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June 10th, 2020  

Dear Dr. Manuel A.S. Graca,  

Please find attached our manuscript entitled “Chemical and optical properties of leachates from 

different riparian particulate organic matter sources influence in-stream microbial activity” by E. 

Bastias, M. Ribot, M. Jonsson, F. Sabater and E. Martí that we would like to submit for publication 

as an Article in the Journal of Freshwater Science (SFS).  

  

We studied how chemical and optical properties of the leachates vary among different coarse 

particulate organic matter (CPOM) sources, and how such potential variation can influence the 

activity of microbial assemblages in streams. We produced leachates from 6 tree species that are 

broadly distributed in riparian zones of the Mediterranean region, i.e. alder (Alnus glutinosa), black 

poplar (Populus nigra), black locust (Robinia pseudoacacia), ash (Fraxinus excelsior), sycamore 

(Platanus X hispanica), and holm oak (Quercus Ilex), and 2 additional CPOM sources: a mix of fruits 

from these species and twigs. For each type of CPOM leachate, we analyzed the concentration of 

dissolved organic carbon (DOC) and organic and inorganic N and P forms. We also analyzed optical 

indexes associated with the degree of aromaticity of the dissolved organic matter (DOM) of 

leachates, such as a254, SUVA254, E2/E3 and E4/E6 and S275-295. Additionally, we estimated rates of 

microbial metabolic activity associated with each leachate type using the Resazurin (Raz) - Resorufin 

(Rru) system under laboratory conditions. Results show that leachates from riparian CPOM are 

sources of high-quality DOC. In addition, we found that microbial metabolic activity (determined as 

Rru production rates) was best explained by the combination of NO3 concentration and the optical 

variables of leachates. Results suggest that CPOM inputs from riparian vegetation produce 

leachates of different chemical and structural properties that may influence in-stream microbial 

activity.   

 If the piece is published, we confirm that we have the ability to pay page charges.   

This piece was previously submitted to the present journal (Freshwater Science; Ref.:  Ms. No. 

2020029). Received comments indicated that our study has the potential to be of interest to the 

readers of SFS, but minor revisions remain to be done before the editor can consider our study for 

publication. We were invited to consider the useful comments from the reviewers and also from 

the editor to improve the quality of the MS.   

We thank you for the opportunity to re-submit our work to SFS.  

Respectfully,  

Elliot Bastias  

Centre d’Estudis Avançats de Blanes, Integrative Freshwater Ecology Group.   

Consejo Superior de Investigaciones Científicas: Accés a la Cala Sant Francesc, 14 17300 Blanes 

(Girona), Spain Email: ebastias222@gmail.com. Telephone: +4690-786 50 00; Mobile: +34 681 19 

49 19.  

E-mail addresses: Miquel Ribot: mribot@ceab.csic.es; Micael Jonsson: micael.jonsson@umu.se; 

Francesc sabater: fsabater@ub.edu; Eugenia Marti: eugenia@ceab.csic.es.  
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ABSTRACT 26 

The release of soluble compounds (i.e., leachates) from allochthonous coarse particulate 27 

organic matter (CPOM) into the stream water can be an important source of dissolved 28 

organic matter (DOM) and nutrients to in-stream microbial activity. Here, we assessed 29 

variability in the chemistry and the composition of DOM of leachates from different CPOM 30 

sources, and examined how these characteristics influenced the activity of microbial 31 

assemblages in streams. The CPOM sources considered were: leaf litter from 6 tree species 32 

that are broadly distributed in riparian zones of the Mediterranean region, a mixture of 33 

fruits from some of these species, and a mixture of twigs. The leachates from each CPOM 34 

source were analyzed for the concentration of dissolved forms of carbon, nitrogen and 35 

phosphorous, as well as for the composition of DOM based on optical indices associated 36 

with the degree of aromaticity and molecular weight. Under laboratory conditions, we 37 

estimated the microbial metabolic activity associated with each leachate type, using the 38 

Resazurin-Resorufin system. Results showed that microbial metabolic activity varied 39 

among leachates from different CPOM sources, being positively related to the degree of 40 

aromaticity and the NO3
- concentration of leachates. Hence, certain types of riparian CPOM 41 

inputs can constitute sources of high quality DOM and dissolved nutrients to stream 42 

microbial assemblages; and thus, management of riparian vegetation should consider 43 

variation in leachate properties among plant species, as they can influence DOC and 44 

nutrient dynamics and heterotrophic activity in stream ecosystems. 45 

 46 

 47 

 48 



INTRODUCTION 49 

The role of coarse particulate organic matter (CPOM) in headwater streams has been 50 

mostly assessed by considering how this OM source is used by microbial and 51 

macroinvertebrate colonizers through decomposition and breakdown (Petersen and 52 

Cummins 1974, Gessner and Chauvet 2002, Young et al. 2008). In addition, CPOM 53 

releases soluble compounds (i.e., leachates), which can fuel in-stream microbial activity 54 

(Wallace et al. 2008, Mineau et al. 2016). Previous studies indicate that leachates from 55 

riparian CPOM inputs affect the quantity and the chemical composition of the dissolved 56 

organic matter (DOM) pool in the stream water (McDowell and Fisher 1976, Meyer et al. 57 

1998, Garcia et al. 2018). These changes have implications on in-stream carbon (C) and 58 

nutrient cycling as well as on stream metabolism (Mineau et al. 2013, Garcia et al. 2018). 59 

Therefore, a more comprehensive understanding of how inputs of CPOM influence stream 60 

ecosystem function relies on investigating how leachates from different CPOM sources, 61 

such as leaf litter from different species, fruits and twigs, can affect the activity of stream 62 

microbial assemblages.  63 

The effect of leachates from CPOM on stream microbial assemblages depends on 64 

the DOM bioavailability, which mostly relies on the chemical composition of DOM 65 

