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Abstract
Leaf litter decomposition in streams is a fundamental ecosystem process that allows for the cycling of nutrients. The rate 
at which leaf litter decomposes is greatly controlled by its intrinsic characteristics. However, intraspecific variation in leaf 
litter characteristics poses a major challenge for large-scale studies aiming at identifying the environmental moderators of 
leaf litter decomposition. Thus, several standardized organic substrates have been proposed as surrogates for leaf litter. Tea 
bags were proposed as a standardized alternative to leaf litter for studies in soil and their use in aquatic ecosystems has been 
growing in recent years. It is therefore necessary to evaluate how tea is colonized and decomposed by aquatic microbial 
decomposers to assess its usefulness as a surrogate for leaf litter in litter decomposition studies. Here we compared the 
microbial colonization (based on the reproductive activity of aquatic hyphomycetes) and decomposition of green and rooibos 
teas and native alder leaf litter in two streams differing in environmental conditions. Colonization of green tea was lower 
than that of alder leaf litter, but their decomposition rates were similar. In contrast, colonization of rooibos tea was similar 
to that of alder leaf litter, but it decomposed 3–4 × slower. Results were consistent in both streams. Despite differences in 
magnitude, dynamics of microbial colonization and decomposition of tea were similar to those of alder leaf litter and were 
sensitive to substrate characteristics. Tea may be used as a surrogate for leaf litter in studies addressing microbial-driven 
leaf litter decomposition in streams.
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Introduction

Up to 90% of the primary production in forests and shrub 
lands escapes herbivory and enters the detrital pathway 
(Cebrian 1999), mostly as leaf litter (Molinero and Pozo 
2004). The decomposition of leaf litter in terrestrial and 
aquatic ecosystems is a key ecosystem process in the global 
carbon (C) cycle (Gessner et al. 2010; Marks 2019). A major 
moderator of leaf litter decomposition is its quality, i.e., its 
physical and chemical characteristics, with leaf litter with 
higher concentrations of structural (e.g., lignin) and second-
ary compounds (e.g., tannins) and higher lignin:nitrogen and 
C:nitrogen ratios generally decomposing slower than less 
recalcitrant leaf litter (Gessner and Chauvet 1994; Ostrofsky 

1997; Ramos et al. 2021). Leaf litter characteristics vary 
among plant species (Ostrofsky 1997; Jabiol et al. 2019; 
Ramos et al. 2021), but there is also substantial intraspe-
cific variation (Lecerf and Chauvet 2008; LeRoy et al. 2012; 
Graça and Poquet 2014).

Intraspecific variation in leaf litter characteristics is espe-
cially problematic for large-scale studies aiming at under-
standing the environmental moderators of litter decomposi-
tion or for large-scale bioassessment programs aiming at 
using litter decomposition as a functional indicator of eco-
system health (Ferreira et al. 2020). Conspecific leaf litter 
collected locally at multiple sites may substantially differ 
in its physical and chemical characteristics as a result from 
differences in plant growing conditions (e.g., soil, climate) 
and in plant genotype (Lecerf and Chauvet 2008; LeRoy 
et al. 2012; Graça and Poquet 2014). Intraspecific variation 
in litter characteristics often translate into differences in lit-
ter decomposition rates (Lecerf and Chauvet 2008; LeRoy 
et al. 2012; Graça and Poquet 2014), which are partially 
mediated by distinct microbial decomposer colonization of 
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and activity on litter of contrasting characteristics (Biasi 
et al. 2017). Experimental effects of intraspecific variation 
can be mitigated using leaf litter from a common source. 
However, it may be difficult, time-consuming and costly 
to collect enough leaf litter from a single location and to 
send it to all the sites where it needs to be deployed, espe-
cially for large-scale projects with limited budget (Ferreira 
et al. 2019). When this is possible, researchers still need to 
face the restrictions to the importation of biological mate-
rial, bureaucracy and charges imposed by several countries 
(e.g., BICON 2021; MPI 2021), which my limit their inclu-
sion in large-scale studies using a common natural sub-
strate. Finally, sending leaf litter around is not free of risks 
as it may contribute to disseminate litter-associated airborne 
pathogens to new locations (e.g., some Phytophthora spe-
cies; Webber and Rose 2008; Sanfuentes et al. 2016).

Standardized organic substrates, such as commercial tea, 
have been suggested as an alternative to natural leaf litter 
(Keuskamp et al. 2013). Tea bags have been used in large-
scale studies aiming at assessing the drivers of litter decom-
position in the soil, while controlling for intraspecific varia-
tion in litter quality (Djukic et al. 2018; Petraglia et al. 2019; 
Fanin et al. 2020). Although tea bags were first proposed as 
a method to address litter decomposition in terrestrial sys-
tems (Keuskamp et al. 2013), they have recently gain track 
in aquatic ecosystems, especially in wetlands (Lalimi et al. 
2018; Mueller et al. 2018; Marley et al. 2019; Trevathan-
Tachett et al. 2021), but also in lakes (Seelen et al. 2019) 
and streams (Peralta-Maraver et al. 2019; Ferreira et al. 
2021). Despite that the tea used in tea bags has undergone a 
series of modifications during processing for commercializa-
tion (e.g., grinding, oxidation), the decomposition of green 
and rooibos teas in aquatic ecosystems seems to respond to 
environmental conditions predictably, suggesting that they 
can be used as a surrogate for the decomposition of natural 
leaf litter (Peralta-Maraver et al. 2019; Seelen et al. 2019; 
Trevathan-Tackett et al. 2021; Ferreira et al. 2021). Green 
and rooibos teas also seem to be considerably colonized by 
prokaryota, protozoa and eumetazoa invertebrates in wet-
lands and streams (Peralta-Maraver et al. 2019; Trevathan-
Tackett et al. 2021), and to support substantial microbial 
activity under laboratory conditions simulating wetland 
environment (Trevathan-Tackett et al. 2020).

