-scale studies [B, Boyero et al., 2016; C, Follstad Shah et al., 2017; D, LeRoy et al., 2020; E, Zhang et al., 2019]. Box plots summarize the distribution of all values. Box plots indicate the interquartile ranges (box part), 25th and 75th percentiles (lower and upper error bars), median values (red circles in the box), mean values (red triangles in the box), and outliers (black dots). Lowercase letters above each box indicate a significant difference among studies after one-way ANOVA and post-hoc Tukey's t-test (parameters with the same letter are not significantly different between studies, P > 0.05) was used. ***P < 0.001.




Predictors of CLL breakdown rates

We did find that CLL breakdown rates differed between mesh sizes, leaf habits, and invasion status (Figure 3). Coniferous LL decomposed 13.6 and 11.6% faster in coarse than in fine mesh bags when expressed as per day and per degree day, respectively (Figures 3A,D). Unexpectedly, deciduous CLL (Larix) had 11.3% slower breakdown rate (per day) than evergreen species (Figure 3B), and this trend was the same even though data were divided into coarse and fine mesh bags (Supplementary Figures S1A,C). However, the deciduous CLL breakdown rate in fine mesh bags was 4.8% faster than evergreen species when expressed as per degree day (Supplementary Figure S1C) and did not differ in coarse mesh bags nor when data were pooled. Exotic CLL breakdown rates (per day) were 10.6 and 8.7% higher than native species when data were combined (Figure 3C) and in coarse mesh bags (Supplementary Figure S1B), respectively. By contrast, exotic conifers had 3.4% faster breakdown rates, while they had 3.2% slower breakdown rates (per degree day) when data were combined (Figure 3F) and in fine mesh bags (Supplementary Figure S1D), respectively.


[image: Figure 3]
FIGURE 3
 Comparisons of leaf-litter breakdown rates (per day, upper; per degree day, lower) between coarse and fine mesh bags (A,D), evergreen and deciduous species (B,E), and native and exotic species (C,F). Box plots summarize the distribution of all values. Box plots indicate the interquartile ranges (box part), 25th and 75th percentiles (lower and upper error bars), median values (circles in the box), and mean values (triangles in the box).


Altitude, MAP, and MDTR were the best-fit climatic and geographic predictors for CLL breakdown rates (per day), which together explained 22.1% of the variation (Table 1), whereas MAT and MDTR only explained 2.8% of the variations in CLL breakdown rates when expressed as per degree day. Nitrogen was the best-fit LL trait predictor, which explained 39.3% of the variations in CLL breakdown rates (per day). When expressed as per degree day, P and N/P became the best-fit LL trait predictors, which together explained 70.4% of the variation in CLL decomposition. The best-fit experimental predictors for CLL breakdown rates were mesh size and experimental duration regardless of whether it was expressed as per day or per degree day. Mean water temperature was the best-fit physicochemical characteristic for the prediction of CLL breakdown rates (per day). By contrast, 81.8% of the variation in CLL breakdown rates (per degree day) was explained by discharge, pH, and minimum water temperature. When the selected four categories of predictors were pooled together, mean water temperature, mesh size, duration, and N concentration of LL were responsible for 23.6% of the variation in CLL breakdown rates (per day), whereas P, experimental duration, and minimum water temperature together explained 91.2% of the variation in CLL breakdown rates (per degree day). However, the best-fit predictors (in each category and with the four categories of predictors pooled) changed when CLL breakdown rates were analyzed individually in coarse and fine mesh bags (Table 1). In addition, when analyzed individually, most of the four groups of predictors showed linear relationships with CLL breakdown rates (per day and per degree day) regardless of whether data were pooled, in coarse or in fine mesh bags (Supplementary Table S1).


TABLE 1 Results of multiple regressions examining global-scale variations in coniferous leaf-litter breakdown rates (kd, per day; kdd, per degree day).