(Wymore et al. 2015, Mineau et al. 2016, Garcia et al. 2018). High bioavailable DOM is 66 

characterized by low-molecular weight amino acids and carbohydrates (i.e., compounds 67 

with low degree of aromaticity), which can be rapidly degraded by microbes (Amon et al. 68 

2001, Balcarczyk et al. 2009, Ylla et al. 2012). On the contrary, low bioavailable DOM is 69 

characterized by humic-like and higher molecular weights compounds (i.e., higher degree 70 

of aromaticity) and it is more difficult to degrade by microbes (Fellman et al. 2009, Ylla et 71 



al. 2012). Stream microbial assemblages can also be influenced by other chemical 72 

characteristics of the CPOM leachates, such as the concentration of dissolved organic C 73 

(DOC), nitrogen (N) and phosphorus (P). Stream microbial assemblages are usually limited 74 

by the availability of dissolved inorganic N and P (Kominoski et al. 2015, Rosemond et al. 75 

2015). Therefore, availability of these elements in the leachates can be particularly relevant 76 

for DOM biodegradation (Kroer 1993; Mineau et al. 2013, Kamjunke et al. 2015). 77 

Furthermore, the increase in microbial metabolic activity may in turn result in an increase 78 

of C demand, which may enhance the degradation of low bioavailable DOM in leachates 79 

(Guenet et al. 2010). In contrast, some studies have shown that CPOM leachates can have 80 

dramatic negative effects on stream biota, for example by inhibiting algal growth (Friberg 81 

et al. 1996, Ridge et al. 1996), depressing macroinvertebrate survival (Cameron and 82 

Lapoint 1987, Canhoto and Laranjeira 2007), or inducing mortality of fish during their 83 

larval stage (Gehrke et al. 1993). Therefore, considering that CPOM leachates can 84 

influence stream ecosystem functioning (Wu et al. 2009, Canhoto et al. 2013, Wymore et 85 

al. 2015), the evaluation of how DOM composition and chemistry of leachates differ 86 

among CPOM sources and how this affects the biodegradability of the leachates deserves 87 

further investigation. This question can be especially relevant in Mediterranean streams 88 

because riparian vegetation in this region consists of a diverse mosaic of tree species with 89 

different physiological features (Gasith and Resh 1999). Ultimately, this results in a wide 90 

variability in the intrinsic characteristics of the CPOM inputs to the streams (e.g., C-91 

recalcitrant compounds and concentrations of C, N and P of CPOM; Webster and Benfield 92 

1986; Gasith and Resh 1999), which may potentially release leachates with contrasting 93 

DOM bioavailability and chemistry to stream microbial assemblages.   94 

 95 



The assessment of DOM composition has been done using several optical indices 96 

based on UV-vis spectroscopy, which allow inferring its bioavailability (Murphy et al. 97 

2010, Cory et al. 2011). The specific ultraviolet absorbance at 254 nm and at 280 nm (i.e., 98 

SUVA254 and SUVA280, respectively), and the ratios between absorbance measured at two 99 

different wavelengths (e.g., E2/E3 and E4/E6) are widely used as proxies of the degree of 100 

humification and aromaticity and the molecular weight of DOM (Liying et al. 2009, Leeben 101 

et al. 2010, Wymore et al. 2015, Garcia et al. 2018). In addition, the absorbance spectra of 102 

DOM through the range of visible light can be fit to a simple exponential model to measure 103 

how the absorbance decreases as wavelength increases. For example, spectral slope for the 104 

interval 275 to 295 nm -i.e., S275-295- is an indicator of molecular weight of DOM (Helms et 105 

al. 2008). These well-established methodologies have been used to characterize DOM 106 

bioavailability from a wide range of sources from terrestrial and freshwater ecosystems. 107 

However, little is known about how these optical indices vary among leachates from 108 

different CPOM sources and what is the response of stream microbial assemblages to this 109 

variability.  110 

Here, we assessed the variability in chemistry and DOM composition of leachates 111 

from different riparian CPOM sources, and examined how these characteristics influence 112 

the metabolic activity – in particular the aerobic respiration – of stream microbial 113 

assemblages. We chemically characterized the leachates from leaf litter of 6 tree species 114 

that are broadly distributed in riparian zones of the Mediterranean region, and also from a 115 

mixture of fruits and of twigs from some of these species. Under laboratory conditions, we 116 

estimated microbial metabolic activity associated with each leachate type using the 117 

Resazurin (Raz)-Resorufin (Rru) system (Haggerty et al. 2008). We assumed that leachates 118 

would have different chemistry and DOM composition since they were from chemically- 119 



and structurally- different CPOM sources. Based on that, we hypothesized that microbial 120 

activity (i.e., aerobic respiration) will vary among leachates types due to differences in their 121 

chemical characteristics (nutrient concentrations and DOM bioavailability). In this context, 122 

we expected that microbial activity will be (1) low in leachates with low bioavailable DOM 123 

(i.e., high degree of aromaticity and high molecular weight of DOM); and (2) enhanced by 124 

high concentrations of N and P in leachates. Ultimately, this study can shed some light on 125 

how species composition of riparian forest may influence metabolic activity of in-stream 126 

microbial assemblages via leachates produced from inputs of different CPOM sources. 127 

 128 

MATERIALS AND METHODS 129 

 130 

Production of leachates  131 

Different CPOM sources were collected from the riparian zone of the Font del Regàs, a 3rd 132 

order Mediterranean stream draining La Tordera catchment (NE Spain; 41º50´N, 2º30´E, 133 