As tea bags become more popular as an alternative to natu-
ral leaf litter (i.e., they are standardized substrates that are pro-
vided ready-to-use), their use to assess litter decomposition in 
streams will probably increase, making it necessary to assess 
tea colonization and decomposition by aquatic decomposers 
under natural stream conditions in comparison with natural 
leaf litter. In streams, leaf litter is colonized and decomposed 
first by microbial decomposers, mostly by aquatic hyphomy-
cetes, which mediate the incorporation of plant carbon into 
the aquatic foodweb (Hieber and Gessner 2002; Cornut et al. 

2010). As aquatic hyphomycetes species differ in their enzy-
matic capabilities (Zemek et al. 1985) and nutrient stoichiom-
etry (Brosed et al. 2017), their community composition and 
activity are responsive to litter characteristics and environ-
mental conditions (Gulis and Suberkropp 2003; Ferreira et al. 
2016; Pereira et al. 2021). For instance, low quality litter may 
select for decomposer species with high litter mining capabili-
ties or with lower nutrient needs, while nutrient enrichment 
or warming over low background levels stimulates microbial 
activity, in the absence of limiting or confounding factors 
(Gulis and Suberkropp 2003; Ferreira et al. 2006b; Martínez 
et al. 2014).

Here we incubated green and rooibos teas, and native alder 
leaf litter, in two streams in central Portugal to assess how the 
microbial colonization (based on the reproductive activity of 
aquatic hyphomycetes) and decomposition dynamics of teas 
compare to those of natural leaf litter under different envi-
ronmental conditions, but we did not aim at applying the Tea 
Bag Index (TBI; Keuskamp et al. 2013). Tea bags may be 
especially advantageous in the scope of large-scale studies, 
bioassessment programs or citizen science initiatives, but the 
TBI (Keuskamp et al. 2013) introduces a complexity to the 
litter decomposition protocol that is not favorable in many of 
these scenarios (especially in bioassessment and when involv-
ing citizen scientists, where simplicity is needed). For instance, 
it should not be mandatory that both tea types are used together 
(as in the TBI), but that, depending on the study goal, green 
tea (labile) or rooibos tea (recalcitrant) could be used in isola-
tion. In addition, recent studies found that the TBI may not be 
suitable for aquatic systems without adaptations (Seelen et al. 
2019; Mori 2021; Mori et al. 2021). We expected microbial 
colonization and decomposition to be driven by substrate char-
acteristics (e.g., C:nitrogen molar ratio), with aquatic hypho-
mycete sporulation rates and litter decomposition rates being 
higher for green tea, and lower for rooibos tea, than for alder 
leaf litter (Lecerf and Chauvet 2008; Keuskamp et al. 2013). 
We also expected microbial colonization and decomposition to 
be stimulated by higher water nutrient concentrations, and this 
stimulation to be inversely correlated with substrate C:nitrogen 
molar ratio (i.e., highest stimulation for rooibos tea) (Gulis 
and Suberkropp 2003). Differences in substrate quality and in 
environmental conditions were also expected to affect aquatic 
hyphomycete community composition (Gulis and Suberkropp 
2003; Ferreira et al. 2016; Pereira et al. 2021).

Methods

Study streams

The experiment was carried out in two small streams (2–5 m 
wide) differing in water characteristics located in Caramulo 
mountain, central Portugal (Table 1). Streams are underlined 
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by granitic bedrock and flow through abandoned agricul-
tural fields or fields with small agricultural activities. Alder 
(Alnus glutinosa (L.) Gaertn.) and willow (Salix atrocinerea 
Brot.) trees dominate the riparian area at the study site in 
Múceres stream, and chestnut (Castanea sativa Mill.) and 
elm (Ulmus glabra Huds.) dominate the riparian area at the 
study site in Caramulo stream. During the study, stream 
water was circumneutral and had low conductivity (Table 1). 
Water temperature was significantly higher at Múceres than 
at Caramulo stream (13.2 °C ± 1.5 °C vs. 12.1 °C ± 1.0 °C, 
mean ± SE; t test, p < 0.001; Table 1). Soluble reactive phos-
phorus (SRP) and dissolved inorganic nitrogen (DIN) were 
higher (20% and 92%, respectively) at Caramulo than at 
Múceres stream, but significant differences existed for DIN 
only (t test, p = 0.314 and p = 0.034, respectively; Table 1).

Water temperature was recorded hourly with data log-
gers (Hobo Pendant UA-001-08, Onset Computer Corp. 
MA, USA) and hourly values were averaged to produce daily 
means. When visiting streams, pH and electrical conduc-
tivity were recorded with field meters (WTW, Weilheim, 
Germany). On the same occasions, stream water was filtered 
through glass fiber filters (47-mm diameter, 0.7-μm pore 
size; Whatman GF/F, GE Healthcare UK Limited, Little 
Chalfont, UK) into acid washed plastic bottles and trans-
ported cold to the laboratory for nutrient analysis. Water was 
analyzed for nitrate, nitrite and ammonia concentrations (ion 
chromatography; Dionex DX-120, Sunnyvale, CA, USA; 
ammonia was below detection limit, < 20 μg/L) and for SRP 
concentrations (ascorbic acid method; APHA 1995).