[image: Table 1]



Relationships between CLL breakdown rates and driving predictors

Coniferous LL breakdown rates (per day) increased with increasing N, P, mean water temperature, [image: image], MAT, and MAP, but decreased with increasing MDTR and altitude (Figure 4). There were no latitudinal trends of CLL breakdown rates regardless of whether it was expressed as per day or per degree day when all data were pooled (Figure 4E). However, we found a decreasing trend of CLL breakdown rates toward the poles in coarse mesh bags. On the contrary, CLL breakdown rates increased toward the poles in fine mesh bags (Supplementary Figure S2A). CLL breakdown rates (per day) decreased with increasing altitude when data were pooled (Figure 4I), in coarse and in fine mesh bags (Supplementary Figure S2C). However, CLL breakdown rates (per degree day) increased with increasing altitude in coarse mesh bags (Supplementary Figure S2D). Coniferous LL breakdown rates increased but decreased with increasing MAT and MAP when expressed as per day and per degree day, respectively (Figures 4F,G). However, there were no linear relationships between MAP and CLL breakdown rates (Supplementary Figures S2I,J) and between MAT and CLL breakdown rates (per degree day) in coarse mesh bags (Supplementary Figure S2F). The relationships between MDTR and CLL breakdown rates (per day and per degree day) when all data were pooled were contrary to the relationships between MAT and CLL breakdown rates (Figure 4H). However, CLL breakdown rates (per day) increased but decreased with increasing MDTR in coarse and fine mesh bags, respectively (Supplementary Figure S2G).


[image: Figure 4]
Figure 4. (A–I) Relationships between coniferous leaf-litter breakdown rates (per day, circle; per degree day, triangle) and selected important leaf-litter traits (N and P), stream physicochemical characteristics (mean water temperature and [image: image]), and geographic and climatic (latitude; MAT, mean annual temperature; MAP, mean annual precipitation; MDTR, mean diurnal temperature range; and altitude) predictors. R values with significant correlations are shown in the figure. ***P < 0.001. Linear fitted lines and 95% confidence intervals are shown.





Discussion


Slower leaf-litter breakdown rates in this study than in other studies

Our result supports the first hypothesis that LL breakdown rates in this study were significantly lower than that in other global-scale studies (Boyero et al., 2016; Follstad Shah et al., 2017; Zhang et al., 2019; LeRoy et al., 2020). This result advocates many other studies that found lower CLL breakdown rates than broadleaved LL in streams at local, regional, and global scales (Graça and Pereira, 1995; Albariño and Balseiro, 2002; Zhang et al., 2019). Although, some studies claimed that there were no differences in LL breakdown rates between conifers and broadleaved species at local (Ferreira et al., 2017) and global scales (Ferreira et al., 2016). The slower CLL breakdown rate was not surprising because CLL usually has a poorer nutritional quality (e.g., lower N) than other species (Richardson et al., 2004). Microbes and macroinvertebrates prefer a high nutritional quality over less nutritious LL, which resulted in a lower breakdown rate of poor nutritious LL (Gessner and Chauvet, 1994; Balibrea et al., 2020; Oliveira et al., 2022). Another possible explanation may be associated with temperature because most sampling sites in this study were in mid- and high-latitude areas and had no site in tropical areas. Consequently, MAT and water temperature in this study were lower than those mentioned in other large-scale studies, which may contribute to the reduced LL breakdown rates (Boyero et al., 2011b; Follstad Shah et al., 2017). Given that conifer plantation is one of the main types of forest changes that occurred worldwide (Essl et al., 2010; Ferreira et al., 2016; Kawamura et al., 2021), our results, therefore, have implication on predicting the ecological consequences of the replacement of native species by conifer plants (e.g., Pinus) in freshwater ecosystems such as LL decomposition.