300 m a.s.l.). Samples of CPOM were collected with aerial traps (n = 5) made by a 134 

polyvinyl chloride frame (PVC, 1 m2) and a plastic mesh (5 mm mesh size). Traps were 135 

fastened to the riparian trees adjacent to the stream and hung over the stream channel along 136 

a 100-m reach. We collected leaf litter from 6 tree species that are broadly distributed in 137 

riparian zones of the Mediterranean region, i.e., alder (Alnus glutinosa), black poplar 138 

(Populus nigra), ash (Fraxinus excelsior), black locust (Robinia pseudoacacia), sycamore 139 

(Platanus X hispanica), and holm oak (Quercus ilex). We also collected 2 additional 140 

CPOM sources. One source was a mixture of fruits from some of these tree species 141 

(roughly, 20% alder and 80% black locust). The other source was a mixture of twigs, 142 

primarily from alder. The selection of CPOM sources was based on previous studies that 143 



reported a distinct use (OM decomposition and breakdown) of these litter types by in-144 

stream microbial and macroinvertebrate assemblages (Petersen and Cummins 1974).  145 

We collected all the CPOM material accumulated in the traps during peak 146 

senescence (from mid-October to early November 2013). The samples were transported to 147 

the laboratory in paper envelopes, and were air dried at room temperature (20 ºC, 30% 148 

moisture) for 24 h and stored in the laboratory until use (~2 weeks). To generate the 149 

leachates from each CPOM source, approximately 1 g of CPOM (n = 5) was placed in 150 

separate 120-mL pre-combusted (500 ºC for 5 h) acid-washed glass containers with 110 mL 151 

of deionized water (DI). Then, containers were placed in a shaker during 24 h (20 ºC at 75 152 

rpm) to facilitate the extraction of the leachates, based on methods used by Strauss and 153 

Lamberti (2002) and on studies reporting significant leaching during the first 24 h of leaf 154 

litter immersion in stream water (Petersen and Cummins 1974, Webster and Benfield 155 

1986). We acknowledged that DI water used to obtain leachates from CPOM sources 156 

generally yields the lowest extraction efficiencies (Gabor et al. 2015); and thus, higher rates 157 

of solute leaching would be expected in direct inputs of CPOM into stream water. 158 

However, we used DI water to be able to experimentally compare results among the 159 

leachates from different CPOM sources, as well as with results of leachates from other 160 

studies using DI water as standard dissolvent (Wymore et al. 2015, Garcia et al. 2018). 161 

After the 24 h extraction period, we syringe-filtered the leachates through ashed (500 ºC for 162 

5 h) glass-fiber filters. We filtered leachate samples through 0.7 µm pore-size filter to be 163 

consistent with the pore size used for microbial inoculum added to laboratory-incubated 164 

leachates to measure microbial activity based on Raz-Rru tracer system (method described 165 

below). Filtered leachates were stored into pre-combusted amber glass vials in a 166 

refrigerator (4 ºC) and protected from ultraviolet (UV) light. After ~12 h we ran the 167 



analysis of the optical properties of DOM (10 mL), DOC concentrations (10 mL) and the 168 

incubations of the leachates using the Raz-Rru system as a metabolic tracer (50 mL; 169 

method described below). Additional samples of leachates (10 mL) were frozen at -20 ºC 170 

until chemistry analysis of the concentrations of dissolved inorganic nutrients (after 2 171 

weeks).  172 

 173 

Characterization of the chemistry and DOM composition of leachates   174 

For each filtered leachate sample, we analyzed the concentration of DOC and total 175 

dissolved N (TDN) by high-temperature catalytic oxidation on a Shimadzu TOC-V CSH + 176 

TNM-1 + ASI-V analyser (G-394-08 Rev.1, respectively). The concentration of total 177 

dissolved phosphorus (TDP) was analysed by acid-hydrolysis and measured with 178 

colorimetric methods (molybdate blue method, G-394-08 Rev.1). We also analysed the 179 

concentrations of nitrate (as NO3
-
 + NO2

- [hereafter referred to as NO3]) following the 180 

cadmium-copper reduction method (G-173-96 Rev.17); ammonium (NH4
+ [hereafter 181 

referred to as NH4]) following the phenate method (G-327-05 Rev.7); and soluble reactive 182 

phosphorous (SRP) following the molybdate blue method (G-175-96 Rev.11). These 183 

analyses were done using colorimetric methods by Continuous Flow Analysis (CFA) with a 184 

Bran+Luebbe auto-analyser. We calculated the concentration of dissolved organic nitrogen 185 

(DON) as the concentration of TDN minus dissolved inorganic nitrogen (DIN), i.e., the 186 

sum of the concentration of NO3 + NO2 and NH4. We also calculated the concentration of 187 

dissolved organic phosphorous (DOP) as the concentration of TDP minus the concentration 188 

of SRP. All chemical analyses were conducted at the Nutrient Analysis Service of the 189 

Institut de Ciències del Mar (ICM-CSIC; Barcelona). Concentration of different solutes was 190 



multiplied by the water volume used in the leachate production (110 mL) and divided by 191 

the dry mass (DM) of the CPOM used to produce the leachates. Therefore, to compare 192 

values among leachates from different CPOM sources, the content of solutes in leachates 193 

was expressed as µg or mg of specific solutes per g DM of the CPOM (Wymore et al. 194 

2015).   195 

Assessment of DOM composition was done using optical indices based on UV-196 

visible spectroscopy. The absorbance spectra (200-800 nm) from filtered-leachate samples 197 

was obtained at 1-nm intervals in a UV-visible spectrophotometer (Shimadzu/ RF-5000), 198 

using a 10-mm quartz cuvette. Data from a sterile Milli-Q water sample was used as 199 

reference blank to subtract to data from each sample spectrum. We used the absorbance of 200 

leachates at 254 nm (a254; in m-1) as a proxy of DOM aromaticity (e.g. Inamdar et al. 2011). 201 