Commercial tea and native alder leaf litter

Commercial green (Camellia sinensis (L.) Kuntze; 
EAN 8722700055525) and rooibos (Aspalathus linearis 
(Burm.f.) R. Dahlgren; EAN 8722700188438) teas provided 
in tetrahedral-shaped woven nylon bags (~ 5 × 5 cm, 0.25-
mm mesh opening; Lipton, Unilever) were used. Tea bags 

are highly standardized, ready-to-use commercial substrates 
(Keuskamp et al. 2013). Green and rooibos teas have con-
trasting characteristics, with the green tea having higher con-
centration of water soluble compounds and of nitrogen (N), 
lower concentration of lignocellulose, and lower C:N ratio 
than the rooibos tea (C:N ratio of 12 vs. 43, respectively; 
Keuskamp et al. 2013), which results in faster decomposi-
tion of the former than of the latter tea (Keuskamp et al. 
2013; Djukic et al. 2018; Seelen et al. 2019). Initial tea dry 
mass enclosed in tea bags was estimated as the difference 
between the mass of the tea bag (1.92 ± 0.01 g for green tea 
and 2.11 ± 0.01 g for rooibos tea; mean ± SE) and the mass 
of the empty tea bag (0.12 ±  < 0.01 g, n = 6). To avoid loss 
of tea bags, these were enclosed individually into larger tet-
rahedral bags with coarser mesh size (~ 12 × 15 cm, 10-mm 
mesh opening), which should not affect microbial coloniza-
tion of tea litter.

Alder (A. glutinosa) leaves recently abscised and with-
out signs of damage (e.g., herbivory) were collected from 
a stand of even-aged trees located in the riparian area of 
the Mondego river (Coimbra, central Portugal), in autumn 
2016. Alder is a dominant riparian tree species in Europe 
and its leaf litter is among the most often used in litter 
decomposition studies (Lecerf and Chauvet 2008; Wood-
ward et al. 2012). Alder leaves are soft, rich in N and poor 
in defensive compounds (C:N of ratio 16–26; Lecerf and 
Chauvet 2008; Graça and Poquet 2014; Pereira et al. 2021), 
and therefore their colonization by aquatic decomposers and 
their decomposition is generally fast (Gessner and Chau-
vet 1994; Ferreira et al. 2012; Pereira et al. 2016, 2021). 
Leaves were air-dried at room temperature, in the dark, 
and stored in card boxes until used. Air-dry leaves were 
weighed (2.51 ± 0.01 g, mean ± SE), sprayed with distilled 
water to make them malleable and less prone to break dur-
ing handling, and enclosed into tetrahedral fine-mesh bags 
(~ 12 × 15 cm, 0.25-mm mesh opening).

Organic substrates decomposition

Twelve samples of each substrate (green and rooibos teas 
and alder leaf litter) were deployed in the two streams on 
15 March 2017 (12 samples × 3 substrates × 2 streams = 72 
samples total). On the same day (day 0), extra sets of five 
samples prepared as described above for each substrate were 
taken to the field, submersed in one stream for ~ 10 min and 
returned to the laboratory. These extra samples were used 
to estimate the initial ash-free dry mass (AFDM), taking 
into account losses due to handling, as described below for 
the experimental samples. A conversion factor between sub-
strate initial air-dry mass and initial AFDM was calculated 
to allow the estimation of initial AFDM for experimental 
samples.

Table 1  Streams location and water physical and chemical character-
istics (mean ± SD or min–max; n = 1–4, except for temperature where 
n = 68) during organic-matter incubation (15 March–22 May 2017)

DIN dissolved inorganic nitrogen  (NO3-N +  NO2-N;  NH4 was below 
detection limit); SRP soluble reactive phosphorus

Water variables Múceres stream Caramulo stream

Latitude (N) 40° 32′ 01′′ 40° 34′ 4''
Longitude (W) 8° 9′ 15′′ 8° 9′ 3′′
Elevation (m a.s.l.) 210 430
Temperature (ºC) 13.2 ± 1.5 12.1 ± 1.0
Conductivity (µS/cm) 52–54 68–71
pH 6.85–7.45 7.11–7.16
SRP (µg/L) 30 ± 3 36 ± 4
DIN (µg/L) 738 ± 174 1424 ± 310
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Samples were recovered from the streams after 9, 16, 54 
and 68 days (the large gap between the 2nd and 3rd sampling 
dates was due to logistical constraints), stored individually 
in zip-lock plastic bags, and returned to the laboratory in 
a cooler box. In the laboratory, alder samples were open 
and rinsed with distilled water on top of a 0.25-mm sieve 
to retain small litter fragments. Five litter discs (12-mm 
diameter) were extracted from alder samples (on days 9 and 
16), or the entire sample was used (on days 54 and 68), 
to induce conidial production (see below). The remaining 
alder leaf litter after discs extraction, or the entire sample 
after incubation for conidial production, was oven-dried at 
70 °C for 48 h and weighed (± 0.1 mg) for determination 
of dry mass (DM). Leaf litter was then ignited at 550 °C 
for 4 h and weighed for determination of ash mass. AFDM 
was estimated as the difference between DM and ash mass, 
and results were expressed as percentage of initial AFDM 
(considering the discs extracted; see below). Tea bags were 
rinsed with abundant distilled water to clean them as much 
as possible from the fine sediments that had penetrated 
inside, and the entire sample was used to induce conidial 
production (see below). Tea DM and AFDM were deter-
mined after incubation for conidial production as described 
for alder leaf litter.