Relationships between LL traits and CLL decomposition in streams and rivers

As expected, LL traits explained a relatively high proportion of the variation in CLL decomposition. This result is in accordance with many other local and global-scale studies that revealed the predominant role of LL traits in determining LL decomposition in streams and rivers (Leroy and Marks, 2006; Goncalves et al., 2017; Zhang et al., 2019). Also, we found that the controlling LL traits differed depending on whether it was expressed as per day or per degree day and whether in coarse or fine mesh bags. This result adds evidence that there was no consistent conclusion regarding which LL trait is the most important predictor of LL decomposition in freshwaters. Furthermore, our result underscored that LL nutritional quality (N and P) mainly drives the decomposition of CLL in streams and rivers, and the result agrees with the findings for many broadleaved LL and CLL (Kennedy and El-Sabaawi, 2017; Jabiol et al., 2019). Nitrogen and P concentrations are important indicators of LL decomposability. Many researchers found positive effects of N content on LL decomposition in freshwaters through enhanced biomass, diversity, and activity of microbes (e.g., fungi) and macroinvertebrates (Garcia et al., 2012; Jackrel and Wootton, 2015; Pereira and Ferreira, 2021). By contrast, secondary compounds such as lignin can hinder LL decomposition by reducing the abundance and richness of microbes and macroinvertebrates (Gessner and Chauvet, 1994; Leite-Rossi et al., 2016; Balibrea et al., 2020). However, we only found a negative relationship between lignin and CLL breakdown rates in fine mesh bags. Taken together, our results may indicate that microbial-mediated and total CLL decomposition were driven by lignin and the nutritional quality of LL, respectively.



Relationships between stream physicochemical characteristics and CLL decomposition

Stream physicochemical characteristics affected CLL decomposition, but the best-fit predictors are context dependent. Specifically, we found stronger impacts of mean water temperature on CLL decomposition than other physicochemical characteristics in fine mesh bags and when all data were pooled. An increasing number of studies addressed the importance of water temperature in driving LL decomposition in freshwaters at local, regional, and global scales (Boyero et al., 2011b; Bernabé et al., 2018; Xiang et al., 2019). As the positive relationships between CLL decomposition and mean water temperature appeared in both coarse and fine mesh bags, the R value was much higher in coarse than in fine mesh bags. We may speculate that the accelerated CLL decomposition at higher water temperature may be attributed to both macroinvertebrate- and microbial-mediated ways. Elevated water temperature can stimulate microbial-mediated LL decomposition in various ways, including stimulating activities, higher biomass, and higher richness of microbes (Ferreira and Chauvet, 2011; Canhoto et al., 2016). Similarly, macroinvertebrates decomposed LL faster under warmer conditions due to higher metabolic rate, stimulated activities, and higher density (Esther et al., 2015; Griffiths and Tiegs, 2016). Although some researchers found negative effects of warmer water temperature on macroinvertebrates and/or microbes (Boyero et al., 2011b; Martínez et al., 2014; Domingos et al., 2015), these negative effects may be weak or were suppressed by the positive effects of warming on LL decomposition. Moreover, we found significant effects of temperature range, minimum water temperature, and maximum water temperature on CLL decomposition. This result highlights that, along with mean water temperature, temperature oscillation should also be considered in future studies (Dang et al., 2009).

By contrast, [image: image] concentration was the best-fit physicochemical predictor, which showed a positive relationship with CLL decomposition in coarse mesh bags. This result adds evidence to mounting research that suggest accelerated LL decomposition by higher water nutrient concentrations (Woodward et al., 2012; Ferreira et al., 2015a; Manning et al., 2021). Phosphorus is a fundamental and usually limited nutrient in freshwater ecosystems such as streams and rivers (Elser et al., 2007; Dodds and Smith, 2016). Previous studies found that the abundance, density, biomass, and richness of macroinvertebrates may be positively affected by higher nutrient concentrations (Gulis et al., 2006; Bergfur et al., 2007; Pereira et al., 2016) to enhance LL decomposition. We may anticipate faster macroinvertebrate-mediated CLL breakdown rates in future, considering that P concentration in streams and rivers worldwide has been and will continue to increase (Vilmin et al., 2018; Harrison et al., 2019; Beusen et al., 2022). Taken together, our results imply that macroinvertebrate-mediated and microbial-mediated CLL decomposition were differently influenced by stream physicochemical characteristics, and future changes in water temperature and nutrient concentrations should be especially concerned.