We divided the specific absorbance at 254 and 280 nm by the DOC concentration (mg L-1) 202 

to estimate SUVA254 and SUVA280, respectively (in units of L mg-1 C m-1). These 203 

coefficients were used as indicators of DOM aromaticity (McKnight et al. 2001; Weishaar 204 

et al. 2003). In leachates, SUVA254 can be influenced by concentrations of nitrate (NO3) 205 

and ferrous iron (Fe3+) (Doane and Horwath 2010). Therefore, we measured aromaticity of 206 

leachates by using SUVA280, because the interference effect with nitrate and iron is lower at 207 

this wavelength (Mladenov et al. 2007). In addition, in samples where DOC concentration 208 

is high, the overestimation of absorbance due to nitrate and iron is less problematic, so we 209 

expected results of SUVA254 and SUVA280 to correlate well among leachates. The specific 210 

absorbance at 250 nm and at 365 nm was used to estimate the E2/E3 ratio (McDonald, 211 

2004), which is inversely correlated with DOM aromaticity (Peuravuori and Pihlaja 1997, 212 

McDonald 2004). The ratio between the specific absorbance at 465 nm and that at 665 nm 213 



(the E4/E6) was also considered and it is positively correlated with DOM aromaticity. We 214 

also considered the spectral slope for the interval 275-295 nm (S275-295), which is negatively 215 

related with molecular weight of DOM (Helms et al. 2008). Overall, the indices used in the 216 

present study have been widely used to characterize DOM composition in freshwaters 217 

(Liying et al. 2009, Leeben et al. 2010, Cory et al. 2011, Garcia et al. 2018). These indices 218 

are quite robust as descriptors of key characteristics of DOM, which can indicate DOM 219 

availability to in-stream microbial assemblages.   220 

  221 

Microbial activity associated with CPOM leachates  222 

We assessed the microbial activity response to leachates from different CPOM sources with 223 

the Raz - Rru system (O’Brien et al. 2000, Haggerty et al. 2008). Raz, also known as 224 

Alamar Blue (O’Brien et al. 2000), is a redox-sensitive phenoxazine dye that in the 225 

presence of mildly reducing conditions loses an oxygen ion to irreversibly become Rru. The 226 

reduction of Raz to Rru is almost negligible in stream water controls, indicating low 227 

influence of biochemical/chemical degradation; whereas high rates of this transformation 228 

are associated with the presence of living microorganisms (McNicholl et al. 2007, Haggerty 229 

et al. 2008), particularly under aerobic conditions (Karakashev et al. 2003). Thus, the 230 

reduction of Raz to Rru has been recently used to quantify rates of aerobic respiration of 231 

microbial assemblages at both streambed sediment- and reach-scale in streams (Haggerty et 232 

al. 2008, 2009, González-Pinzón et al. 2012). Here we adapted the method used at reach 233 

scale in stream ecosystems to a smaller scale to assess variability of microbial activity (i.e., 234 

respiration) associated with the leachates from different CPOM sources under laboratory 235 

conditions. An advantage of this method is that estimation of microbial respiration is not 236 



subjected to limitations of dissolved oxygen gas exchange (Haggerty et al. 2008). 237 

Therefore, transformation of Raz to Rru is a good tool to compare how microbial activity 238 

responds to the different leachate types, and can be used as a good proxy of the degree of 239 

biodegradability of the leachates.   240 

To assess the response of microbial activity to the different leachate types, we used 241 

a microbial assemblage associated with the fine benthic organic matter (FBOM) from the 242 

streambed sediment of the Font del Regàs stream. We acknowledge that Raz to Rru 243 

transformation rates associated with the different CPOM leachates may vary depending on 244 

the in-stream microbial assemblage considered for the incubation (i.e., developed on 245 

cobbles, leaf litter or hyporheic sediments; Haggerty et al. 2008). However, the aim of this 246 

study was to use the microbial activity as a descriptor of the potential biodegradability 247 

associated with each leachate type instead of examining the metabolic response of different 248 

microbial assemblages to the leachates. We collected streambed FBOM samples as the 249 

source for the microbial assemblage from a 0.25-m2 open-bottom cylinder placed above 250 

streambed sediment at riffle sites (~0.30 cm s-1; n = 1). The upper layer (~first 2 cm) of the 251 

streambed sediment was gently stirred to re-suspend the FBOM, which was then collected 252 

with a syringe (100 mL) following the procedure described by von Schiller et al. (2009). 253 

Samples of FBOM were immediately syringe-filtered through ashed (500 ºC for 5 h) glass-254 

fiber filters of 0.7 µm pore size to allow the presence of microorganisms for the incubations 255 

of leachates with Raz-Rru system (Garcia et al. 2018). 256 

Samples of the FBOM slurry were transported to the laboratory in an ice chest and 257 

refrigerated (4 ºC) until the incubations. After ~12 h, we incubated 50 mL of the leachates 258 

from each CPOM source (n = 5 x 8 CPOM sources) with a spike of 100 µL of 259 



homogenized slurry of FBOM to conduct the Raz incubations. We added 10 mL of Raz 260 

standing stock solution to reach an initial Raz concentration of 200 µg L-1 in the 261 

incubations. We assumed that the supply of DOC and dissolved inorganic nutrients 262 

contained in the 100 µL spike from the FBOM slurry was negligible to cause an effect on 263 

the activity of the microbial assemblage in the incubations (Canhoto and Laranjeira 2007, 264 

Wymore et al. 2015). Nevertheless, additional Raz incubations of vials with CPOM 265 

leachates without the microbial spike (50 ml; n = 3 per CPOM source) were done. In these 266 

incubations, leachates were filtered through polycarbonate PCTE filters of 0.22 µm pore-267 

size to remove the majority of microorganisms to quantify chemical transformation of Raz 268 

to Rru under the exclusion of microorganisms (i.e., chemical controls). Finally, vials with 269 