Organic substrates colonization by microbial 
decomposers

Colonization of decomposing substrates by microbial 
decomposers was assessed from conidial production by 
aquatic hyphomycetes. Aquatic hyphomycetes are regarded 
as the main microbial decomposers of organic substrates in 
streams (Gulis and Suberkropp 2003; Pascoal and Cássio 
2004), and conidial production (i.e., reproductive activity) 
is often very sensitive to substrate characteristics and envi-
ronmental conditions (Gessner and Chauvet 1994; Gulis and 
Suberkropp 2003). Conidial production also allows assess-
ing aquatic hyphomycete species richness and community 
composition.

Aquatic hyphomycetes conidial production was induced 
in the laboratory by incubating substrates in 250-mL Erlen-
meyer flasks filled with 75 mL of distilled water. Flasks were 
displayed in an orbital shaker, in a temperature controlled 
room set at 15 °C and with a 14 h light: 10 h dark regime. 
Incubations ran for 48 h at 100 rotations per minute. Conid-
ial suspensions were saved into plastic bottles, preserved 
with 2 mL of 37% formalin, and stored in the dark until pro-
cessed. Substrates were saved for determination of AFDM 
as described above.

When preparing filters for conidia identification and 
counting, conidial suspensions were gently stirred and 
aliquots were passed through cellulose membrane fil-
ters (25-mm diameter, 5-μm pore size; Sartorius Stedim 

Biotech GmbH, Goettingen, Germany), under gentle vac-
uum if needed. Filters were stained using 0.05% trypan 
blue in 60% lactic acid, mounted on a glass slide, and 
scanned using a microscope at 200×  magnification (Leica, 
DM1000, Wetzlar, Germany) for conidia identification and 
counting (Gulis et al. 2020). Sporulation rates by aquatic 
hyphomycetes were expressed as the number of conidia 
released per mg of substrate AFDM per day, and spe-
cies richness was expressed as the number of species per 
sample.

Data analysis

Water temperature, DIN and SRP concentrations were com-
pared between streams by Student’s t test. Litter decompo-
sition rates (k, /d) were estimated assuming an exponential 
decay by using the linearized form of the negative exponen-
tial model: ln(AFDMremaining/AFDMinitial) = − k × t, where 
 AFDMremaining is the mass remaining (g) at time t (days) and 
 AFDMinitial is the initial mass (g), with the intersect fixed at 
ln(1) = 0. To account for differences in water temperature 
between streams, litter decomposition rates were also esti-
mated on a degree-day basis (k, /dd), by replacing time in 
the model above with the cumulative daily mean water tem-
perature (ºC) by the sampling date. Decomposition (fraction 
of AFDM remaining, ln-transformed) was compared among 
substrates and streams by analysis of covariance (ANCOVA; 
substrate and stream as categorical factors and degree-days 
as the continuous variable), followed by Fisher’s test for post 
hoc comparisons. Aquatic hyphomycete sporulation rates 
(log(x)-transformed) and species richness (log(x + 1)-trans-
formed) were compared among substrates and streams by 
repeated-measures analysis of variance (ANOVA), followed 
by Tukey’s HSD test for post hoc comparisons. Also, sporu-
lation rates at the peak were compared among substrates and 
streams by two-way ANOVA, followed by Tukey’s honest 
significant difference (HSD) test for post hoc comparisons. 
Data normality (Shapiro–Wilk’s test) and homoscedasticity 
(Bartlett’s test) were assessed, and data were transformed 
when needed to achieve analysis assumptions. Analyses 
were done with Statistica 6 (StatSoft, Inc., Tulsa, OK, USA).

Aquatic hyphomycete community composition was com-
pared among organic substrates and streams by analysis of 
similarity (ANOSIM), based on a Bray–Curtis similarity 
matrix of species-specific sporulation rates (log(x + 1)-trans-
formed). The species that most contributed to the dissimilar-
ity among substrates and between streams were identified 
with two-way similarity percentage (SIMPER) analysis per-
formed on the matrix of species-specific sporulation rates 
(log(x + 1)-transformed). Multivariate analyses were done 
with Primer 6 (version 6.1.6; Primer-E Ltd, Plymouth, UK).
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Results

Organic substrates decomposition

Substrates lost mass exponentially over time, and after 
68 days incubation mass remaining ranged between 39 and 
64% of initial mass for rooibos tea in Múceres and in Cara-
mulo stream, respectively, between 21 and 13% for green 
tea, and between 5 and 14% for alder leaf litter (Fig. 1). 
Decomposition rates (k, /dd) were significantly affected by 
substrate and stream, with a marginal significant interac-
tion between both factors (Tables 2 and 3). In both streams, 
decomposition was significantly slower for rooibos tea than 
for alder leaf litter and green tea (Tukey’s test, p ≤ 0.001), 
with no significant difference between the latter two sub-
strates (p = 0.089 and p = 0.999 in Múceres and in Caramulo 
stream, respectively) (Table 2). Alder leaf litter decomposed 
significantly faster in Múceres than in Caramulo stream 
(Tukey’s test, p = 0.010), while no significant differences 
between streams were found for green and rooibos teas 
(p = 0.998 and p = 0.726, respectively) (Table 2).  