Relationship between climatic and geographic factors and CLL decomposition in streams

Although we found that CLL breakdown rates had linear relationships with gradients of climatic and geographic factors, they explained relatively smaller variations in CLL decomposition in streams and rivers than other predictors (e.g., LL traits). This result agrees with previous studies that found that LL decomposition changed along the gradients of latitude (Irons III et al., 1994; Tiegs et al., 2019; Boyero et al., 2021), altitude (Fabre and Chauvet, 1998; Jinggut and Yule, 2015; Martínez et al., 2016), and temperature (Boyero et al., 2011b). Specifically, we found that CLL breakdown rates increased in fine mesh bags but decreased in coarse mesh bags toward the poles. The result for fine mesh bags is consistent with other large-scale studies, while the result for coarse mesh bags agrees (Tiegs et al., 2019) or disagrees with others (Irons III et al., 1994; Follstad Shah et al., 2017). Our result implies that macroinvertebrate-mediated CLL decomposition was reduced toward the poles and overrode the stimulated microbial-mediated CLL decomposition, which resulted in decreased total CLL breakdown rates. Along the latitudinal gradient, we found increased chemical LL quality (e.g., lower lignin and lignin/N), decreased MAT and mean water temperature, and lower water nutrient concentrations (e.g., NO-3 and [image: image]). These changes may have positive (enhanced LL quality) or negative effects (e.g., lower water temperature) on CLL decomposition in streams as evidenced in this study and many others (Woodward et al., 2012; Ferreira et al., 2015b). Therefore, we may speculate that the accelerated microbial-mediated CLL breakdown rates toward the poles may be attributed to the increased chemical LL quality, and this effect may have overridden the negative effects of decreased temperature and water nutrient concentrations on microbes. On the contrary, decreased MAT, mean water temperature, and water nutrient concentrations may have resulted in slower macroinvertebrate-mediated and hence total CLL breakdown rates toward high-latitude areas and suppressed the positive effects of enhanced CLL quality on decomposition.

In addition, we found consistently slower CLL breakdown rates in this study than the reported LL breakdown rates in tropical areas in other studies. This is interesting because previous studies found higher LL breakdown rates in tropical than in high-latitude areas or no differences between the two regions (Irons III et al., 1994; Zhang et al., 2019). This pattern may be true for broadleaved species because many previously published papers focused on broadleaved LL and ignored coniferous species. In fact, conifers are the dominant plants in many mid- and high-latitude areas such as temperate, boreal, and Mediterranean forests (Essl et al., 2010). However, the decomposition of CLL in streams is largely ignored by researchers, and the proportion of conifers was usually low in previous studies (Ferreira et al., 2015a; LeRoy et al., 2020). The low proportion of conifers in global-scale studies may have unintentionally induced higher LL breakdown rates in mid- and high-latitude areas. Therefore, we argue that the inclusion of a proper proportion of conifers may give us a better understanding of the latitudinal trend of LL decomposition in streams and rivers at a global scale, especially for macroinvertebrate-mediated LL decomposition and for temperature-normalized LL breakdown rates.

We also found that the third hypothesis was supported as MAT and MAP positively affected CLL decomposition in both coarse and fine mesh bags in streams, a result following previous studies (Boyero et al., 2011b; Follstad Shah et al., 2017). If the stimulated CLL breakdown rates were induced by the changes in CLL quality associated with increasing MAT and MAP, we should have expected slower CLL breakdown rates. Because CLL quality decreased with increasing MAT and MAP as indicated by higher lignin and lignin/N, and lower LL quality can inhibit LL decomposition through the negative effects on microbes and macroinvertebrates (Hladyz et al., 2009; Kennedy and El-Sabaawi, 2017). Similarly, faster CLL breakdown rates may not be correlated with the changes in detritivore communities associated with changing MAT and MAP. Because abundance and richness of shredders are higher in mid- and high-latitude areas (low MAT and MAP) than in low latitude areas (Boyero et al., 2011a). Alternatively, higher CLL breakdown rates caused by higher MAT may be attributed to the changed microbial communities (e.g., higher diversity) and higher water nutrient concentrations, all of which have shown to boost LL decomposition in streams (Boyero et al., 2011b; Woodward et al., 2012; Fenoy et al., 2022). As we did not have enough cases that included data from both coarse and fine mesh bags to calculate macroinvertebrate-mediated CLL breakdown rates, the relationship between CLL decomposition and MAT was stronger in fine than in coarse mesh bags. We are not sure whether macroinvertebrate-mediated CLL decomposition was stimulated by increasing MAT or not. Our result suggests that future climate change such as warming and higher MAP, which is likely to occur in mid- and high-latitude areas where conifer plants are dominant species (Essl et al., 2010), may lead to faster microbial-mediated and total CLL decomposition in streams.