DI water only (50 mL; n = 5) were also incubated with Raz to quantify photochemical 270 

degradation of Raz and Rru (i.e., photodegradation controls). Ultimately, these 271 

complementary tests allowed us to exclusively estimating microbial-driven transformation 272 

of Raz to Rru associated with the different leachate types. During the incubations, we 273 

collected 5 mL samples from each incubation vial every 30 minutes during 4 h. 274 

Concentration of Rru from all vials over the incubations was measured at 571 and 585 nm 275 

of excitation and emission wavelengths using a spectrofluorometer (Shimadzu/ RF-5000) 276 

(Haggerty et al. 2008). Standards at initial time were also measured for Raz concentration 277 

at wavelengths 602 and 616 nm of excitation and emission, respectively, to correct for the 278 

contamination of Rru in initial Raz samples (Haggerty et al. 2008). Rates of microbial 279 

aerobic respiration associated with the leachates were calculated based on the production 280 

rate of Rru over the incubation period. Rates of Rru production were estimated as the 281 

difference in the concentration of Rru between the beginning and ~1.5 h of the incubation. 282 

This incubation timeframe showed a linear increase of Rru concentration in all incubation 283 



cases. To compare metabolic responses among different leachates, the production rate of 284 

Rru was expressed as mMol of Rru per incubation time (h) and CPOM dry mass (g) used to 285 

generate each leachate.   286 

 287 

Statistical analysis  288 

To examine differences in the chemistry and DOM composition (optical indices) of the 289 

leachates from the different CPOM sources, we used a one-way analysis of variance 290 

(ANOVA) with CPOM source as fixed factor, followed by Tukey’s post hoc-test for each 291 

variable examined. We also calculated the coefficient of variation (CV) for each chemical 292 

and optical variable considering data from all CPOM sources together. We used the CV 293 

values to assess the degree of variability for each variable associated with the different 294 

CPOM sources. Additionally, we conducted a principal component analysis (PCA) 295 

considering all chemical and optical variables measured in the different leachates to assess 296 

those variables that contributed to the highest observed variability among leachates and 297 

evaluate potential covariance among variables used in the PCA.  298 

We also used one-way ANOVA to determine differences in Rru production rates 299 

among leachates from the different CPOM sources, with CPOM source as fixed factor, 300 

followed by Tukey’s post hoc-test. We used partial least square (PLS) regressions to 301 

explore the relationships between predictor variables of chemistry and DOM composition 302 

(Table 1) of the leachates and Rru production rates (as the dependent variable). PLS 303 

regression is a linear multivariate model, which produces latent variables (PLS 304 

components) extracted from predictor variables that maximize the explained variance of the 305 



dependent variable. PLS regression is especially useful when the number of predictor 306 

variables are high and especially when these variables are correlated to each other 307 

(Carrascal et al. 2009). The evaluation of the PLS regression models was based on the level 308 

of variance explained (r2), the loadings of the predictor variables, and the variable influence 309 

on projection (VIP). The loading describes the relative strength and direction of the 310 

relationship between the predictor variables and the dependent variable. The VIP value 311 

summarizes the importance of each predictor variable on the multivariate relationship. The 312 

limit for a variable to be included in the final model was a VIP value of 0.7 (Erikson et al. 313 

2006). Finally, we used univariate linear regression analysis to examined the specific 314 

relationships between Rru production rates and the most significant predictor variables 315 

from the PLS analysis. If necessary, variables were log-transformed to meet the 316 

requirements of parametric tests (ANOVA and linear regression). However, PLS regression 317 

does not assume normally distributed data. PLS regression analyses were performed in R 318 

version 3.2.4 (R Core Team 2012) using the PLS package version 2.5-0 for the PLS models 319 

(Mevik et al. 2011). 320 

 321 

RESULTS 322 

Chemistry and DOM composition of leachates from different CPOM sources  323 

Concentrations of DOC and nutrients differed among leachates from different CPOM 324 

sources, except for the concentration of DOP, which was similar among leachates 325 

(ANOVA, F = 1.54, df = 7, P = 0.19) (Table 1). The optical indices also differed among 326 

leachates from different CPOM sources (Table 1). In general, leachates from alder leaf 327 



litter showed highest concentrations of DIN forms, especially for NO3, and highest values 328 

of DOM aromaticity (i.e., a254, SUVA254, E2/E3 and E4/E6). In contrast, leachates from leaf 329 

litter from sycamore, holm oak, fruits and twigs showed the lowest values of DIN 330 

concentration and DOM aromaticity (Table 1). Values of SUVA254 and SUVA280 were 331 

highly correlated (Pearson correlation coefficient, r = 0.97, P < 0.001), and hereafter we 332 

focus only with SUVA254, since it provides similar information (see methods section for 333 

more details). 334 

Considering data of chemistry and DOM composition of leachates from all CPOM 335 

sources, the highest coefficient of variation was observed for concentrations of NH4
 336 

(175.6%), NO3 (139%), and DON (92.6%), whereas the lowest coefficient of variation was 337 

observed for a254 (11.8%), S275-295 (14.7%), the concentration of DOC (34.5%), and the 338 

aromaticity indices (E2/E3: 37.6%; E4/E6: 47%, and SUVA254: 61.6%) (Table 1). Results 339 

from the PCA revealed that PC1 explained the 38.04% of the variability observed among 340 

leachates from different CPOM. Concentrations of NO3 and DON and optical indices of 341 

aromaticity (a254, SUVA254 and E4/E6) were associated with PC1 (Fig. 1). The PC2 of the 342 

PCA explained 20.5% of the variability among CPOM leachate types. Concentrations of 343 