Organic substrates colonization by microbial 
decomposers

Colonization of alder leaf litter by aquatic hyphomycetes 
was fast, and sporulation rates attained their maximum val-
ues by day 16 in both streams (1217 and 482 conidia/mg 
AFDM/d, in Múceres and Caramulo stream, respectively) 
(Fig. 2). Sporulation rates attained a peak on green tea in 
Caramulo stream by day 54 (581 conidia/mg AFDM/d), 
while for green tea in Múceres stream and rooibos tea in 
both streams there are no marked peak (Fig. 2); but it is pos-
sible that the large gap between the 2nd and 3rd sampling 
dates precluded the detection of peaks. Sporulation rates 
were significantly affected by substrate, but not by stream 
(Table  3). The interaction between time, substrate and 

stream was also significant (Table 3). In Múceres stream, 
sporulation rates were significantly lower for green tea than 
for alder leaf litter (Tukey’s test, p = 0.026), with no signifi-
cant difference between any of these substrates and rooibos 
tea (p = 0.995 and p = 0.051, repectively) (Fig. 2a). In Cara-
mulo stream, sporulation rates did not significantly differ 
among substrates (Tukey’s test, p ≥ 0.343) (Fig. 2a).

Peak sporulation rates were significantly affected by sub-
strate and the interaction between substrate and stream (two-
way ANOVA, p = 0.003 in both cases). Peak values were 
significantly lower for green and rooibos teas than for alder 
leaf litter in Múceres stream (Tukey’s test, p = 0.003 in both 
cases), while no significant differences were found among 
substrates in Caramulo stream (p ≥ 0.717). Peak values on 
alder leaf litter were significantly higher in Múceres than in 
Caramulo stream (Tukey’s test, p = 0.015), while no signifi-
cant differences were found between streams for green and 
rooibos teas (p ≥ 0.387).

Aquatic hyphomycete species richness per sample was 
already high after 9 days incubation (11–13 species), and 
attained maximum values of 18 species in alder leaf lit-
ter in Caramulo stream by day 16 (Fig. 2). It generally 
increased until day 16, remained stable until day 54, and 

Fig. 1  Ash-free dry mass 
remaining (AFDMr) of alder 
leaf litter and green and rooibos 
teas (mean ± SE, n = 3) incu-
bated in two streams in central 
Portugal over 68 days

Table 2  Decomposition rates (k, n = 12) of alder leaf litter and green 
and rooibos teas incubated in two streams in central Portugal over 
68 days (15 March–22 May 2017), standard error (SE) and coefficient 
of determination of the regression (R2) (p < 0.001 in all cases)

Treatments with the same letter do not significantly differ (ANCOVA 
followed by Fisher’s test, p > 0.050)

Stream Substrates k (/dd) SE R2

Múceres stream Alder leaf litter 0.0035a 0.00016 0.94
Green tea 0.0021ab 0.00021 0.35
Rooibos tea 0.0010c 0.00004 0.96

Caramulo stream Alder leaf litter 0.0024b 0.00012 0.93
Green tea 0.0026b 0.00011 0.94
Rooibos tea 0.0006c 0.00004 0.87
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then decreased (Fig. 2). Species richness per sample was 
significantly affected by substrate, but not by stream or the 
interaction between factors (Table 3). Species richness was 
significantly lower for green tea than for alder leaf litter and 
rooibos tea in both streams (Tukey’s test, p < 0.001), with 
no significant difference between the latter two substrates 
(p = 0.746) (Fig. 2).

Overall, 30 aquatic hyphomycete species were identified 
in this study, with species richness per treatment varying 
between 21 for green tea in Caramulo stream and 26 for 

alder leaf litter in Múceres stream and rooibos tea in both 
streams (Table 4). Aquatic hyphomycete community com-
position was significantly affected by substrate (ANOSIM, 
R = 0.198, p = 0.001), being significantly different among the 
three substrates (p ≤ 0.011) (Table 4). Communities also sig-
nificantly differed between streams (ANOSIM, R = 0.067, 
p = 0.046) (Table 4).

Dissimilarity in aquatic hyphomycete community com-
position among substrates and between streams was moder-
ate to high (55–63%; Table 5). The aquatic hyphomycete 
species most contributing (at least 7%) to the dissimilarity 
between green tea and alder leaf litter were Articullospora 
tetracladia, Flagellospora curvula, Clavatospora longibra-
chiata, and Alatospora acuminata, between rooibos tea and 
alder leaf litter were Hydrocina chaetocladia, Triscelopho-
rus acuminatus, F. curvula, and A. tetracladia, and between 
green and rooibos tea were C. longibrachiata, T. acuminatus, 
and H. chaetocladia (Tables 4 and 5). The aquatic hyphomy-
cete species most contributing (at least 7%) to the dissimilar-
ity between streams were F. curvula, C. longibrachiata, and 
H. chaetocladia (Tables 4 and 5).