Moreover, we found negative relationships between CLL breakdown rates and altitude in both coarse and fine mesh bags, while the relationship was positive in coarse mesh bags when expressed as per degree day. This decreasing (or increasing when expressed as per degree day) trend of LL decomposition along altitudinal gradient was also evidenced in other studies (Jinggut and Yule, 2015; Martínez et al., 2016). Because nutritional quality (N and P)increased while decreased with increasing altitude in fine and coarse mesh bags, respectively, the decreased CLL decomposition with increasing altitude in fine mesh bags, therefore, was not controlled by the improved CLL nutritional quality, nor by higher water nutrient concentrations (e.g., NO- 3, [image: image]). Rather, the decreased temperature (MAT and mean water temperature) should be responsible for the declined microbial-mediated CLL decomposition (Taylor and Chauvet, 2014). However, both the decreased nutritional quality of CLL and lower temperature may contribute to the decelerated total CLL decomposition.



Relationship between experimental factors and CLL decomposition in streams

As expected, we found that mesh size is positively correlated with CLL decomposition in both coarse and fine mesh bags, a result in line with other studies (Zhang et al., 2019). The mesh size of LL bags can be divided into coarse and fine mesh groups to represent total and microbial-mediated LL breakdown rates, respectively. However, this classification is somehow arbitrary and there was no consistent agreement on the standard. Some researchers suggested mesh size larger than 1 mm as coarse mesh (Follstad Shah et al., 2017; Zhang et al., 2019), while others claimed 0.5 mm (Ferreira and Guérold, 2017; Kennedy and El-Sabaawi, 2017). In addition, some researchers used three or more than three categories other than the two categories of mesh size because micro-, meio-, macroinvertebrates, and macroconsumers (e.g., crabs) can contribute to LL decomposition (Moulton et al., 2010; Handa et al., 2014; Wang et al., 2020). Therefore, we suggest that more studies should be conducted on the relationship between mesh size and LL decomposition. The commonly applied 1 or 0.5 mm to differ between coarse and fine mesh bags representing total and microbial-mediated LL breakdown rates may not be able to exclude small size invertebrates (e.g., small body midge) in fine mesh bags. The standard should be adjusted to a smaller size or more size categories may be used. Moreover, CLL breakdown rates decreased with a longer experimental duration, which agrees with many other studies (Ferreira et al., 2015b; Balibrea et al., 2020). Once fallen into freshwaters, LL is processed into three different stages, namely, leaching, conditioning, and fragmentation (Gessner et al., 1999). However, the duration of these stages of CLL was longer than other species (Sakai et al., 2016; Balibrea et al., 2020). Half of the CLL breakdown rates in this study were measured within 70 days, which translates to an average of 77.5% of remaining LL mass. Therefore, we suggested that future studies of CLL decomposition in freshwaters should have a longer duration than that for broadleaved LL.