SRP, DOP, DOC, NH4, and the optical index of aromaticity (E2/E3) and DOM molecular 344 

weight (S275-295) were associated with PC2 (Fig. 1).  345 

The indices of DOM aromaticity (a254, SUVA254, and E4/E6) were correlated (Fig. 346 

1). These indices were also highly correlated with NO3 and DON concentrations (Fig. 1). A 347 

higher degree of DOM aromaticity in the different leachate types was associated with 348 

higher concentrations of NO3
 and DON. Additionally, concentrations of SRP, DOC, DOP, 349 

and DON and SUVA254 in leachates were positively correlated (Fig. 1). 350 



 351 

Microbial metabolic activity associated with leachates from CPOM sources 352 

Transformation of Raz to Rru was higher in incubations spiked with the microbial 353 

assemblage than in those none-spiked and filtered with 0.22 µm pore size filters (chemical 354 

controls). On average, chemically-driven transformation of Raz contributed to the 33% of 355 

the Rru production rates in spiked incubations (Fig. S1). Raz and Rru decay associated with 356 

photodegradation was negligible, averaging 0.25% of Rru production rates in spike 357 

incubations among CPOM types. These results indicate that Raz-Rru system is a sensitive 358 

tracer to estimate metabolic responses of microbial assemblages to leachates from different 359 

CPOM sources. Moreover, Rru production rates differed ~10-fold among the leachate types 360 

(ANOVA, F = 15, df = 7, P < 0.001). Rru production rates ranged from 1.7 to 13.4 nMol 361 

Rru g DM-1 h-1, and were higher in leachates from alder leaf litter, and lower in leachates 362 

from fruits (Fig. 2). The PLS regression analysis showed that variation of microbial 363 

metabolic activity associated with the different leachates was best explained by the 364 

combination of NO3 concentration (loading = 0.46) and the aromaticity indices a254 365 

(loading = 0.50) and SUVA254 (loading = 0.49) in the leachates (VIP > 1) (Fig. 3). 366 

Microbial metabolic activity associated with leachates was additionally explained by DON 367 

concentration (loading = 0.33), the aromaticity index E4/E6 (loading = -0.31) and SRP 368 

concentration (loading = 0.26) (VIP > 0.7 < 1) (Fig 3). When we examined linear 369 

relationships between microbial metabolic activity and the key variables from the PLS 370 

analysis (VIP > 1), we found the strongest relationships for NO3 concentration (r2 = 0.65, P 371 

< 0.001) (Fig. 4A), a254 (r
2 = 0.58, P < 0.001) (Fig. 4B) and SUVA254 (r

2 = 0.60, P < 0.001) 372 

(Fig. 4C).   373 



 374 

DISCUSSION 375 

Response of microbial activity to leachates from different CPOM sources 376 

We found that variability in microbial metabolic activity among leachate types (inferred 377 

from Rru tracer production) was positively related to the degree of DOM aromaticity. This 378 

is in contrast to our first expectation, but could be explained by collinearity among different 379 

explanatory variables, which together can result in an enhancement of the microbial 380 

activity. In fact, results from the PCA revealed an interplay among different characteristics 381 

of the CPOM leachates. For example, leachates with a high degree of aromaticity (a254, 382 

SUVA254 and E4/E6) also contained high dissolved N concentrations (both as NO3 and 383 

DON). A previous study that focused on the DOM bioavailability of leachates from riparian 384 

CPOM sources also found a positive correlation between aromaticity and microbial 385 

respiration rates, and argued that covarying N concentration in leachates could explain this 386 

unexpected pattern (Wymore et al. 2015). We found that dissolved N in leachates explained 387 

a remarkable proportion of the observed variability in microbial metabolic activity among 388 

leachate types. This suggests that inorganic nutrients from CPOM leachates can stimulate 389 

activity of stream microbial assemblages. Some studies support this idea by showing that in 390 

stream microbial assemblages rely in part on DIN from the water column to fulfill their N 391 

demand (Pastor et al. 2014, Tank et al. 2018, Bastias et al. 2020). Thus, our results 392 

ultimately suggest that variability among leachate types in microbial respiration rates may 393 

be better explained by N concentration than by DOM quality of the leachates. These results 394 

are in agreement to those focusing on DOM bioavailability in leachates from other CPOM 395 

sources (Wymore et al. 2015), whereas they are in contrast with other studies focusing on 396 



DOM bioavailability in stream water. These latter studies show a negative relationship 397 

between DOM aromaticity (values of SUVA254) and DOM biodegradability (Saadi et al. 398 

2006, Fellman et al. 2008). Taking all results together, it seems that the relationships 399 

between optical properties of DOM (as proxies of quality) and its potential biodegradability 400 

(based on microbial activity) can vary among DOM sources depending on the nutrient 401 

limitation context or the nutrients associated with DOM. 402 

The major influence of N concentration of the leachates on metabolic activity does 403 

not question the potential of other fractions of DOM to be used by microbial assemblages. 404 

Rather, it suggests that nutrients of CPOM leachates (such as NO3) can stimulate microbial 405 

respiration more than DOM compounds do. This could be explained by the overall high 406 

quality of DOM found in all leachate types, the specific N demand by the microbial 407 

assemblages used in the incubations (i.e., assemblages associated with FBOM), or by the 408 

fact that these assemblages were strongly N limited. Accordingly, Kamjunke et al. (2015) 409 

observed that the activity of benthic microbes was not a function of DOM quantity or 410 

quality, since the major supply of C to microbial assemblages was obtained from benthic 411 

algae. Yet, they found an important influence of P associated with DOM. In contrast, Ribot 412 

et al. (2019) exposed leachates from CPOM to microbial assemblages developed on water 413 

with high N and P concentration, but presumably with low-quality DOM, and found a clear 414 

stimulation of metabolic activity of microbial assemblages likely due to the high quality of 415 