Discussion

Here we provide novel information on the microbial coloni-
zation and decomposition of tea in comparison with native 
leaf litter, under different environmental conditions, to assess 
if dynamics on tea are representative of those on natural leaf 
litter. Despite differences in magnitude, microbial coloniza-
tion and decomposition rates of green and rooibos teas fol-
lowed similar patterns to those of alder leaf litter, with the 
differences among substrates being attributed to differences 
in their quality. The consistency of results between the two 
streams suggests that the relative differences between teas 
and alder leaf litter are robust to changes in environmental 
conditions.

Decomposition rates of rooibos tea were lower than those 
of alder leaf litter, as expected given the more recalcitrant 
nature of the rooibos tea (e.g., higher C:N ratio), while 
decomposition rates of green tea were similar to those of 
alder leaf litter, which was not expected based on the lower 
C:N ratio of green tea (Lecerf and Chauvet 2008; Keuskamp 
et al. 2013). However, green tea has compounds with known 
antimicrobial activity (Hamilton-Miller 1995), which might 
have limited microbial colonization and activity to some 
extent. The observed higher decomposition rates of green 
than of rooibos tea has been widely documented and serves 
as the basis for the TBI (Keuskamp et al. 2013). In addition, 
the discussion comparing rooibos tea and alder leaf litter is 
also valid for the comparison between rooibos and green tea.

Interestingly, the differences in litter decomposi-
tion between teas and alder leaf litter did not match the 

Table 3  Summary table for ANCOVA performed on substrate mass 
remaining and repeated-measures ANOVAs performed on aquatic 
hyphomycete sporulation rates and species richness associated with 
alder leaf litter and green and rooibos teas (Substrate) incubated in 
two streams in central Portugal (Stream) over 68 days (Time)

1 ln(fraction AFDMr)
2 log(x)-transformed
3 log(x + 1)-transformed

Source of variation SS df MS F p

ANCOVA on organic substrate mass  remaining1

 Intercept 0.224 1 0.224 1.321 0.255
 ThermalSum 26.937 1 26.937 158.775  < 0.001
 Substrate 13.035 2 6.517 38.416  < 0.001
 Stream 0.964 1 0.964 5.680 0.020
 Substrate × Stream 0.847 2 0.424 2.498 0.090
 Error 11.028 65 0.170

Repeated-measures ANOVA on aquatic hyphomycete sporulation 
 rates2

 Intercept 271.521 1 271.521 3026.468  < 0.001
 Substrate 1.925 2 0.963 10.729 0.003
 Stream 0.001 1 0.001 0.013 0.913
 Substrate × Stream 0.481 2 0.240 2.680 0.113
 Error 0.987 11 0.090
 Time 5.419 3 1.806 23.705  < 0.001
 Time × Substrate 3.795 6 0.632 8.299  < 0.001
 Time × Stream 3.778 3 1.259 16.527  < 0.001
 Time × Sub-

strate × Stream
1.197 6 0.200 2.619 0.035

 Error 2.515 33 0.076
Repeated-measures ANOVA on aquatic hyphomycete species 

 richness3

 Intercept 82.854 1 82.854 23,998.573  < 0.001
 Substrate 0.232 2 0.116 33.622  < 0.001
 Stream 0.014 1 0.014 3.989 0.071
 Substrate × Stream 0.010 2 0.005 1.399 0.288
 Error 0.038 11 0.003
 Time 0.123 3 0.041 7.664 0.001
 Time × Substrate 0.018 6 0.003 0.577 0.745
 Time × Stream 0.039 3 0.013 2.414 0.084
 Time × Sub-

strate × Stream
0.049 6 0.008 1.524 0.201

 Error 0.176 33 0.005
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differences in aquatic hyphomycete sporulation rates 
(microbial activity) and in species richness. Rooibos tea had 
aquatic hyphomycete sporulation rates and species richness 
similar to those of alder leaf litter, despite its recalcitrant 
nature. It is not uncommon for recalcitrant litter to show 
similar, or even higher, aquatic hyphomycete species rich-
ness than more labile litter; this is often observed for the 
comparison between alder (labile) and oak (Quercus robur 
L., recalcitrant) leaf litter, but also in other cases (Gulis and 
Suberkropp 2003; Ferreira et al. 2006a, b, 2016; Canhoto 
and Graça 1996; Pereira et al. 2021). Higher aquatic hypho-
mycete species richness in recalcitrant than in labile litter 
may have two non-exclusive explanations: (i) recalcitrant 
leaf litter may provide a more stable substrate (i.e., substrate 
integrity lasts longer), which allows more aquatic hyphomy-
cete species to establish when compared with labile litter 
that loses structural integrity faster (e.g., previous studies 
have found an increase in aquatic hyphomycetes species 
richness with leaf area; Bärlocher and Schweizer 1983; 
Duarte et al. 2017), and (ii) there may be a faster turnover in 

decomposer species in more recalcitrant substrates, where 
changes in quality are likely stronger over the incubation 
period than those observed for labile litter (Canhoto and 
Graça 1996). Despite the similar aquatic hyphomycete spe-
cies richness and identity between rooibos tea and alder 
leaf litter, community composition (e.g., dominant species 
based on their contribution to conidial production) differed 
between substrates, which may explain the differences in 
decomposition rates. Nutrient stoichiometry differs among 
aquatic hyphomycete species (Brosed et al. 2017), which 
partially explains differences in species performance on a 
given substrate (i.e., species likely perform best where the 
elemental imbalance between their biomass and the substrate 
is lowest; Suberkropp and Arsuffi 1984). Also, species dif-
fer in their enzymatic capabilities, as reported in multiple 
studies (Chamier 1985; Zemek et al. 1985; Abdel-Raheem 
and Ali 2004). However, enzymatic activities are sensi-
tive to experimental conditions and we could not find in 
a single study where all the dominant species in rooibos 
tea and alder leaf litter were assessed, making comparisons 