Other predictors of CLL decomposition in streams

Coniferous LL breakdown rates were higher in coarse than in fine mesh bags regardless of whether it was expressed as per day or per degree day, which is in accordance with other studies (Whiles and Wallace, 1997; Balibrea et al., 2020). This result suggests that both macroinvertebrates and microbes contributed to the decomposition of CLL. Based on the limited studies that can calculate macroinvertebrate-mediated CLL breakdown rates (37 cases), macroinvertebrates and microbes were responsible for 49.7% and 40.5% of total CLL decomposition, respectively. These values differ from the result in a global study that reported LL breakdown rates in lotic ecosystems at a global scale (unpublished data) and that the contribution of microbes was lower, while macroinvertebrates were higher than that study. Our result also differs from another study that reported higher and lower contributions of macroinvertebrates and microbes on LL decomposition based on biomass, respectively (Hieber and Gessner, 2002). The relatively high contribution of macroinvertebrates to CLL decomposition may be attributed to the high abundance and richness of detritivores in mid- and high-latitude areas (Boyero et al., 2011a) where conifers are abundant. Even though CLL is a low-quality food resource for detritivores in streams (Richardson et al., 2004), CLL can remain longer than broadleaved LL in streams and becomes the major food resource in summer when broadleaved LL are scarce or depleted (Hisabae et al., 2011; Sakai et al., 2016). In addition, CLL can also be utilized as case-building materials by invertebrates due to their refractory nature (Whiles and Wallace, 1997; Richardson et al., 2004; Márquez et al., 2017). These factors may partially explain the relatively high contribution of macroinvertebrates to CLL decomposition in streams.

Coniferous LL decomposition was affected by leaf habit that evergreen CLL decomposed faster than deciduous CLL (Larix). This result is unexpected because evergreen LL usually has a lower quality than broadleaved LL, which may result in slower LL breakdown rates (Kominoski et al., 2011; Ramos et al., 2021). Our result also differs from one early global-scale study that found no difference in broadleaved LL decomposition between evergreen and deciduous species (Zhang et al., 2019). As there was no consistent result regarding whether evergreen CLL had lower quality than deciduous CLL in this study, the slower deciduous CLL breakdown rates were probably because deciduous CLL was decomposed at higher altitude areas where the MAT was lower than the evergreen CLL decomposition sites. Because water temperature is usually positively correlated with LL decomposition in streams. Moreover, we found higher exotic than native CLL breakdown rates in coarse, but not in fine mesh bags, suggesting that only macroinvertebrate-mediated CLL decomposition was influenced by invasion status. This result is in line with another global-scale study (Kennedy and El-Sabaawi, 2017). Exotic CLL had higher nutritional (N) but lower chemical (lignin) quality than native CLL in coarse mesh bags. By contrast, exotic CLL showed both lower nutritional and chemical quality than native CLL in fine mesh bags. Therefore, the differences in CLL quality between native and exotic species may not be the reason why exotic CLL decomposed faster than native species in coarse mesh bags. However, exotic CLL decomposed in streams with higher MAT than native species, which may be responsible for the faster LL breakdown rates (Ferreira et al., 2015b). Our results imply that the environmental conditions (e.g., MAT) may modulate and override the effects of CLL quality on the processing rate in streams and rivers.




Conclusions

In conclusion, we found first that CLL breakdown rates were significantly lower than other species probably due to the lower quality (e.g., lower N and higher lignin) and the lower water temperature. Second, CLL decomposed faster in coarse than in fine mesh bags, and CLL breakdown rates increased with increasing mesh size. This result highlights the importance of macroinvertebrates in driving CLL decomposition, and the commonly used 1 mm or 0.5 mm mesh size to differing total and microbial-mediated LL breakdown rates may have resulted in higher values of the latter. Third, LL traits and stream physicochemical characteristics explained higher variations in CLL decomposition than climatic and geographic factors. Nutritional quality (N and P) of LL, water temperature, and water nutrient concentration ([image: image]) were identified as better predictors of CLL decomposition than other factors. Finally, CLL decomposition was stimulated by higher MAT and MAP. These observed global patterns of CLL decomposition have implications to help predict ecological responses of CLL breakdown rates and their responsive mechanisms to future climate change and the subsequent consequences on macroinvertebrate and microbial communities and global nutrient cycling in freshwater ecosystems.
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