DOM supplied from the leachates. Thus, relationships between DOM composition and 416 

biodegradability are not straightforward, as these relationships can be strongly subjected to 417 

the particular context of the stream. That is, the trophic interactions within microbial 418 

assemblages (Findlay and Howe 1993, Scott et al. 2008); and/or the particular 419 



environmental conditions of the stream (Ribot et al. 2019). From this perspective, future 420 

studies should investigate how leachates from different CPOM sources; and thus, different 421 

characteristics (e.g. alder vs. sycamore) can influence the activity of microbial assemblages 422 

developed under different local conditions (e.g. along a gradient of nutrient concentrations 423 

and/or DOM quality). Such information can help understanding under which environmental 424 

context stimulating effects of CPOM leachates on stream functioning are explained by 425 

either nutrient concentrations or high-quality DOM of leachates.  426 

 427 

Variation of chemistry and DOM composition among CPOM leachates 428 

Our results show that, in general, leachates released during first stages of CPOM 429 

decomposition (i.e., ~24h) can be composed of DOM with low content of aromatic and 430 

humic substances. Therefore, direct inputs of CPOM from riparian trees can be sources of 431 

high quality DOM to streams, which is in concordance to previous studies (Wymore et al. 432 

2015, Mineau et al. 2016, Garcia et al. 2018). For instance, low values of SUVA254 have 433 

also been observed in leachates from senescent CPOM sources (Strauss and Lamberti 2002, 434 

SUVA254: 0.5-2.5 L mg C -1 m-1; Wymore et al. 2015, SUVA254: 0.1-0.3 L mg C -1 m-1). 435 

This reinforces the evidence that aromaticity of DOM associated with fresh and 436 

unprocessed CPOM sources can be substantially lower than that from OM sources that 437 

have been previously processed by soil and/or stream microorganisms (e.g. ground water, 438 

Inamdar et al. 2011; Garcia et al. 2018). Moreover, the variability in values of optical 439 

indices observed among leachate types suggests that the relevance of CPOM leachates as 440 

sources of bioavailable DOM to streams depends on the CPOM source considered; and 441 



thus, on the riparian tree species. In this sense, highest values of a254 and SUVA254 in 442 

leachates from alder leaf litter indicates that among the CPOM sources examined, this 443 

ubiquitous riparian trees species in Mediterranean headwater streams contributes to in-444 

stream DOM with high degree of aromaticity and recalcitrance; at least short after CPOM 445 

enters into the stream.  446 

In addition to the differential influence among CPOM riparian sources to stream 447 

DOM quality, we found that the concentration of DIN in leachates also varied among 448 

CPOM sources. In particular, the highest DIN concentration was measured in leachates 449 

with leaf litter from alder and black locust. This could be explained by the capacity of alder 450 

and black locust to fix N2 through their root system; and thus, leaf litter of these species 451 

tends to have high N content relative to C content (Webster and Benfield 1986, Gessner and 452 

Chauvet 1994). Hence, during leaf senescence of riparian trees, the CPOM inputs to 453 

streams may act as DIN-rich sources to streams, which can temporarily alleviate potential 454 

N limitation of microbial activity (Webster et al. 2009, Tank et al. 2010, Mineau et al. 455 

2013). Interestingly, we found that leachates from alder leaf litter had the highest 456 

concentration of NO3, while NH4 and DON concentrations were the highest in leachates 457 

from black locust. This difference in the chemistry of leachates between these two N2-458 

fixing species could have an important influence on the balance between oxidized and 459 

reduced DIN forms in recipient streams. In-stream cycling of the two DIN forms undergo 460 

different processes; and previous studies indicate that streams have a higher efficiency to 461 

take up and transform NH4, than NO3, which tends to be mostly transported to downstream 462 

ecosystems (Tank et al. 2008, Ribot et al. 2017). Therefore, the composition and relative 463 

abundance of different tree species in the riparian zone and their associated CPOM inputs 464 

may influence not only the content, but also the composition of the DOM and DIN in-465 



stream pools. For instance, they may change the NO3:NH4 ratio in stream water, which may 466 

have further consequences for in-stream DIN cycling and downstream transport.  467 

 468 

Towards understanding how leachates from different CPOM sources can influence 469 

stream function: implications of our results for riparian forest management 470 

Results from our study suggest that species composition of the riparian forest can influence 471 

stream function in a more complex way than previously thought since allocthonous inputs 472 

of CPOM may determine not only the use of CPOM as a resource (Gessner and Chauvet 473 

1994, Gessner and Chauvet 2002; Tank et al. 2010), but also the DOM biodegradability 474 

from the produced leachates. For example, we found that leaf litter from alder released a 475 

higher amount of dissolved N (NO3
 and DON) than the other studied species and supported 476 

the highest microbial activity. Thus, the presence of alder in the riparian zone may result in 477 

CPOM inputs releasing N that may stimulate in-stream microbes. Hence, riparian 478 

management strategies (or lack of management) leading to changes in the relative 479 

abundance of alder in front of other species may have important consequences on stream 480 

functioning, even if it is at seasonal scale. In this sense, placing our results within the 481 

perspective of in-stream solute spiraling, the source of CPOM that enters the stream may 482 

ultimately dictate whether resulting leachates can be biodegraded relatively close to the 483 

input location (e.g. alder leachates) or transported in a greater extent to downstream reaches 484 

(e.g. sycamore leachates). This perspective could be included as an additional management 485 

criteria when choosing riparian tree species to improve the ecological status of the streams, 486 

especially in streams where DOM bioavailability is low (e.g., streams receiving wastewater 487 

treatment plant effluents) (Ribot et al. 2019).  488 



In conclusion, results from this study emphasize that different sources of CPOM 489 

inputs from riparian vegetation produce leachates of different chemistry and DOM 490 

composition which can determine their bioavailability for stream microbial assemblages.  491 