Fig. 2  Aquatic hyphomycete sporulation rates (a) and species richness (b) associated with alder leaf litter, green and rooibos teas (mean ± SE, 
n = 3) incubated in two streams in central Portugal over 68 days
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of potential decomposing efficiency among the relevant 
species difficult. Still, community sporulation was similar 
between rooibos tea and alder leaf litter (but peak values 
were lower in the former), which may have resulted from a 
tradeoff between investment in reproduction and in growth, 
since litter decomposition was lower for rooibos tea than for 

alder leaf litter. Aquatic hyphomycete reproductive activ-
ity is generally sensitive to substrate quality (Gessner and 
Chauvet 1994; Ramos et al. 2021), but similar sporulation 
rates have been found between litter species of contrasting 
quality (Pereira et al. 2021).

Table 4  Relative contribution (average %) of individual aquatic hyphomycete species to total conidial production associated with alder leaf litter 
and green and rooibos teas incubated in two streams in central Portugal over 68 days (15 March–22 May 2017)

Total taxa richness per substrate and stream is also shown
1 Syn. Heliscus submsersus H.J. Huds.
2 Syn. Tricladium chaetocladium Inglod
3 Syn. Heliscus lugdunensis Sacc. & Therry

Aquatic hyphomycete taxa Múceres stream Caramulo stream

Alder leaf litter Green tea Rooibos tea Alder leaf litter Green tea Rooibos tea

Alatospora acuminata Inglod 11.21 1.63 4.74 10.76 2.96 3.32
Alatospora pulchella Marvanová 2.87 0.63 0.84 5.92 0.28 1.03
Anguillospora crassa Inglod 1.87 3.54 8.62 4.67 0.50 3.62
Anguillospora filiformis Greath 0.73 0.74 1.15 1.04 0.04 0.76
Anguillospora longissima Ranzoni 0.11 0.12
Aquanectria submersa (H.J. Huds.) L. Lombard &  Crous1 0.18 0.07 0.11 0.19
Articulospora tetracladia Inglod 6.33 4.78 4.83 33.35 8.88 9.70
Clavariopsis aquatica De Wild 8.69 6.86 5.23 7.02 4.36 5.19
Clavatospora longibrachiata (Ingold) Sv. Nilsson ex 

Marvanová & Sv. Nilsson
4.96 33.75 4.65 0.78 20.13 0.98

Culicidospora aquatica R.H. Petersen 0.04 0.04
Dimorphospora foliicola Tubaki 4.08 4.07 1.16 1.03 0.25 1.75
Flagellospora curvula Inglod 40.33 24.18 22.37 4.46 0.35 2.73
Goniopila monticola (Dyko) Marvanová & Descals/Marga-

ritospora aquatica Inglod
0.05 0.08

Heliscella stellata (Ingold & V.J. Cox) Marvanová 0.64 3.54 0.07 0.81 11.41 1.17
Hydrocina chaetocladia  Scheuer2 4.67 6.15 20.65 5.05 14.13 27.18
Lemonniera aquatica De Wild 0.22 0.04 0.54 1.11 0.40 0.33
Lemonniera terrestris Tubaki 0.50 0.07 0.04
Lunulospora curvula Inglod 1.21 0.26 0.75 1.94 0.63 0.90
Neonectria lugdunensis (Sacc. & Therry) L. Lombard & 

 Crous3
0.56 5.19 1.38 4.77 28.04 9.92

Stenocladiella neglecta (Marvanová & Descals) Marvanová 
& Descals

2.13 0.21 1.19 1.56 1.64 0.82

Tetrachaetum elegans Inglod 3.53 0.80 4.58 11.98 3.50 15.39
Tetracladium marchalianum De Wild 0.39 1.09 1.28 1.13 0.61 1.19
Tripospermum camelopardus Ingold, Dann & P.J. McDou-

gall
0.18

Tricellula aquatica J. Webster 0.22 0.43 0.03 0.03
Tricladium angulatum Inglod 1.01 0.05 0.14 0.63
Tricladium attenuatum S.H. Iqbal 2.00 0.43 0.25 0.12 0.04 0.08
Tricladium splendens Inglod 0.22 0.09 0.28 0.23 0.99 0.35
Tricladium curvisporum Descals 0.18 0.06
Triscelophorus acuminatus Nawawi 1.31 1.04 14.89 1.13 0.60 12.78
Triscelophorus monosporus Inglod 0.11 0.16 0.34
Non identified 0.26 0.05 0.12 0.16 0.05
Taxa richness (no. species/treatment) 26 24 26 25 21 26
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On the contrary, green tea had lower to similar aquatic 
hyphomycete sporulation rates and lower species richness 
than alder leaf litter, but showed similar decomposition 
rates. As mentioned above, microbial colonization was likely 
inhibited on green tea by the presence of antimicrobial com-
pounds (Hamilton-Miller 1995). The similar decomposition 
rates between green tea and alder leaf litter suggests that 
the former substrate has a higher fraction of easily degrada-
ble compounds than the latter or that species dominating in 
green tea (e.g., C. longibrachiata, Neonectria lugdunensis, 
which generally do not contribute much to conidial produc-
tion in temperate streams) are efficient decomposers. Also, 
other organisms may have compensated for the low species 
richness and activity of aquatic hyphomycetes on green tea: 
positive relationships have been found between eumetazoa 
invertebrates, protozoa and bacteria biomass and diversity 
and tea decomposition rates (Peralta-Maraver et al. 2019).