Differences in the metabolic activity of microbial assemblages associated with the CPOM 492 

leachate types are mostly associated with the supply of dissolved forms of N. Due to the 493 

rapid nature of the leaching process, the influence of leachates from CPOM inputs on 494 

microbial assemblages may be acute and more or less sustained over the leaf senescence 495 

period depending on the phenology of the riparian species. Within this context, our results 496 

shed new light into the linkage between riparian and stream ecosystems (Fisher and Likens 497 

1973, Webster et al. 2000, Tank et al. 2010) since the type of CPOM that enters the streams 498 

can strongly influence availability of both particulate and dissolved organic matter, which 499 

ultimately fuels microbial activity in these ecosystems.   500 
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Tables 719 

Table 1.  Mean (± 1 SE) values of chemical and optical variables measured in leachates from different CPOM sources (leaf litter, 720 

fruits and twigs) from riparian tree species after 24 h incubation in distilled water. Different letters indicate significant differences at P 721 

< 0.05 (ANOVA). DOC: dissolved organic carbon; DON: dissolved organic nitrogen; SRP: soluble reactive phosphorous and DOP: 722 

dissolved organic phosphorous. 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 



 732 

 733 

Variables 

Alder  

(AL) 

Black Poplar 

(PO) 

Black Locust 

(LO) 

Ash 

(AS) 

Sycamore 

(SY) 

Holm Oak 

(OA) 

Fruits 

(FR) 

Twigs 

(TW) 

CV (%) 

DOC (mg C g DM-1) 41(1)b 48(3)b 46(2)b 57(7)ab 48(3)b 64.2(5)a 27.1(4)c 25.7(1)c 34.5 

NO3 (µg N g DM-1) 20.5(3)a 4.6(1)b 5.4(0.4)b 4.4(0.4)b 1.3(0.2)b 1.7(0.6)b 2.7(0.3)b 2.5(0.4)b 139 

NH4 (µg N g DM-1) 8.4(3)c 1.6(1)c 114(16)b 2.7(0.2)c 2.4(1)c 3.7(3)c 180(36)a 9.4(8 )c 175.6 

DON (µg N g DM-1) 583(47)b 223(49)d 1031(43)a 420(63)c 116(9)d 106(17)d 132(18)d 136(24)d 92.6 

SRP (µg P g DM-1) 276(22)a 191(31)ab 253(19)a 298(38)a 271(53)a 199(8)ab 95(26)bc 65(24)c 49.8 

DOP (µg P g DM-1) 62.9(4)a 53.3(11)a 82.6(6)a 84.2(21)a 103(36)a 43.9(5)a 64.2(41)a 18.4(5)a 77.6 

a254 (m-1) 56.1(14)a 29.7(5.9)bc 31.7(6.6)a 30.6(2.1)b 10.3(3.6)de 17.9(3.3)cd 6.2(2.7)de 4(3)e 11.8 

SUVA254  

(L mgC-1 m-1) 

0.15(0.02)a 0.08(0.01)bc 0.08(0.01)b 0.07(0.01)bc 0.02(0.005)d 0.03(0.005)cd 0.04(0.01)bcd 0.02(0.005)d 61.6 

S275-295 (nm-1) 0.032(0.02)b 0.041(0.01)a 0.041(0.01)a 0.036(0.01)b 0.031(0.005)b 0.041(0.005)a 0.029(0.01)b 0.033(0.005)b 14.7 

E2/E3 (nm/nm) 0.16(0.01)a 0.43(0.02)b 0.33(0.03)ab 0.40(0.02)b 0.52(0.02)b 0.49(0.02)b 0.42(0.09)b 0.39(0.1)b 37.6 

E4/E6 (nm/nm) 13.7(2)a 9.5(2)abc 12.5(2)ab 10.7(0.5)abc 4.8(1)c 4.9(0.7)c 6.6(0.3)bc 6.0(1)c 47 



Figures legends 734 

Figure 1. Principal component analysis (PCA) from chemical and optical variables 735 

measured to characterize the leachates from different CPOM sources (see Table 1). PC1 736 

and PC2 explain 38.04% and 20.52%, respectively, of the variability among different 737 

leachates. The CPOM sources are leaf litter from AL (alder), PO (black poplar), AS (ash), 738 

LO (black locust), SY (sycamore), OA (holm oak), FR (fruits), and TW (twigs). DOC: 739 

dissolved organic carbon; DON: dissolved organic nitrogen; DOP: dissolved organic 740 

phosphorous, and SRP: soluble reactive phosphorous.  741 

 742 

Figure 2. Rru production rates used as a proxy of microbial activity (i.e., aerobic 743 

respiration) measured in leachates from different CPOM sources. Different letters indicate 744 

significant differences (P < 0.05) in Rru production rates among leachate types. AL (alder), 745 

PO (black poplar), AS (ash), LO (black locust), SY (sycamore), OA (holm oak), FR 746 

(fruits), and TW (twigs).      747 

 748 

Figure 3. Results from partial least square (PLS) regressions on Rru production rates and 749 

both chemical and optical variables associated with leachates. Variance explained was 750 

53.78 % (two components). Predictor variables with a variable influence on projection 751 

(VIP) ≥ 0.7 are shown, and predictor variables with a VIP ≥ 1 are shown in black. 752 

 753 



Figure 4.  Linear regressions between Rru production rates and the most significant 754 

predictor variables obtained from PLS regression analysis (VIP ≥ 1). Coefficients of the 755 

linear regressions (r2) and p-values (P) are shown for each variable. 756 
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