Aquatic hyphomycetes community composition varied 
among substrates and between streams as expected, given 
differences in substrate characteristics and environmental 
conditions (Gulis and Suberkropp 2003; Ferreira et al. 2016; 
Pereira et al. 2021). The dominant aquatic hyphomycete spe-
cies were clearly different among the tree substrates, but 
comparisons with the literature are limited since substrate 
colonization by aquatic hyphomycetes in streams in spring 
has been addressed by only a few studies in central Portugal 
(Duarte et al. 2016; Ferreira and Graça 2016; Abril et al. 
2021); most studies have been carried out in autumn/winter. 
Hydrocina chaetocladia, which is generally an important 
species in more recalcitrant substrates as chestnut or oak 
leaves, but not alder, was a dominant species in rooibos tea 
(21–27% relative contribution to total conidial production) 
compared with the other substrates (5–14%). Triscelophorus 
acuminatus generally does not contribute much to conidial 
production on leaf litter, but it was an important species on 
rooibos tea (13–15%), but not on alder leaf litter or green 
tea (~ 1%). Tetrachaetum elegans, generally an important 
species, especially on more recalcitrant substrates, was 
also important in rooibos tea in Caramulo stream (15%). 
Clavatospora longibrachiata, which generally does not 
contribute much conidial production, was a major contribu-
tor in green tea (20–34% vs. < 5% on the other substrates). 
Neonectria lugdunensis, another species generally with low 
conidial production (but common in Eucalyptus globulus 
Labill. leaves, rich in secondary compounds; Canhoto and 
Graça 1996), was an important species in green tea in Cara-
mulo stream (28% vs. < 10% in other substrates). Flagelos-
pora curvula, which generally contributes more to conidial 
production on more palatable substrates, here contributed 
more to conidial production on alder leaf litter (e.g., 40% 
vs. < 24% in other substrates in Múceres stream). Therefore, 
it seems that aquatic hyphomycete species colonized teas as 
expected based on their characteristics.

Although streams differed in environmental conditions 
known to affect microbial decomposer activity and lit-
ter decomposition (i.e., water nutrient concentrations and 
temperature), only the decomposition of alder leaf litter 
differed between streams. The decomposition of alder leaf 
litter was higher in Múceres than in Caramulo stream, indi-
cating that it was being driven more by temperature (higher 
in Múceres) than by nutrient concentration (higher in Cara-
mulo). Although nutrient concentrations were higher in 
Caramulo than in Múceres stream, nutrient concentrations 
were already high in Múceres stream (738 μg DIN/L and 
30 μg SRP/L), and microbial activity was likely not nutri-
ent limited there. In this scenario (i.e., no nutrient limita-
tion), water temperature might have become more important, 
stimulating microbial activities (Ferreira and Chauvet 2011; 
Ferreira et al. 2016). Additionally, microbial activity might 
have been phosphorus-limited in Caramulo stream, where 
the DIN:SRP ratio was higher than in Múceres stream (39 
vs. 24). Still, identifying the environmental factors responsi-
ble for differences in substrate decomposition rates between 
streams is difficult as only two streams were considered, 
which had water temperature and nutrient concentration 
varying in opposite directions.

In conclusion, tea may be used as a surrogate of natural 
leaf litter in studies addressing leaf litter decomposition in 
streams, as microbial colonization and decomposition fol-
lowed patters similar to that of natural leaf litter. However, 
tea is supplied in fine mesh bags (~ 0.25 mm mesh opening) 
that exclude macroinvertebrates, and therefore it does not 
allow for the assessment of total substrate decomposition, 
which can substantially underestimate decomposition rates 
in settings where detritivores are abundant (Eggleton et al. 
2020). In streams where detritivores are rare, e.g., some trop-
ical and insular streams, leaf litter decomposition is mostly 
carried out by microbes (Boyero et al. 2011; Ferreira et al. 
2016), and tea bags could allow an accurate estimation of 
total decomposition rates.

The use of tea bags as surrogates for natural leaf litter 
may be exploited in stream bioassessment programs. Stream 
bioassessment in Europe, complying with the Water Frame-
work Directive, relies on measures of community structural 
parameters, which allow assessing ecosystem structural 
integrity only (e.g., number of species, diversity, species 
replacement; European Commission 2000). However, the 
same legislation suggests that functional metrics should 
be considered to fully characterize the ecosystem eco-
logical status, which depends on both structural and func-
tional integrity (European Commission 2000). Leaf litter 
decomposition has been suggested as an indicator of stream 
functional integrity and it has been shown to be sensitive 
to several environmental stressors (Gessner and Chauvet 
2002; Ferreira et al. 2020). However, preparing leaf litter for 
decomposition experiments is time-consuming, and prone to 



Microbial colonization and decomposition of commercial tea and native alder leaf litter in…

1 3

Page 11 of 13     4 

a large source of variability. Tea bags could be a standard-
ized alternative proxy to assess ecosystem functioning.
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